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I. Introdução
São duas as principais razões pelas quais decidi apresentar

um texto que descreve minhas atividades de pesquisa, ao invés da
tradicional tese de livre-docência. Primeiro, por estar atuando
em diferentes linhas de pesquisa, uma tese que cobrisse todo o
meu trabalho cientlfico não teria unidade; por outro lado, urna
tese com unidade cobriria apenas uma parte deste trabalho. Em
segundo lugar, uma vez que este texto conterá muito menos
detalhes (que podem ser obtidos nos artigos em anexo) do que urna
tese conteria, há espaço para que se faça uma análise crltica das
contribuições advindas do meu trabalho cientlfico.

Embora atuando em várias linhas, tenho urna área principal
de atuação. É a área de filmes Langmuir-Blodgett (LB), na qual
obtive o doutoramento na Universidade de Bangor, Pals de Gales,
em Junho de 1990. A tecnologia de filmes LB foi implantada
recentemente no Departamento de Flsica e Ciência dos Materiais,
e após um per lodo de instalação, testes dos equipamentos e
treinamento de pessoal, já começamos a obter os primeiros
resul tados. Na Seção II apresento uma breve descrição da técnica I

de sua importância, e das contribuições para a área
proporcionadas pelo nosso grupo de pesquisa em São Carlos. Os
trabalhos referentes às outras linhas de pesquisa I ou seja,
polímeros ferroelétricos, aspectos fundamentais da Física e
Linguística Computacional, são descritos sucintamente na Seção
III. Este texto termina com comentários finais na Seção IV, e uma
lista das minhas contribuições após o doutoramento. Os artigos
referentes a estas contribuições são colocados no Apêndice.

11. Linha principal - Filmes Langmuir-Blodgett (LB)
Filmes Langmuir-Blodgett (LB) são obtidos a partir da

transferência de camadas monomoleculares orgânicas da superfície
da água para um substrato sólido. Os filmes LB caracterizam-se
pela aLta precisão no controle da espessura, uniformidade da
superfície e elevado grau de ordem estrutural. O nome Langmuir-
Blodgett foi consagrado em homenagem aos pesquisadores americanos
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Irving Langmuir, que em 1917 demonstrou que se pode transferir
o filme da água para um substrato, e Katharine Blodgett, que
criou a técnica de deposição de várias camadas num mesmo
substrato.

O primeiro passo na fabricação de filmes LB consiste na
obtenção de filmes monomoleculares sobre a superflcie da água,
chamados filmes de Langmuir. A formação de camadas
monomoleculares insolúveis sobre a água é posslvel porque certos
compostos possuem moléculas anfipáticas, ou seja, moléculas que
possuem uma extremidade atraida pela água (hidrofilica) e outra
repelida pela água (hidrofóbica). Para a fabricação de filmes LB,
tais compostos são dissolvidos em um solvente orgânico volátil
(clorofórmio, por exemplo) e a solução, colocada sobre a água com
uma micropipeta, espalha-se espontaneamente. O solvente evapora-
se em seguida, e as moléculas do composto, confinadas por
barreiras móveis que restringem a área onde se encontram, são
comprimidas de forma que seus eixos fiquem perpendiculares à
superf lcie da água. Mantendo-se constante a pressão de superficie
do filme, este pode ser transferido para um substrato sólido
apropriado, que é imerso na água e retirado de modo adequado
através da camada monomolecular. Imersões e retiradas
subsequentes do mesmo substrato permitem a produção de estruturas
com várias camadas e diferentes ordenamentos; eventualmente,
podem-se obter estruturas com centenas de camadas.

Para a produção de filmes de Langmuir e subsequente
transferência aos substratos, emprega-se um sistema experimental
conhecido cornocuba de Langmuir, que consiste basicamente de um
reservatório para a água e barreiras móveis que confinam e
comprimem o filme, além de equipamentos para a caracterização dos
filmes de Langmuir e deposição de filmes LB. Ácidos graxos, assim
como outros compostos alifáticos, são considerados tradicionais
no estudo de filmes de Langmuir e produção de filmes LB. Nos
últimos tempos, entretanto, uma grande variedade de materiais tem
sido empregada para este fim. Polimeros, por exemplo, têm sido
estudados devido às excelentes caracteristicas mecânicas que
apresentam, e compostos biológicos têm atraido atenção pela sua
importância para a pesquisa das propriedades de membranas
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celulares e desenvolvimento de novos produtos farmacêuticos.
Embora tenha sido criada há mais de 50 anos, apenas nos

últimos tempos a técnica LB passou a ser explorada intensivamente
do ponto de vista de aplicações. Nos anos 60, pesquisadores
alemães mostraram que a técnica poderia ser usada para crescer
estruturas supermoleculares de maneira precisa, empregando ácidos
graxos e moléculas similares para pesquisas em 6tica e
transferência de energia. No entanto, somente a partir da década
de 70 os resultados experimentais sobre propriedades elétricas
de filmes LB passaram a ser reprodutíveis e confiáveis. A partir
de então, várias possíveis aplicações têm sido sugeridas,
principalmente porque a técnica LB permite otimização das
propriedades de materiais orgânicos, através da modificação da
estrutura da molécula ou da arquitetura do filme.

O interesse a longo prazo nos filmes LB reside na utilização
de moléculas orgânicas como blocos formadores de dispositivos
eletrônicos, no que se convencionou chamar Eletrônica Molecular.
Como os filmes são ultrafinos e possuem um alto grau de
ordenamento estrutural, eles têm sido propostos para uma grande
variedade de aplicações. Algumas destas aplicações são: camadas
isolantes em estruturas MIS (metal-isolante-semicondutor),
"resists" para microlitografia, lubrificação de filmes magnéticos
para discos rígidos, sensores químicos e biológicos, dispositivos
piro- e piezoelétricos, recobrimento de fibras óticas, e
dispositivos de 6tica não linear. A única aplicação comercial de
um dispositivo utilizando filmes LB de que se tem notícia,
entretanto, é um disposi tivo para calibração de dosímetros.
Ocorre que existem vários problemas tecnológicos que precisam ser
resolvidos antes que dispositivos possam ser fabricados em escala
industrial. Entre eles encontram-se os problemas de estabilidade
térmica, e o alto custo, no momento, da produção dos filmes. Uma
revisão das pesquisas mais recentes no campo pode ser encontrada
no artigo da Brazilian Journal of Physics [1], que escrevi a
convite da revista.

2.1 Atuação do grupo de São Carlos
O trabalho nesta área de pesquisa consistiu inicialmente da
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instalação de duas cubas de Langmuir e demais equipamentos
essenciais para a fabricação e caracterização de filmes LB em uma
sala limpa. Para isso recursos foram obtidos do CNPq (num projeto
de Eletrônica Molecular liderado pelo Prof. Sérgio Mascarenhas),
da FAPESP (projeto individual), e da Prefeitura do Campus de São
Carlos e Departamento de F1sica e Ciência dos Materiais para a
instalação da sala limpa. Esta sala tem pressão interna positiva
e o ar do seu interior é filtrado. Contamos com duas cubas de
Langmuir KSV LB5000, que permitem a deposição de filmes LB
alternados, e a caracterização dos filmes de Langmuir através de
medidas de pressão e de potencial de superf1cie. O sistema de
purificação de água é um sistema Millipore, que inclui vários
filtros para remover 10ns e impurezas orgânicas. Devo mencionar
aqui, que o trabalho dos técnicos Ademir Soares, José Roberto
Bertho e Nibio José Mangerona, foi fundamental para a instalação,
e continua sendo para a manutenção da sala limpa e dos
equipamentos.

Uma equipe de cerca de dez pessoas trabalha atualmente em
projetos da área, sendo que duas teses de mestrado e uma de
doutorado versando sobre filmes LB deverão ser defendidas até o
final de 1992. Nossas áreas de atuação abrangem estudos
fundamentais das propriedades elétricas de filmes obtidos a
partir de compostos simples (disponiveis comercialmente), e
também a fabricação de filmes de pol1meros conjugados
sintetizados por membros do grupo. Estes pol1meros são mais
complexos, mas extremamente promissores do ponto de vista de
aplicações tecnológicas.

Tempo considerável foi dispendido na instalação, teste dos
equipamentos e treinamento de pessoal para trabalhar com a
técnica LB, mas alguns resultados já foram obtidos. A seguir
apresento um breve resumo destes resultados.

2.1.1 Novo modelo para interpretar curvas de
pressão de superfície

participação: Prof. Guilherme Fontes Leal Ferreira
Os modelos usualmente empregados para explicar curvas de

pressão de superficie versus área por molécula de filmes de
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Langmuir são baseados em equações de estado fenomenol6gicas
(derivadas da equação de gases), ou em análises termodinâmicas
e de mecânica estatIstica, que levam em conta as posslveis
configurações moleculares. Inicialmente demonstramos que a tensão
superficial pode ser obtida de um modelo puramente mecânico [2],
ou seja, como o deficit de atração na direção paralela à do
lIquido. Sugerimos, posteriormente, que várias informações a
respeito da pressão de superfIcie de um filme de Langmuir podem
ser obtidas de uma análise das forças de interação entre as fases
da interface água/filme/ar [3]. Embora não tenhamos resultados
quantitativos conclusivos, acreditamos que esta abordagem pode
ser extremamente útil para fornecer parâmetros adequados em
modelos mais sofisticados, como simulações por Monte Carlo e
dinâmica molecular.

2.1.2 Homogeneidade e condutância
Participação: Mestrando Ailton Cavalli e Bacharelanda
Patrícia Medeiros
A reprodutibilidade dos resultados experimentais tem sido

um dos mais importantes aspectos da pesquisa em filmes de
Langmuir e Langmuir-Blodgett, uma vez que, por terem dimensões
moleculares, estes filmes são altamente sensíveis a impurezas.
De fato, a irreprodutibilidade de resultados experimentais fez
com que este campo. de pesquisa fosse quase que completamente
abandonado nos anos 40 e 50. Os problemas que causam tal
irreprodutibilidade têm sido em grande parte resolvidos nos
últimos anos, a partir da utilização de compostos cada vez mais
puros, de sistemas sofisticados de purificação de água, e de
ambientes adequados (salas limpas) para a realização das
experiências. Entretanto, ainda é comum encontrarem-se
discrepâncias nos resultados de diferentes autores, de maneira
que a reprodutibilidade continua a ser um assunto de extrema
importância.

Recentemente surgiu uma controvérsia a respeito da
homogeneidade dos filmes de Langmuir. A existência de domínios
de dimensões micrométricas foi confirmada por diversos autores
para filmes de ácidos graxos e fosfolipidios, utilizando várias
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•

técnicas experimentais como microscopia 6tica sob o angulo de
Brewster [4,5], e microscopia de fluorescência [6]. Os dominios
aparecem mesmo para filmes expandidos, com grandes áreas por
molécula do filme. Além disso, na 1lltima conferência sobre filmes
LB em Paris (1991), pesquisadores alemães disseram ter observado
que o potencial de superf1cie de um filme poderia depender de
fatores como a posição da prova de potencial. Aventou-se a
possibilidade, então, de que o filme seria heterogêneo, também
do ponto de vista macrosc6pico.

Em São Carlos, conseguimos desfazer tal controvérsia através
de medidas de potencial de superficie. Observamos que o potencial
de superficie de filmes de Langmuir expandidos não varia quando
é alterada a posição da prova de potencial, e que portanto,
qualquer heterogeneidade em medidas de potencial deve ser fruto
de artefatos experimentais, possivelmente causados por impurezas.

Ainda com relação a controvérsias da literatura,
pesquisadores americanos [7] questionaram a existência de
condutância lateral observada pelo Grupo de Bangor [8]. Após uma
série de medidas com ácidos graxos e fosfolip1dios, estamos em
condição de confirmar que o aumento da condutância devido à
presença do filme de Langmuir sobre a superf1cie da água é um
efeito real [9] .

•
•

• 2.1.3 simulação de curvas de potencial por computador
Participação: Bacharelandos Antonio Riul Jr. e Luiz Eduardo
Amancio, Prof. Guilherme Pontes Leal perreira
Este trabalho foi iniciado ainda durante o meu doutoramento,

sendo que um capitulo da tese é dedicado ao assunto [10], e
representa a primeira tentativa na literatura de explicar curvas
de potencial de superf1cie de filmes de Langmuir
quantitativamente. Após minha volta ao Brasil, fiz pequenas
modificações no modelo originalmente proposto e publicamos os
resultados recentemente para filmes de ácido esteárico [11]. O
modelo é baseado na abordagem de Demchak-Fort (DF) [12], na qual
um filme de Langmuir sobre a superficie da água é considerado
como sendo um capacitor de 3 camadas, com momentos de dipolo e
constantes dielétricas distintos. É pressuposto que cada camada

•
•
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contribui ind~pendentemente para o momento de dipolo total, ou
seja, a substituição dos dipolos ou da constante dielétrica de
uma camada s6 muda a contribuição daquela camada, não devendo
afetar as outras.

Em São Carlos verificamos, através da aplicação do modelo
para o potencial de filmes mistos [13], que esta hipótese não é
universalmente válida. Estes filmes mistos consistem de misturas
de ácido palmitico e ácido tri-fluoropalmitico em várias
proporções, depositados sobre uma superf icie de água pura. A
presença dos átomos de flúor traz uma contribuição negativa
relativamente grande para o potencial de superficie, de maneira
que o aumento da concentração de ácido tri-fluoropalmitico causa
um decréscimo no potencial do filme. Entretanto, este decréscimo
não é linear com a variação da concentração como deveria ocorrer
de acordo com o modelo DF. Nossa explicação para este desvio de
comportamento (vide [14]) é que a constante dielétrica efetiva
do filme sofre alterações devido à mudança na polarizabilidade
do meio com a introdução dos átomos de flúor no final das caudas,
e principalmente porque os filmes mistos não apresentam um grau
de estruturação na interface água/filme tão alto como os filmes
puros. Este resultado é intrigante pois aparentemente não há
razões para que o filme misto seja menos estruturado; a solução
deste problema pode ter importantes consequências para os estudos
de filmes mistos apresentados na literatura.

2.1.4 Filmes LB de polímeros conjugados
Participação: Doutorandos Luiz Benrique C. Mattoso,
Marysilvia Ferreira e Agnieszka pawlicka, Mestranda Débora
Gonçalves, Bacharelandos Antonio Riul Jr. e Cláudia
Bonardi, Prof. Roberto Mendonça Faria, e Luiz otávio de
Souza Bulhões.
Uma das áreas mais atraentes para o emprego da técnica

Langmuir-Blodgett (LB) é, sem dúvida, a da fabricação de filmes
condutores a partir de polimeros de estrutura conjugada. Os
filmes LB, após depositados, são dopados de maneira a tornarem-se
condutores. O principal interesse nesse tipo de filme está na
produção de dispositivos eletrônicos em que o filme de polímero
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desempenhe um papel ativo, algo que já foi demonstrado com a
construção de FETs (a n1vel de laborat6rio) [15]. Dentre os
pol1meros mais utilizados para este fim estão os derivados da
polianilina, politiofeno e polipirrol. A nossa equipe de trabalho
está envolvida em pesquisas com pol1meros dessas três classes,
sendo que já dominamos as técnicas de s1ntese para os
politiofenos e polianilinas, e uma aluna de doutoramento está
aprendendo a s1ntese de polipirr6is no Massachusetts Institute
of Technology (M.I.T.), Estados Unidos.

Os primeiros resultados com os filmes de Langmuir e LB de
poli (o-metoxianilina) serão publicados em breve [16J. A
contribuição mais importante do trabalho é de se ter obtido um
pol1mero solúvel em solventes orgânicos, uma vez que esta é a
maior dificuldade para a fabricação de filmes LB de pol1meros
conjugados. Além disso, este é um pol1mero altamente estável em
condições ambientais normais. Pesquisas com estes filmes, agora
na tentativa de estudar suas propriedades óticas e elétricas,
estão em andamento, assim como as pesquisas com filmes LB de
politiofenos. A linha de pesquisa com pol1meros conjugados é hoje
a que conta com maior número de pesquisadores no grupo de São
Carlos.

2.1.5 Filmes de Langmuir de ligninas
Participação: Bacharelando Carlos José Leopoldo
constantino, Doutoranda Débora Ba1ogh, Prof. Antonio
Aprígio da Silva Curvello.
A disponibilidade da técnica LB propiciou a realização de

um projeto, ainda em andamento, de caracterização de ligninas em
conjunto com o Departamento de F1sico-Qu1mica do IFQSC. Este
interesse pela lignina advém de sua grande importância
tecnológica, sendo que a técnica LB pode fornecer informações
importantes a n1vel molecular. Por serem anfipáticas, as
moléculas de lignina permitem a formação de camadas insolúveis
sobre a superf1cie da água. Esperamos com estes estudos obter
informações a respeito do arranjo estrutural das moléculas de
lignina sobre a superf1cie da água. Medidas preliminares já
realizadas nos permitiram constatar que há uma perda de filme
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quando este é submetido a várias compressões sucessivas. Como as
ligninas dificilmente se dissolvem em água, a perda do filme pode
estar associada a um empacotamento em camadas bi ou tri-
moleculares, mas esta hip6tese está sujeita a confirmaçAo.

2.2 Avaliação da situação Atual da irea de Pilmes LB
Em pouco menos de dois anos, conseguimos instalar os

equipamentos para produção de filmes de boa qualidade e
estabelecemos uma equipe de trabalho bastante dinâmica. Várias
frentes de pesquisa foram abertas, uma característica salutar por
ser esta uma área altamente interdisciplinar, em que o sucesso
de um projeto específico pode depender de resultados obtidos em
outros afins. Particularmente importante foi o recrutamento de
químicos que estão se especializando em síntese de substâncias
orgânicas para a produção de filmes LB. Com0 em quase todos os
ramos da ciência de novos materiais, a síntese química na área
de filmes LB é fundamental. Outra característica importante é que
o nosso Grupo tem atacado problemas tanto de propriedades
fundamentais dos filmes, utilizando compostos simples como ácidos
graxos e fosfolipídios, como de possíveis aplicações com o
trabalho com polímeros conjugados.

Nos meios científicos parece haver consenso que a avaliação
do trabalho de um pesquisador (ou grupo de pesquisa) deve ser
centrada na sua produção científica. Portanto, para avaliar os
resultados que já obtivemos, poderíamos examinar nossa produção
científica neste período de duração das pesquisas em filmes LB
em São Carlos. Esta produção, em termos de artigos e
comunicações, é ainda bastante modesta para uma equipe
relativamente grande (os participantes da equipe foram
mencionados nos projetos específicos). Deve-se levar em conta,
entretanto, que só agora estamos colhendo os primeiros frutos do
trabalho inicial, já que um grande esforço foi dedicado à
instalação de equipamentos e da sala limpa, além do treinamento
de estudantes. E estes primeiros resultados são altamente
promissores, prenúncio de uma produção satisfatória quando o
trabalho da equipe estiver em "regime estacionário". Ressalte-se,
também, que formamos o grupo, no Brasil, com maior experiência
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e contribuição nesta importante ârea.

111. Outras linhas de pesquisa.
Quando da minha chegada de volta ao Brasil em Julho de 1990,

após concluir o doutoramento, tive que esperar algum tempo antes
de iniciar o trabalho experimental com filmes LB, embora o
processo de aquisição dos equipamentos para a área de filmes LB
já tivesse sido iniciado. Procurei, então, engajar-me em projetos
de pesquisa de colegas, principalmente na área de pollmeros
submetidos à descarga corona, um tópico com o qual já havia
trabalhado no.mestrado. Nos próximos sub-itens será apresentada
uma breve descrição do trabalho realizado, incluindo a nova área
de atuação em Lingulstica Computacional.

3.1 Polímeros ferroelétricos e descarga corona
Participação: Engenheirandos Valtencir Zuccolloto,
Alessandra Holmo e Angélica Rondo, Mestre Nilton Guedes da
silva, Prof. Neri Alves, Prof. José Alberto Giacometti e
Prof. Roberto Mendonça Faria.
O Grupo de Eletretos "Prof. Bernhard Gross" tem grande

tradição no estudo de propriedades elétricas de polímeros,
principalmente quando estes são submetidos à descarga corona.
Dentre as principais contribuições do Grupo está o
desenvolvimento dos primeiros triodos de corona com controle de
corrente [17], uma técnica que foi posteriormente incorporada por
vários laboratórios de pesquisa na Rússia, Estados Unidos,
Portugal, Alemanha e China. Um artigo de revisão, escrito em
parceria com o Prof. Giacometti [18], será publicado em breve,
onde são discutidos os aspectos mais relevantes para o processo
de carga de polímeros com descarga corona.

Após a minha volta ao Brasil, retomei minha colaboração com
o Prof. Giacometti e orientei um aluno de mestrado na área. Este
aluno, Nilton Guedes da Silva [19], desenvolveu os procedimentos
experimentais para a fabricação de filmes de copolímeros de
fluoreto de vinilideno com trifluoretileno (P(VDF-TrFE)), e
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caracterizou estes filmes através de medidas de calorimetria
explorat6ria diferencial de varredura (OSC), difração de Raios-X,
e absorção de Infra-vermelho. Os resultados obtidos foram
compatlveis com os da literatura para filmes similares, o que
demonstra a adequação dos procedimentos experimentais utilizados.

Quanto ao trabalho produzido em pollmeros ferroelétricos,
um resultado interessante foi a descoberta de que é possivel
traçar curvas de histerese para estes pollmeros, a partir de
curvas de potencial de superficie obtidas num triodo de corona
[20]. A demonstração inicial foi feita com o polimero PVDF, mas
passamos posteriormente a empregar os copolimeros P(VOF-TrFE).
Além de permitir a obtenção dos parâmetros ferroelétricos dos
filmes, ou seja, o campo coercivo e a polarização remanente, a
análise das curvas de potencial de superficie permite também
testar os diferentes modelos fenomeno16gicos para explicar os
mecanismos da polarização ferroelétrica [21,22].

Merecem destaque, também, as investigações das
caracteristicas elétricas de triodos de corona e sistemas
similares [23,24]. Estes sistemas apresentam problemas de
eletrostática interessantes, e são importantes para aplicações
práticas, por serem largamente utilizados em indústrias de
dispositivos de eletretos e xerografia. Como resultado relevante
pode ser mencionada a elucidação da importância da componente
eletrônica da descarga corona no processo de tratamento de
amostras de polimeros [23].

3.2 Aspectos Fundamentais da Física
participação: Prof. Guilherme Fontes Leal Ferreira
Oa colaboração e extensiva discussão de vários aspectos

fundamentais da Fisica com o Prof. Guilherme Fontes Leal
Ferreira, surgiram alguns trabalhos que estão sendo preparados
em forma de artigos. O primeiro deles foi publicado recentemente
na revista Physics Essays [2], no qual é apresentado um modelo
mecânico para o cálculo da tensão superficial de liquidos, que
também discute como conciliar tal modelo mecânico com a
Termodinâmica. Também preparamos dois artigos que discutem a
utilização de entidades abstratas (como os campos) no

-13-



Eletromagnetismo, e a possibilidade de se empregar o método da
ação direta à distância em problemas de Eletromagnetismo que não
incluem radiação. Um desses artigos, tratando da utilização do
método de ação direta para calcular a diferença de potencial de
uma barra metálica que se desloca num campo magnético uniforme,
já foi submetido para publicação [25]. O outro está em fase de
preparação, e aborda uma revisão critica da utilização dos campos
eletromagnéticos [26].

3.3 Linquística Computacional
Participação: Bacharelandos Cláudio Yukio Nacamatsu e José
Luiz Sorokin, Mestranda Maria do Carmo M. Francischetti,
Profa. Sandra Maria Aluisio Caldeira (doutoranda do IFQSC),
Profa. Lúcia Helena Machado Rino (doutoranda do IFQSC),
Profa. Niura Maria Fontana, Profa. Ariadne M.B.R. Carvalho,
Prof. Paulo César Masiero, Profa. Maria Cristina F.
Oliveira.
Esta é uma área de pesquisa dentro da Ciência de Computação

que trata de problemas relacionados ao uso do computador em
pesquisas de Linguistica Aplicada. A área engloba, entre outros,
campos como o Processamento de Linguagem Natural, e o
desenvol vimento de ferramentas de software para ensino de 1inguas
e auxilio em tarefas linguisticas.

Para se compreender porque me envolvi numa área tão exótica
(para um fisico), faz-se necessário um breve relato de como
surgiu este interesse, o que torna esta sub-seção um pouco maior
do que as correspondentes na Seção 111. Sempre acreditei que
escrever bem textos em inglês técnico era um requisito
fundamental para o sucesso de uma carreira cientifica, de maneira
que eu procurei melhorar, na medida do possivel, o meu desempenho
nestas tarefas. Assim, durante o meu doutoramento, estudei não
apenas a lingua inglesa, mas também as estratégias de redação
cientifica. Por pura intuição, pois na época não possuia
quaisquer conhecimentos "formais" de linguistica, conclui que a
minha maior dificuldade (assim como de muitos estrangeiros), era
de não empregar as expressões adequadas, i.e. aquelas empregadas
pelos escritores nativos, para desempenhar funções especificas
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num texto cientlf ico. Este problema faz com que estrangeiros
utilizem a estratégia de tradução a partir da sua llngua-mãe.

Esta intuição foi confirmada por estudos que mostraram que
algumas das deficiências de alunos brasileiros realizando cursos
de pôs-graduação no exterior, estão relacionadas ao mau uso ou
omissão de expressões mais ou menos convencionais que desempenham
funções específicas do texto acadêmico [27]. Uma solução prática
para este problema consiste na utilização de expressões
aprendidas com a prática adquirida na leitura de artigos
acredito ser esta estratégia largamente difundida entre
estrangeiros que precisam escrever em inglês. Ou seja, numa
situação de dúvida, o escritor recorre a textos escritos por
pessoas de reconhecida competência. Para otimizar o uso desta
estratégia, foi feita uma compilação de expressões e sentenças
extraídas de artigos e livros cientlficos [28]. Uma verificação
surpreendente foi que um número relativamente pequeno de
expressões pode ser suficiente, em alguns casos, para cobrir uma
grande proporção de sentenças e frases usadas numa certa área do
conhecimento. Isto ocorre porque expressões são empregadas de
maneira sistemática, quando se descrevem tabelas, figuras,
procedimentos experimentais, ou quando se comparam resultados.
Anteviu-se portanto, a possibilidade de se criar uma ferramenta
de software baseada nesta estratégia.

É importante enfatizar que existem várias ferramentas de
software [29-31] para auxiliar no processo de escrita, muitas das
quais já estão disponíveis comercialmente. A grande maioria delas
é dedicada ao põs-processamento do texto através de análises
estatísticas. Apesar de serem extremamente úteis para usuarl0S
com dificuldades linguísticas, estas ferramentas são limitadas
quanto à escrita numa língua estrangeira, pois proporcionam
somente mecanismos de correção e acabamento do texto, sendo que
muitas vezes o usuário não é capaz de gerar um texto passível de
ser apenas "melhorado". Tais ferramentas, portanto, não resolvem
o principal problema dos que precisam escrever numa língua
estrangeira e têm dificuldades em fazê-lo.

A proposta de um projeto de pesquisa para desenvolver
ferramentas de software de auxílio à escrita foi muito bem
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recebida por colegas do Departamento de Computação e Estatlstica
do Instituto de Ciências Matemáticas de São Carlos (ICMSC), USP.
Graças ao apoio destes colegas e do Prof. Jan F.W. Slaets, do
DFCM, IFQSC, o projeto foi iniciado ainda em 1990, e se
desenvolve com grande sucesso no momento. Uma primeira versão da
ferramenta, batizada como AHADEUS (AMiable Article Development
Environment for User Support), foi desenvolvida no ambiente
gráfico XVIEW numa estação de trabalho SUN [32]. Ressalte-se que
as pesquisas em Lingulstica Computacional do nosso Grupo de
trabalho não se restringem apenas ao desenvolvimento de
ferramentas de apoio. Devido à abrangência e riqueza de t6picos
interdisciplinares que podem ser investigados, estamos atuando
em várias sub-áreas da Ciência da Computação, para as quais
produzimos artigos que discutem os aspectos da interface usuário-
máquina [33] e da importância lingulstico-pedag6gica da
estratégia utilizada no AMADEUS [34]. O projeto deu origem,
ainda, a pesquisas em Processamento de Linguagem Natural, que
estão sendo realizadas por colegas não necessariamente envolvidos
na construção das ferramentas. O nosso grupo de pesquisa acredita
que grandes progressos poderão ser alcançados quando as primeiras
versões de ferramentas forem colocadas à disposição da comunidade
cientifica, o que deve ocorrer em futuro pr6ximo.

IV. Comentários Finais
Nesta seção tentarei fazer uma análise das contribuições que

julgo serem as mais importantes, e das perspectivas para o
trabalho no futuro. Na minha área principal, filmes Langmuir-
Blodgett, ressalta-se a implantação da técnica, e formação de um
grupo de pesquisa que coloca São Carlos no cenário internacional,
como sendo o primeiro grupo brasileiro com contribuições na área.
Este trabalho foi feito em parceria com o Prof. Roberto Mendonça
Faria, que tem trabalhado com polimeros condutores. Filmes LB de
pollmeros condutores constituem um dos campos mais promissores
não s6 para a aplicação da tecnologia LB, como para a Ciência dos
Materiais de um modo geral. Este grupo de trabalho Ja demonstrou
ter capacidade de atuar e competir em várias áreas de filmes LB,
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como propriedades fundamentais dos filmes e polimeros condutores.
No que tange aos estudos fundamentais de filmes de Langmuir e LB,
meu trabalho é também fruto do aproveitamento da experiência
adquirida em Bangor com modelos de potencial de superficie, já
que com o meu trabalho de doutoramento, o grupo de Bangor passou
a ser um dos lideres deste campo.

No trabalho com polimeros ferroelétricos, minha participação
é obviamente secundária. Ela é porém decisiva, pois tenho
auxiliado na interpretação e organização dos diversos resultados
obtidos por colegas do Grupo de Eletretos, o que tem permitido
uma melhoria na produção cientifica do grupo. t um ótimo exemplo
de capacidade de trabalho em grupo. Nos aspectos fundamentais da
Fisica tenho atuado basicamente corno interlocutor do Prof.
Guilherme F. Leal Ferreira, o que muito me honra, corno fisico,
e ensina. Acredito que esta participação permite que o Prof.
Guilherme possa estender sua atuação nessa área.

No projeto de Linguistica Computacional, a minha principal
participação foi na concepção da idéia do ambiente de auxilio à

escrita. Tenho também contribuido para agilizar interações
multidisciplinares, envolvendo vários ramos da Informática e da
Linguistica. O proj eto se desenvol ve de maneira plenamente
satisfatória, e poderá ter um grande impacto na comunidade
cientifica brasileira. O espirito de inovação e a coragem de
atacar problemas em áreas altamente interdisciplinares são
características fundamentais da nossa equipe de trabalho.

As perspectivas para o trabalho futuro são extremamente
promissoras. Agora que já contamos com um grupo formado e atuando
em filmes LB, podemos estender nossa atuação para diversos campos
que utilizam a tecnologia LB, como o estudo de filmes de
importância biológica e pesquisas em Eletrônica Molecular. O
projeto de construção de um ambiente de auxilio à escrita está
em andamento e pode abrir novas áreas de pesquisa, principalmente
com relação à interação linguagem natural - computador. Espero
também que a colaboração com os colegas do departamento, tanto
na área de polimeros corno em outras áreas da Fisica, possa
continuar profícua como tem sido até o momento.
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Resumo das Contribuições
Para sumarizar as atividades de pesquisa realizadas desde

a obtenção do titulo de doutoramento, discrimino as diversas
contribuições a seguir. A lista completa das contribuições podem
ser encontradas no final deste texto.

Artigos publicados e/ou aceitos para publicação em
revistas internacionais com referees •.•.••........... 7

Artigos submetidos para publicação em revistas
internacionais com referees 4

Publicação em livro 1
Artigos Completos em Congressos Internacionais 8
Resumos em Congressos Internacionais 4
Artigos Completos em Congressos Nacionais 8
Resumos em Congressos Nacionais .......•...•••......... 14
Artigos de Divulgação Científica ..•....••.••........... 3

Orientação de
Caracterização
defendida pelo

Tese: Tese de Mestrado "Fabricação e
de Filmes de Copolímeros P(VDF-TrFE)",
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Langmuir-Blodgett Films - Properties and Possible
Applications

Onaldo N. Oli~r& Jr .
.•••••••••,.....• 'I•••••••••••c.tN. v..••'.il.* ••a. ,...,.

c.a ".....,. Uo c•.•••.•U6D. $.".•• ,..J

•..•npna&ir·B~ (LB) lima •.• alva &IliDorpait 1111» obLaiDedfrom lk .u~ clepo-
IÍÜOD 01 ~ from Uac wa&e ..mace oMo • eolid •••• \ra&c. 1"M1 ,t L I iD&c,..\iDa
properLiM eudl _ ClClDtroIlabIe&Ilicb_. eurface ..uomul1 _d •••• ~ ol oriaJl~
&ioDalorda. _tudl1DÜ2 \Mm po4.cDUaJcudide&et for applicalioD iD elecLrooic ~ aod
.uon,

ODe 01 lhe mo.t demandiQ& daaUcDls iIl mat.er~
acieo« k>da, » tbe development or De- maLerw. with
\ailored praperLiet te wil .pKific applitaliona Tbe ul-
LimaLeloaJ • tbe elllin~iDI or mo&etulea _b.cb would
be I.ht buüdllll bloda for aeo.on aod eIec~ic ckVKe.,
ill ~ crnrr&in&~Id of mokcula.r cl~lronica Suth ~
bitlOUI cDdcavor. -i11 onlj M ~hif'\"t'd ir uperirnrnlal
,,"chniquea. art a,,-ailabk -hith alio- the ""tmblin~ or
n ••,J..('uk. &.<" Iorm 1•. 0 or lhr~ duntnaton&l Itructura
Tb,. Lan,muar-BJodJtlt (LB) kthnololJ ia ptrbape thf'
n-~ PrornaUI&of sueh lKhblqUC» ~ca~ it aJLo,,'.lhf'
fahnca1torJ of uhr. lhin, lailhl~ erdered or,anic film.
In ÜK LB IIIrlhod .• ODemoI«uk Lhick Ia~r (Lan,-
1nUU' lnODOIa~r) çru.d al I.ht ajr/Wa1er iIlterCace ia
tran.rcrnd 001.0 a eoIid luh.trale, a proce. Lhat e&.n
be npeaLed aeveral limes _ilh lhe aa.me .ub.lralc &o
lorm multilayer filma

10 lhi5 paper, .Heral upecLa of LB filma and Lanr;-
muir monolayen will be reviewed ID Section 11, 'ol-
lowiDI • brief hy.torica.l Dote tbe uperUncllt&l proce-
dura lor &.befilm lahrication are deseríbed. Tbe mo6t
impor&.&nttB lormin& malcriaà are cliacuaaed in Sec-
Lion 111, _hW Section IV deaà _it.h o.e cha.rad.eriz~
Lioo of l-an,pnuir moDolayera •• weU •• LB desx-itt'd
filf'l1l, Tbe...,y pcaible applicationa or LB filnw are
diacuaaed ia Sedtoo V in _hich • ~ciaJ Iub.ecLion
hu beeo prcwided for iOlroducin& lhe t.opic or molec-
ular eJedrooáca, SecliOll VI cbea lhe paper _ilh Lbe
etale 01 Ihe.n, 8ec&u.e Ii&.erature OD LB filnw aod
Lanpnuir IDODOlayeraia ahundant (5i _ •••••only J
• Inr papera _ill be liItt'd here .bicb may be Itarlml
poinu lor &.bc.c_ho _iah te 'unher lheir howled,e iIl
Lhe field,

n l.&Dpauir M~ &Dd LB Film Fahnc..-
IioD

lnaoluble monoZaycra an lorrnrd on lhe lurrau ol
• dran liquid _hich Ia•• a bilh .u"ace t.enaioo (e-l
..ur) b)' lhe .preadin, of ioaoluble. Don-YOIa1ile.u~
1Ú.Dc:a ~r Lhe .u"ace, Spnadihl eceurs wbcn lhe
~cults or lhe .ubat.a.nce. Icnerall> p05seS5in~ a t:'
drophilic head and a 100, hydrophobic tail [see Stclior:
111),art aUr&cted to lhf' "'attr more than thl"~ a!trll~~
cacl. ether A ont rnokcult lh.ck film. ter rned L&n~,
nJulf monola>'er, ia forlTW'dprovided lhat the arca ol L~
Iwr!ace ia lufflcÍtnl 1.0 accommodate ali Lhe molrculo
ap~ad Tbe bialor,) Df iuoIubk monolayera U1l be
t.rKed bad &o aoCieDt limes. for Ari&l.otlt in ancie:lt
Greece .u reported &o bavt noted lhe c&lmin, efrect o~
oil QC a .aler lurrace, follo.-iD,ILudiea Irorn Lheend o!
Iut centur)' by Alnes Pockela aod Lord RA)'kilh • the
IatLtr wu lhe firat to auuest lhat lhe oil filrn could be
eoe molecult thick - Lanlmuir in 1917 introduced nf'-
lheorctical eoncepts and experimental methods .-hid,
WC~ &oprove of major imporlance to lhe 'lud)' of these
fim. Toda)', lhe aubjecl or ioaolubk monolayen at Lhe
ajr/water iolerCau ia • well-alabliahe-d tepic addreued
ÍII tlw majorit), of t.exLa01 Pbyaical Cbemiatry ol 5Ul-
Cace.

1W equipment uaed ror lhe preduetjon or LanpnuiJ
rnoaoIayera &l1dJorLB depoaited filma bu beccme Lr.-
ditioaaJly referred &o ai. Lan,muir troulh (ri&u~ 1)
Buãcally it cooaiata of a cont.a.iner _hicb bolda • hquid
.ubpUat GIl _bith lhe monolaycr •• pnad, barriera Lo
enablr film compression and otber me&lurm, app&ralus
for lDODolaycrcharact.eraation, Included in tbe.e are a
au~ praaure aeoaor aod a poailioD detedor a1lached
&otk barriera &o meuun o.e aurCac.earea ollbe film.
Tbe ClClDlainumust be made Irem ao iDert mat.eri&!
aucb •• Tefton _bicb doa DOt contamiDat.e lhe &queoua
aubpbue, Tbe lroulb ud barrier arranlemtDt InUIt



t

e'.ctrobolone.
'ip,.r

kmer
tMrMl

fipre 1: l.anJmRir LroUJb 1be rnoool&y'fr ia .ptead 011 tbt .urf~ 01 &rieqUe<>UI.ubpbut, aDd \Mn cornp~d
b, meu. or u.ouable barriera A ,....u~ _ •••• /àK&.robUuCf arr-aemaal meuur. \M .rCatt ~un. &rId
~ aru per moIKule ia obl&ined frorn Lbt &o&.alarea a1YH bJ tbt Mnirr .-~ teMOr. 1M dipper COIllrob ~
àmmuaioD aDd wiUadr.waJ or &k .ohd .ubalt&U for lDCIDo&a,erclep_ion.

previde a mUll' for toDltr&ininl and comPra.inl the
mooolayer.

Tbe ma~riaJ ia d'-olYed iD an approprãau orlanic,
YOlalile eoIwnt (~.. cbloroform) &Dddiapenaed CIIlto
Lbe 8Una.cr or &11aque<>w IUbph~ Tbe ~Ivent ev.~
or.te. within a ai»ort tirnr and lhe rnoltcuks then lerl
'l,rrad OH'r thr .~C)I,. watrr .urrarr Thr monornolecu-
lar ia),.r .••. cal~~ Lanlmulr monola)N. ia compressed
unlll Lhr rnDIr-calrs aN' allJnrd ao • ~Iular arranl'"
tntlll La.b,mw,·8~,f'u filn» arr fahrtc.Led b)' in•.
lhCf'ain, a dra.o _bÃralf iDt.o ~ lhODolayu-Wftrf:'d
aq\MlC)Ualubph ••.•• ilI~raud iJI rÍlU~ 2. ~aud
dippiD.p 01 lhe -'-Lr&U r.ulL iD t.bt ckpoaitioll 01 •
mulLiJayer Ilructan. wbicb in ~rnt eaaes ean be up
to bundreda or lDODolayera. A lood depoaitàon wm de-
pend not onl)" OIl ~ nature or lhe monolayer moIeculei
themaelvea. but .ho on lubphue conditjons IUch ai
pB, ternpereture, and àonic eontents , on tbe lpeed or
ãmmeraion and withdra,u.l of the lub.trate (dippinl
speed] and on wbrther lhe lubstr.te ia b)'drophilic or
hydropbobic.

LB filma ueuaBy depoait in a .ymmetrical mode.
referred &o ai Y-t~ filma, in wbich lhe moleculea in
• ueeeesive layera adopt • bead-to-bead and tail-to-tail
&rTanl~ment ai Mo-n in Fi&un 3a 10 \be Y-lype de-
p<»ition on a h,dropbilic .ub&trate, a monolayer ia DOt
pided up by ~ Ablt.ta1e durinl tbe 'tlt immeraâon or
lhe .ubetraLt (~lroke), but in lublequent trip. de-
p<»itioo &lwa)'. ocam both in the downalrok.ea as weU
•• in lhe u,.troka Tbere are two olher types or de-
p<»ilioo, lbe ao-uBed X and 7rlypea ebown echemati-
cally in Fipra Sb aDd Se, wbere depotitàon o«ura (01)'

iD lhe downstroke or in &k u~trokea, rapectively.
Supet-laUiea ca.n alio be built in wbicb moaolayen ot

difreteDt •• terá•.••are depoaited on the .ame .ubst ratr
ID ~ 1.0 lhe commooly .-d verttcal dippinl

IPftbod dscribed above, clepoaitioo UJl Uo be m&dr
Ia)' .urfacr cooLacl uain& ~ IKlriJootallifiifll metbod
Almoat UJ tlPf or ~lid aub&lr.u can be ernployed
in LB depc.itiOD. thoulh depoaitàon will onl,) be IUC-
eessful ir. lIumwr or requirements arfOmet The rnost
l&M'd ma~nalJ are Ilul alld~. or metal eu,poralrd·
,'" aladea and •. miconductor waren Prior to ckp05i.
lIoD. IUb.u-a&.a InUIt be tborouJhl,)· ckanf:'d and wuall)
rcndered àtber Ili&hlyla,drophilK or hydropbobic ~
pudina Da lhe apecmc tlpe 01 cIepo.ilioo lhat ia aimed
ato

Il ia ~tial lhat lhe moat a&.rinlenl cleaninl pro-
cedurea Aft adopud in lhe LB w.ork. Tbe La.n!-
muir ~b and ita a.cceaorae. Deed to be Iree or
.urra.ce-a.ctlve ma~rial~ and ,reues Glus""a.re rnust
be acrupuloaaly wuhed and riDRd copioLaI,)'with ullra
pure watn. Hilb purát,)' IOlventa must be u.ed to avoid
an)' raidlMS btiq aen on lhe deaned auna.ce A 1.0.
lhe water ..asl be of vet)' biJh purity and be eban,ed
ai. reJUlar ~rvali, prererabl,)' for och DeWmonolayer
apread, &o POid ba.curiaJlf'OWlh known to occur .hen
~r ia tdl in lhe lrou,h for wveral daYI .

VIlra pan wat.er ia uauaJly .upplied b,)' eornrner-
ciall,)' available purification lyalftN, bued 0Cl ullra fil-
tratâon anel ioo ucban,e t.echniquea. Tboulh these .)'.-
tema are P'O'-ãded .ith • railtivity meter wbich all~',
continuou. -.eument or lhe qu&lity ol the .aur, Don·
ionizable ilapuritiea ma)' atiJI pua uDddeca.ed .bicb
-ill afeca. ~olayer behaváar _ Sunac:e potent.W and
lateral CODct.ctuce mealutemenLl baw been prown to
be utremel)- 8eoaitiw 1.0 minor CODceottatiooa or irn-
purilies ud ma)' lherefote bt ..ed 1.0 naure lhat 0111)·

"
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w,b parit, wa&er •• emp~ •• Lupaulr ~
•• d LI 11m .ucliee.

Il ••aa.o .ieSel)· reeopile'd &!a.t• du&.-free.DY~
roomeDt ia UI _ Dl&aJrequiremeDt for l~ producliclCl
01 a.i&b quaJil, ~ IDODOI~ uad La .poIiLed
lima. ""11, 1M LI appwa&. ~Id b«~ •••
_miCODdudor deu l'OOm wkIa Iemperalu~ _41 •.••
\ift IaWDiclit, CGD&rol.To pia &o.dI • d.u
l'OOIIl .....,Qen lIaoaJd ..., ~ •••41lpeCiaJ
coa&a _d ••••.•aimed al p~vea\ia& UJ' dut from CICIO-

laniDaliq &he_viroDmaat.

~~--------
A

À~~
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Flpr~ 2 Monolay~r d~poailion A monolayer • not
picked up by Lh~.ubllrat~ durma lh~ 'tlt immetlioo
or ~ ~bltr.1.e (dOWDlLrok~),but irI aublequeDt Lripe
ckpClliltOD aJwa,y. occu,. botb ÍII ~ dowDltrokea ••
.-eU •• in lb~ upetrokea
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rl~r~ 3 Typel of LB depoaitioo a) Y-ty~; b) x-
t.n~, c) Z-typ~.

DI. LB Fonnm& Materiab

~ m&in el•• of compounch wlUch form mbl~
moooJ.ye,. ODlb~ wal.er wrfau an tJK.e referred 1.0 ai
ampbipatbic or amphiphiJic. Mo&ecues or Lhese com-
pounck po.eaI a hichly polar poup, which ia aUrac&.ed
&olhe .ater. and •• ufticieDtly &arar aon-poIar moiely
(Je~ralJ)' • &onl hydrophobic &ail) trIüch prevenu tbe
mooolaycr from dWaolvinl ml.o lb~ wat.er. Tbe polar
poup ia u.ually &oc&&.eda! eee end m lh~ molecuk 10

lha! Lhe mokcu1es C&Dbe made &oalip parallell.o each
oc.her wiLh lhe hydropbobic &ai)ProtnacLnl from Lhe••
ler .urfau. Tbe Iimp1est amphiphllic a.t.eriall are lhe
_I cha.inalbnoic &cicia,e-l. ae.nc atad, ud &heir

_YMi ••••• âda Mft _I &bt 1DCJI1wWely ••• ti,
p&ed CGmpOUI•••. (F•• "yirw ODLI formiDl ~ .
riala. IH (IS)). CbaiDl coetaininl ODt Of lnOn doubk
MDde CUI repl.u &k ",1 main 01 lat1, acidl,teld·
iaalllODOla.Jen &Ilat8ft ••••• able &o~. A
pd aamplt ollÜ t.Jpt 01 compouDd •• w-'riCWtDotc
acid (.14 carboD fal17 Kid ,"lll • do.Wc a.o.d ai ~
..ct "'&1M ~boa •• ) &Iw ~ •••• ..ct iD LB
••• " lar ~I'OII beua li&oJrapb)'. AIomalic lh&kTi-
_IlUda • &1MIoq-daaia _LhraceDel .41 "'naeDel
~ Mo ••••• empq.d" &btfabrKaLioo 01 LB filml

LI Ilmt '" u... ••..•• lDOIecu_. ~wa. 8ft--a, rr. aad •••••••• &Mrmall&abai17 aad ••
•••• icaJ "...- .•••••••• promplecl &1M.841, 01 LB
1m. ••• 110m poI~1t ID&&eriUaad aIeo Jft-
bmed pobmen ia • warl pioDeered bJ Tt.dJOld and
b coIlab«a1on iD ~ ~d J<in&dom'4. Example.
01 receot •• ol polyrner. b LB film fabric.tioo áDcluck
l1mI mede from poIyi••••• , poIy&luLarnaw. poIyd,·
atet)ierw, poIJitocluaidee. oc&adecyl_Lera ol poIyamic
attcS.•••• d mixed llmI ., Il,dropbãltc aDd a.,drop~'* Wod copol,men PoI)8.eriaabk Ilma ela .tyteM
fuDClioo.Jiud ~rfactant. ,a.o.pbolipida and kxI,-ch&in
derivati.-ea of alpha- amiDO acid. uad diyDoic. lrtenoic
Uld acrylâc &cidab.~ alio l.een report.ed.

Tbe lut 2 or 3)Ut1 ha-re ~n a lpectacular incteaM
ÍD lhe ÍIllera1 iD CODdudilc poJymer LB fill1ll, ai ~
ability &oenlineer au~rmc:iKular Itructure. of a num-
ber of conduclina poJymen hu been demonltrale-du.
Tbr widr Yal~l)' of poaiblt application~ to,dhrr _itb
dlr.r ucdlrnt rnc-chal1lcaJaDd elecrroaetive pr opert res
rnakr tbr conductinl poIpntr. p~rhapt lhr currrnt
mtJIt imporlanl claa oIiD&UriaJJ for (abricatiol LE
filma Tbree rnain famihea ol conductina poI)'men b.~
been •• d 10 far. Darnrl,. tk poJ)'-alk)'1 tbiophenes, the
poIypyrrole. uad tbe polyazüLnea. h ia wwtb menlion-
ÍDI Lhat cooductinl LB fihm "ave alto been made from
DOO-poIymeric mal.eriaJI -.di ai ~ &elracluaDquin-
ochmelha.ne (TCNQ) ealt.a uad tbe &etr.thiafulvaJ~nr
derivativea

Ficure 4: Scbemalic diapa.m ma eell membrane. Tb~
lipid bãl.~r ia raponlibk for &IIIe Itructural inl.epit)· of
the membra.ne whicb ia lrava.ed by pro&.em.and olher
cooslitlleDu. 10 l~ pieture •• íon channel ia .bowlI 1.0
illLlllral.e how cbarle &ranspc:n tbroulb Lhe membrane
C&II OCCUl,

ADOlber imporlant d•• 01 LB materiaJI compn.ea
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&IM:.t.kidl are relnut Meau. eI •.••• bioaoptaJ im-
pltc •• w-. AccorcIàD&10 Uw I-.id ...aác mockJ eI
•••• r aad 'hela_D MowD lCM~t)' iD FC-.re 4,
&k 1&I'.dvaJ ~k ela ~ aaanbraae ••
for•••• ftom alipid wa.,.," .t.';..n)' a two-.r
LB IbD' lwo paraDeJ 1nODOl..,erawiü Ikir ~ ••
_ 1M •••• ..,{.cea Mel &k &ü JIOinliDl _traJd;
aae! CIDe\aiaiIaa a ...n.t1 eI "ale •• _d 1ipopoI)'Ik.
•••.••• (LPS). n.e lipic! mo&Ku_,..da •• cboaeÃerol
'uc! pIaoepbolipidt Ut Uw _t a.aIIIa'OUI ue! Wt ft-

~iWe fiar lM euvdw.J ia&epit1 eI Uw •• mbraae
11 pro&eiDI ud odMr eeJI membr •• ClQDltit_DI.t Ut
•••c~ll1 iacorporaLed iDl.oLB lima .•• da ânKturea
coukl .rw •• .-JÍIlK mocSe" eI t.ioqiocaJ 1Ja&emlGIl

••• iela•• fuI ~ could bt bMed. For ÍDltUct, ~
&eÍDLB Ilma MYe beeD 8UU.~" ,*-uora, ud
~ iDcorporalion orCrunicidin A iDlo DPPC (dipalmt-
1071 pboepbalid,kbo1iDe) LB li,.,. •••• MeD ~d iD
~iIb apat~J r.oIutioD fJl iaDK eIaauer. _ÍD' KUDma
hDeb& microecOP1·

Tbere ~•• _o reHWed iDter.t •• &beI)'DtbeÃa
cl aowe1 compouracb wiLh apecificalt, l&iIored elrdrt-
uJ .,.d optica! pro~rties AccordID.l'Y. eulpboxidf'-
containin, compo-.racb ud orl~I'1ILheoium ~
plues .iLh a falt)' ~id laavr Men .-d ÍDp)'roelrdrlc
LB filma, ud d~imprepaud LB 6lma laaw been ~
rica~d airMd al a \'aTiet)' 01 appltcaliona auch •• pn
junclie>nt, DonllDeu opLita! filrTli.eDef'l)' Lranlfer, and
coatinJ of optica! fibrH The macroc)'clic porpb)'rin
and pl.tbaloc)&1llhe denvati"Q hsve brocn uleRlivd)
atud •.d for arphcahohl thal ran,e &om lU .ruin,
de,'àcft 1.0 eltcttoehromiam NO\'e! Ifta1.rriala )'ieldm,
LB '1m. _ith unuauaJ, alrTll»l unuploitrd pro~rl~
a..w .a.o ~ aludtf'd Indude-d lD tliew an lM ~r-
~lrrtric àd~ chein pol)·me •.•. lhe bquid uyat.ala. and
lb~ ampbipbiltc ortbopbenanlbroline lbiocyanato from
.hich maprlic LB filma ba~ been depaaiLrd.

Sornt of lhe maluiala menlioned m thil aeclion are
availabk from c.hemicaJ aupplie •.•but olhe •.•have 1.0 be
.ynLbeai~ed from buic maLrrials Ir ÍI orLrn Lhe c.ast
t.hal eo~ maurials ue not auitabk Ior lranarer onto
a ~lid lub.traLr ~ca~ they form lDODolaye•.• -ilicb
~Jlapet' at rcl.üvrly low lurface pr~wa. Boweyer, ln
man)' caaes Ion, bydrocarboo c.bainaca.n bt c.bemicaJI)'
atL~ &.o t.he rnokcuJea of inLrrest &.o improye their
atability on lhe _aur aurface. Some poIymer monola)'·
era, 0Il t.he olher laand, are alrerneI, ri&id and con-
~uently ckpoaition ia not alway. IUCUSiful, but thil
problem cal! br usually overcome ir .atures ol con·
duct.ma polymera ud falty ~ida are wed, or ir &J>-
propriate fuocttonal çoupl are added 10 •.he polymer
moIecWes.

IV. Cbaraeteri&ation
4.1 Lanpnuir Mooolayen

~ fabricattOll ud c.buacteritatiao of Lanpnuir
mooola,rera conalituu a field ohaearda in il.t own ri&ht

"auae eI &.br rich ftrid)' ., ~LrKaJ. opLiuJ, Uwr·
InOd)'DunicaJ ue! rbeoIocic.aJ ,.-oprrties ol mODolayen
.laic.b laave been UDder .,,'p'ioD t.broqh a n.ritt)'
f!I aperimeDLaJ IedIDHa'* n. apeurF ol iDLawt lD
LB Ilma •••• edclecl a MW • ·aa &o &.br •• bjKt ol
Lupnuir lnODOl~n, fiar • JIfCIPUlt. fJl LB 61,.,.
.DCt GIl1M lDODOIa,er~ic:a, bnpor\aDt •.
••• ia t.bt lnODOIayer~ Ut rela~ 1.0 lbf'
.KI.t ohubph •• CODditioM_ tIlt mOool~r p~r-
I.ies, ue! alio il.t ~it, a.d aa.abiJit)'on tbt _aLrr
•• rface,

AInODI Uw IDUI)' IedID••••• empq.ed iD &.br char-
aderiaaLion 01 Lupaair ••••••••Q'UI, &.br ,urface p'"
Mlrt ud &.br •• rraa poteDl.ial..o.oda "ave _o ~
••• wicS.prad. Aft.er diac .•• &M.t meaauremenla
ai earM laallh, ot.ba Ieda •••••••• ida laa" alio pn>
yidtd rekvant iDrormalton 011 InOnotayer bthavK>r _il
bt diK....d brietI)'

Surraa pre8Un ia "DtCf •• &.br decreaae iD t.bf'
•• rrace a.eutoD 01 thr liquid ••.•• 10 &bepr.eou ol
llat ~r. It ia aormaI} lDeUured usin, a WiI·
t.elmy plau/elrclrobaJance arr&Il,emml •.hat monitora
tbt force required for the •.••• in' plalt 1.0 be kep!
••.• tionar)' aaainal c.ban,ea ia •• rfau unaion. Thr
preaaure-area (.-A) iaoLbtrm, ablained by compreainl
LM monola)'U, ia lhe moal a.nmonJy used c.buacur-
ialic in lhe cSe.cription or a -.enolayer. Fi&u~ 5 (i)
Iho_. a LypicaJ .·A curve for .uaric acid, .bert A ~
the a~ra,t uea eccupied ODt.hf' liquid .urfare b) lhe
mokculea formin, lhe monolaye1' When lhe monolayer
ÍI compreae-d bejond LheII.rq> iDcrr~ in .utrace pres-
au~. colla~ occura and t~ -.okcules are Ioreed ou!
01 lhe rnonolayer forminl ~

Tbe aJrnoat featurra .-A curve ahowll in F~-
urr 5 ÍI ebuact.erialic or aimpk. rnonofunclionaliud
mo1eculea and ean be ÍDu~ unambi&uoual), at
kaat quaJitaliwly, For morr cornplex mokculea, there
ia Uluall)· Lhe formation or expandrd monolayera which
• dependent upon factora .uch ai the presence of a sec-
ond polar poup .hich interfen -ith Lhe tendency of
lbe chairu &.opad c~I). Thia ia iIIultrated in r~urC' 6
for a bi- polar compound lhat pauealel two hydrophihc
poupa at eaeh end of Lhe malecuk. The c.arbox)bc
poup (oooH) ia anchored &o ~ _at.rr .urface wtllk
the ~&.oI)'1aulphoxide poup ia l~m()Vedfrom Lhe .aler
lurfau •• thr monolayer COIIIpialK>nproc~da

A1LboUlh a quaJilalive uplanalion for Lhe ahapr
ol .-A curvoeacan bt offered ia many c&aea, a quan·
litatiw anaJyaia ia much lnOft tlifticult 1.0 bt ach~ved.
even for lhe aimplest 1onJ- daaiD albnoic monolayera
TbeoreticaJ Iludies haYe beea preseot.ed in the Iiura-
t.urr .hich "aye atLempud 10 desuibr pbue uanai.
tiona ia fatl)' acid &DdpboapWipid DlOnolayeraquan-
lilati~y, 1'beae atudt. DCO'Df>UI \hermodYDamic.aJ
ual,... baaed OCI ••.• tiat.icaJ -.chanice and compULrr
àmulation &ecbniquea.

The aurfau poLrnlw t.eduúqut ia lhe eecond ITlOIt
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f'ipre &: Pg.ure-area ~rm and moaecul., CODia-
walioD- Ci" üv.der.t.ãc for a rnooolaytr ol.\earic
ecid OD uI\.rapure waler_ (i) moIecul., coofi&uratioDiD

• lhr. feliou marked iII &M .-A curve; (a) lueouI
pila., (b) liquickxpanded ph~. and (c) eendeesed
ph~" f)om rer (17]

hquen1ly ~d me1bod for charaderi&iDI Ioatiq
Lanamuir monola.vu. Tbe .urface polential of. mooo-
"~-~r, A \'. ÍI defined u lhe difference in potentaal be-
a-fOrn a monola)"rr-co,"ered .urfaer and a tlr.n aqu~
••• r(Arr In mOt-t CaM"I>, 11 •• mr •.•.ured u,m~ • l\eJnr.
prul... Th•.&rthrllqu~ prtntdes \-aJuabk anformahon 0Cl

• lIumhf.r 01 InOnolaYTrefrf'(la" esprciall, ror tdentir'"1D1
pb •• tr&UltaOb.l "'UltaD& Irem mokculaz onrntalJOC.
4urlll& mooola~ ccmPraalOll

1M iDLcrpre~ 01 au.rfau pot.ential lneaIure-
mm•.•.bOlrner. bu been pla.&uedwith Lwomain Lypel
01problem Fint. aJLboup it bu bl, been .~
~d lbat AV ar •• main!y from Lhemol~ular dipolea
01&.befilm-rormina mokcules, diacrepa.ncies uist be-
lween lhe meuured and lhe expeeted value6 ror l~
4apok moment.a" Secood. lbe meuured moDoI.yer .ur-
J.u poI.eDtiala for larae ateu per moleeule are usual!.)
~ reproducibk. ch&Jllina drutica1I," even for COnRC-
IIlift compre.eaona 01 lbe Mmt lIlOOolayer_ OYer ~
a.t Iour yea.n &.be. probleml bave been overcornr &o.
.,..t exUDt u expla.i.ned in lhe IoUowina-

Tbe meuured AV UD DOWbe .ucc.eufully relssed
&o&be,roup dipole IIIOrJ)eIlt of individual moIeculea iI
&IIrmoDOlayer ia &.rea.Ledu a a-layer parallel plate c.
,.aLor _ 1D&.b. 8I>UDed Demchak and Fort modePI.
tIw meaaured .urfaee pot.ential ia usumed to ariar from
Uu-er rnain contributtocu: a moment Pl whieh • cauaed
.., lbe reorteDtatloD olwater moleculea induced b)' tW
pn:IIeDee of lhe mooolayeri a moment p, due to o.e
tIípa&e. or Lbe bydrophilic J.eadÇOUpl; and a momesat
~ Maiped to lhe hyd rophobk Laik" Ea.ehor &.beS ...,.-
era ~u • difrereDt relative permittivit)' &oaccount ror

• difereD' polar.abáliLtea or lhe medium ÍIIar1WdiaLely
eurrounchD&Lhe dipolea (Filure 7)" Wbai a lnOnol~r
• ioDiNd. ali addiLioPaJ COD\.ribuLtoD&o lJw •• uured
IUrface po&aLiaJ ••.••• from &beGouy~ --
\ricaS bble 1a.Jer-

Quutil.ali" -ctecmeo1 ~t"D \MoQ •• d upni-
_1 Ma MIl' IH.eDob&.aiDed ror CODk..-d ~ren
'" a hJJIber 01 aJipbatic compowada 11, T..,b aIId CIo-
worken al 8anp. V.k" (18) AD aJ~lWiw. aJi&htl)
dilemat mockJ ~u bec auaeaLed byV.! and No-
1M_ from GoelLiQaaa iD Gcnnuy. iD ~ a "layer
ra&ber ~u • I-~r capaàLor ia -.ed. _ &be tocal
permiUmu. are aol cc.MJerecl uplicill1 D.piLc I.bt
~ "' ••••• 1DOCSe1a. 10 r..r .)' •••" •••• applied
cal, &o a Iimi&.ed ela. 01 COInJ>O'lDdaud II&.iII eootaiD
~raJ ••.bitrary •• umpLiooa wb<* _hdit, aHda &o
M coofirmtd.

1M DOD-reproducibility ol.urface pot.ellliaJ dala ror
upancSed lnODOlayen wu a Inajor problem for a 100&
Limt" 1M Iar,~ luduattClCl' •• uaJly ob.:!~ in Lhe
.urrau pot.entw ••• auribuLed to lIon-bomoceneity ie
lbe monolaYTr with lhr (ormatioo of dUÃen and ••
land. Thia Don-bomoaeneit," b•• been áõeDlified ai
ori&inated (rorn extrernel," ao. amoUDt.I 01 ilnpuritiea
p~nt in &.bewater .urface, and it ta•• bftSI dernon-
.trated lha! reproducibk rauJt.I C&Il DOWk oblained
ror upa.ndf'd monola)-efl provided that adeq\,;altl~ pu"
rified .ubph~ •.ater ia ernployed Whilr lh~ ma) be
t.krn u indlCator ol a (marrOforopicatl~) horn:>grnrou<
monola)"rr, it bL' been une qu I\"ocall) e5la~.lu.hf'd" on
the Olher band, Lh.t the monola)"~n arr lIOt bomo~~"
Deoua at lbr micra.copic ~yel. Domairu of th~ order
01 ~ 01 miuon. bave been obeerved in lIIOnola)"efl
cl raUy &ciciaby pb~ eoDtrUt miuoac.ope ud reflec-
&omelry under Lhe Brelr.ter anak, and ir! lbOOola)"en
01 pholpbolipicia and porphyrin-fau)' acidi b, Ine&.ruof
8uoreaeence mic.roacop)'" The exa.tence cl docnairu b••
alao been predicted in molecular dynamic. aimulations
ror rau)" acid monola)-en

Another reeent import.nt findinc relatinlto mono-
I.yer .tructurina bu been obtained b)" me_l.!rin~ di-
rectly lhe lateral eonductance of ph05pholipid and r.u)
acid monolayen" The eenduetanee w•• abOWIIto occur
ooly when lhe mol~culet are paeked at or ~Io-. a erit-
icaJ are. per mokcule. and h•• been 'U"est.ec! to ariar
(rom prot.on boppina lhroulh a bydroaen-boe.ckd bel-
work at lhe wat.er/monola,'er interface Tbe cxi5~ence
01 a critical area leu a1ao been confirmed b, .urfac~
potential, ellipeometry and micrOlcop)" meUOlftment.l.
and appeara &ok relatf'd &olhe CTOYo·thof tbr mono-
la)'er domairu

Surfau praaure •• urface potential, and la.t.tt.1 con-
duct.&nce meuurement.a provide only informaüon on
lhe coJkdiw behavior of lhe aaembied moaec.les. and
eo do tome Olher meuurement.l like .urfaee ",cOlit)'
and eJliJ*)melry wbicb have abo been ~d iD Ilae char-
acterilatioll or Lanamuir monolayen" In teces: )'ean.
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Fapr~ 6: Bipolar compound (i) .-A cbarac:urialic for. monolayu or ~\ol)'l aulphoxide acid (TSA) o..nullrapurc
waW. (ü) ~ibk molecular confi&uration Ul Lbe three 1'q100l marbd an Lhe .-A curve. f)-om re]' (lI)

mol~ular orderinl hu been in\'eatilattd an _hith non-
lin~ar optical techniques , aynchrotron X-ra)' difl'raclion
and nf!('(tior: and neutron reflection have been uscd
Tb~ l.ttfr mtth~t provide detailed information on
ch.,n cw~ntahon and packin, charactfriatica. and al·
&o- ~ lh.c1rwsa Df lbt monola)'er to be meuured to
u wcvrac, d ODt uaptroc

•....
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Filun 7: Tbe Dernchak and Fort 1POde1. Tbe ~
layer capacitor model ol a condenaed mooola)'er at the
aU /...sa iDterface, Tbe cootribution 01' &.bedipolea in
each 1e.Yu. #li. &o&.benrfact po\eDlw. 6 V, d~pendJ
OD tk local pemütt.ivil)',~. ol ea.eh 1ayu, f'rom ref,
(17], e.

I

42 Lanlmuir-Blodlclt Deposited Films

There are a nurnber Df characleristiu .'hich Df't'-': to
be ln\'estilaltd before lhe properries of LB filrm can
be ucd in actua.1 apphcationa Fint of alI. it •• ac-c~
aar)' to ealabhah _bf'l~r dep05ilion reall) Look pl&.ct
and _hdber l~ lilm ckpaail~ ia mdeed a lenuiDt LB
11m ar aimply a aarnpk p~pared uainl tbe LB method
B)' meuurinl lbe Lranaf'er ralto of a particular 1IIOD0-

ayer in aucu..ive depoaitiOOl. it •• Uluall) JX*ihk se
bOi!" Lhe lype ol fi1m ckpaait.e-d (Y. X or Z) &De!aJ.o
inveati,att _bich parametera aR'~1 deposition Bo.,·
ever , tbe meuurement of Lhe lr&nSrer ratio on iu ov.n
cannot ensure _betber Lbe fi1m ia uniform or b~hl~ or-
dered Severa.1olher techniques must be used in order
&o la.in sueh information The Lhic1neu of lhe LB llm
and the inltrmolecular distances ma)' be det.erm~ b)
eJlipeornrtry. aurface pJumon reaonanu. X-ray difrrac-
tion and neutron difl'raclion and n8ectãon. and e)r.('lron
difl'racttoo, S)"DChrOlronX-ra)' ~8ccl.ion. for iDSt-Ulce,
aJlow. Lhe Lhickneu te be determined to an accv..rac)
ol ODeanplrom. Tbe lbic1nea ean aao be obtamed
wben Lhe fi1m ia part or. MIM .lructure b)' meum-in!
I.he capacitaDu or Lhe atrudure.

Some ohbe &ecbniqueamenttoned abeve can be IIWd

&oatudy &.beorient.ationa.1 order ol Lhe mo~culea ia tht
filmo but. Lháac.an aIso be invesli&at.e-dby Rama.n ecat-
&.erma.electroo 8pin raonanu, Near Ed,e X-ra,- Ab-
eorplioo FiDe SLruct.ure (NEXAFS). linear dicbroiam
ud FTIR IpKll'OKOpy· Film &exLun &DdLhe pr.etlc.t
â defed. C&D be ÍDYeSlicat.eduaill& eca.nninl eIertroo
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1DiuoKop)' (SEM), ,,~ ••~dfOCl aUc~)'
(TEM). K&Dnina Wlloehbl microecopy (STM). a&omIc
forcr aUcrc.cop) (AFM) and opLic&JaUuc»coP) P.
.bar "MODa for __ ~eoeiLM. ill LB &lnw1ft ~

noriutaLioD 0I11w lldecu" dUfiD& depoeilioD or aI-
ler k. or na t.omosaaeiL)' GIl &laelnODo&arer al
~ air/wal,er~, At &M lDolenw ~, ••.
~l_ 1ft ~d &oaiIt Uet dom&iD 1lnK-h,.. ~aw b.n ~ for latl)' acid ud pbaapWipàd
Laapaair IDO~ Surpriai.n&l), t.owr..a, "piar
WfaJllUMDl (&o•• kcurec)' ol 1M order 01 aDplroaw}
01 leU)' KMJ ~ ~•• beeD obea-..d iDSTM me.
•• remaLa,

'or CIODdudi•• LIS Ilma, &M ia-plaDe CIODducLi\'-
il)' "- beal meannd -DI medaanKaD) prawd CIOD-
&acLa, cooduCliq ,..w or evaporaled JOId eledrocS.,
bul b •• u.o beea ob\.a.ined lbroulh Sall efr~cl and aur-
r.u ac.ouaLic .aw (SAW) devica Tbou&h eonw al-
k~'" hW MeD IDade &o iDve.ticat.e &Iaeme-cha.nialm
n.pouible for &IaeCIDIIducLivil)'iD LB &lmI, couider-
abk lbeordi<aJ won •• till required for &.b~ rnech••
D"ma be eslabliabed

Tbe cbuacl.erizatton of LB filfT» (&li be • falher
complu matwr, Struclural difJereIlceI ma)' uiat be-
l_eeo lhe &ral and a\lbe.equenl layefa, iDcludinl tilt oC
lhe ch&ira io relatioa to lhe .ub.lral.e, Some auLbor.
ba~ repoeted tbat lhe- atrucluraJ ur&llle~nt of ratt),
acid filma ma)' ch&nle from beu",ooal to orlhorhombic
at Üllckn~ peatn lhan a rnonola~'er These dif-
"'rtnCH probabl) ar_ Irorn .ubltral~-film interachon
.h.tli knd Lo dar clf wilh tbr illc~Ut' in the lIurnWr
of ")"f'A CaJ.acILaDC•...YOIt.acrmeuu~mtnLl, 0fI tbe
otbtr "and, ba~.a-c-II tba! &c8Omr61m. tbr tblch •.•
• proporl.K»G&I &oUw aurnhet oClaywa, _bicb would m-
dic&u Ülat _itbill Uw accurac)' of tbr rneuure~nLl alI
&a,yer. wer~ eqUinleDt

SLabilit)' •• a major problem Corapplicataoru ef LB
filfT» 10 addition &olhe poor tbtrm06labilil)' of films
built from ~iphalic eornpounds, there have been re-
portA or chanle& in ilm properties ,,'ith time, The sur-
fact poleotial or aulpb~_~ ~~ininl LB filme bu been

'1tJ r" ('" abown to decresee b, ~ or depceition wben lbe)'
'to... ~ are at.ond in arnbieDt condit.iora Filma .lored in a

dr)' &ir atm06phere ~nud a much .maller decrease
.hich abOWl tbat atorace eonditions are imporlant for
film .&.abiJit)·J7, At.o, 2 and X-type films bavt heen
obeerved &.orelu &ou.e mort .lable Y-type. indicalinl
that .lruclural cha.np ma)' occur •• _eU,

Apul rrom the ~riment.aJ melboch ~ready men-
lioned io this 8ecLioo, olher wchniques .hich bave
ai.o beeo ued in &.k cbuacl.erilatioo or LB filfT» iD-
duck lhermo and pboc.ode.orptioo me&luremenLl, ekc-
&ron .pio reaooance, PenniDl ioniaation eJeclron .pec-
lroecopy, aurface plMmoo teaooanet, AUler electroll
çectro.coP)', cydic WitJh.arnrnetry,phOlo&eoullic &pec-
tro.c.opy and SL.arkepectl'C»Cop)'

T

v. P~.ib1. Applic.at5oDa
The mult.itudr of pcuibk applacalKJni -btch haV!

beeD "'U-I.ed eMr In&n)' )"eU'l are e 1q&C)' from lbe
pIooetriD& work ol pror, kubD •• d Ia. coUaboraLon in
Gott\.ilapll. GermaD), wbert ~ •• d eDefl1lran.
ler iD LIS lia. _n aludied, Aa akDliWilt rn-inr ol
&1M pc.iblr applica1iou ol LIS 11,.. Ma recolb' _11

"owtcW ..,. hUyM,
1"be JdeDliaJ IppliC&1àoaa01 LIS Ilma Ikm from

lkir uDique WeDdd lealu,.. ~)' aft .Ilra &laill&Ima
(ol &.Iatcria olam) and pc.e:. a lajp ..,. olltruc-
laral arder, AIao, torne Ilma M\Oe iIIla.ua, oplKaJ,
MdricaJ eM bioqicaJ proper1.iea ~ 01 or-
auae COftIPODda, n.e L8 \eàldov.en &.Iat pca.
bility ol &aÃkIriIl1 rnat.eriaJ propert.iea eilber by mo&ec~
aar eDlineHiA& or lhe áDdivtdu~ ftdt.na_ -DlInOd-
ern lnet.hodt or orlanic cberniall')' or ~ cooUol ovcr
&IaearchiLed.n d lhe fUma •• ÀowD ãD Fipre e na.
latt.er cootrol perm;\.I lhe obeefYa1ioo iD LB i1m form oC
-.eCul pb)'Sic.aJpropertt. ol OI1UlK camPOUDda -hKb
• Doi pauiblr Ior ~ &ame material ia i\.l bulk u,-..
&.&Ilinerorm ~.uat or .truclura! resl rtcttoDl For ea-
ample, rncat Of&anicmaleri&lt uyal~hlt .ilb a eentre
ol'lmmelry and tberefore ~ODd order DOnlinear phe-
oomella .ucb ai aecond harmonic lenerattoll and P)'fO-
eleclrKill cannot be ebeerved , but may be praent in
LB films ma<k Irem these ver)' materiais
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Fi&ure 8: Supermol~cular 5tructUte5 Difleren; possible
atructurea for LB filnu of conductinl polymeu From
ref. (ISJ,

A çeat Dumber or pouibk applicatiora or eommer-
cial mt.eresl laavt been .ugesl.ed for LB filrtll The
filma ma)' be -.aed •• p&Uive ••,era in MIS (metal-
wulalor-aernãconduclor) .tructura, in resÍ515 for aub-
microlil.oJrapby, in lhe pusivat.ioo or D-G~ .urr&eei,
iD .urfece acoaalic wavt (SAW) devices, and iD lM lu-
brication or thin film m&Jnttie diab to enb&llu lhe ,*,-
rullife or hi&h ckruity bard dÍlu, Many olber pc:uibk
applicaliona iedude Don-líneu oplica! dnicea, pyre>-
and pie~IeClric devicea, chernica! and bãolOJicaJ 8en-
k>n. pboLodiodea. coDducLioallma for eledrode ~
riala. lbermocllrornic dnica. coat.iDI 01 optic:aJ iben
for DOIllioear opticaJ propertiea, altralilLrattoD IDem-
braDei and ~ buildinl or moleeulu elecLrODicckvic.es



•
n. la&aer ~"ble appIica&.aon Ia •• brou&hl ~ much
.tilelMD\ 10 1M IC_~ communit)' Lblt I tpecial
eubNcLioD Ia•• beeD r.ened fOf moIKUW eIKlroDtc.
io tb. pa~r.

ArnoDa UaeIDU)' e••••• oIm.&.triab lba.t "" beeD
~ b t8 11m Iormaliaa, Uaf coodudilll poIymen
""W lPKial.uuta Perla. tbf •••• acilma
.wloprnerat iD 1M ••.•••• recat ,...,. •••• ~ t.bf
.~a&.ioD 01 Lk •• 01. cooducc.illl pobmer lNiMd
tB 11m •• 1MKLi" "efNG\ 01811 _lrooK 4Ini~
•.n. "" bMII fabrica&ec! b)' Stubb'. IJ'OUp•• Fab·
lud, ud ..., b)' kubDef" ~P iD \bf USA, ia wbich
inPed L8 IlmI 01 diferat CClDduetiD,poIrmen lalft"-a.-d li.

i.l. MoIecuJar IMctroeica

Tbf .-urch GIl &bf pc:aibk labricaltoa 01 MoIee·
••lar ttKLrooic J:)tvic. ( •• tD) Ia•• ra»e-d Iaopa for
~ _veloprnrnt (~rhapa ÍII lh~ DOl ver)' d.\.aIll lu·
'u~) 01 Lbf IO-eal~ DaDO&echno&o&>, wbfreby dnica
wiU laave DaDOmeUKdi~. Sucb Ul Khinaneot
would cerlaiDl)' proyob a rewoJuttoo iII ekctroaic •.
yic_, iDConnahoc Lrth~· Uld in KienCf Uld kch-
DO\oI.'· ai a .holt Th~ .,-.tfrns .iU be Cabricatt-d in
•ueh a wa)" u &o mUt ~ of .pedfic interacttoos be-
lWftn ~cul., iII~radiooa lhal .iJ1 &eadto runetlona
~ina perfornYd aimitar &o lhe. DOWreaJi1~ b)' ~mt-
condue&or Uld ma.cndic inaUriala Tbt ~a!i1ltion o(
.uc'" '>,t~rTlI' .·ill only be pauibk- if .uitablf' techniques
aN' d~vttof'~d for ~mhh~ moh'cular .trurtures Of
tt .r Ola~.~ J.c•..-;!.I. a•.• ,r~-}~. ltl' Lall~mulf·Blodf:dt
(l ft) trd,rH'I.">&.\• c •.rt&lnl~ Dfl" of th,. rnc.t imi,or·
l&nt. for Il prond •..• DoI 0C01., a rYYthod of uwmL1JOf:
tnoIf'("ulu .yalf'n. an a cootroUf"d tnlU"lnf'rbut can abc,
\&kf' a.ch"&1lt'lf'of tilf' wlr-~mblinl lIatu~ of urLaín
1hOl~ ular 'pKiea

Tbe fi,..t requirernen! for building Ul MED iI the
dnek>pmenl or a moIeeula: ••. iteb capablt of Ihiftinl
iDfonnation, ~Yf,..ibly, from ODt 'laIt to lht olher.
Thia ach~Yfment would be equivaknt to the discO\"-
ery of the tranaistor in eonveDtional micreelectroniee!".
Tbe iDformation must be acceuibk at the molKular
levei, ao thal the -.tatf''' á the ••. iteh ean be deter-
mined. Tbe inrorrnation rnu.t be tranapor~d over di.-
&.anca b>' mo)KUW wir••• d/or moleeular networu.
Finally, lht .witches and Ddworla need to be agem.
bled in three dimenaiona! Itraelura or array. Lha! .ilI
ultimaul>' &eadto lhe MtD. \\'ork OD L8 filma hu en-
compaued ali the ditrerent â&&es menticoed. 80th op-
tiuJ Uld eIKtricall>' ~Yfrsl"Wr ••. it.chinl, for exampk,
laave been obaerved in L8 lima in .bieb lhe ••. il.cb-
iDI runctico orÍlinated rrom a Durnber of ditrerenl pro-
.ces.ea IUch u electrochromiam, pbot.odimeriution Uld
electron lranafer. Fàl\lrf' ilJuslratel a pOfphyrin-
phlhaJocyanine arranlemeot ÍII .bicb e&edroo lram-
ler UIl ocew upon excitatia& by visibk laaer tipt20.

Tb~ dimeosional mo&eeular mtmories have been 1U1-

pMd a...d OD~roD adiDo ,...,...dicuJar 10LB
••• ltiJa,yen oImacroc)'dic compOUD •.
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Fi&u~ t: E&edroD lIanafer. tB 11m 01 porpbyrin-
pblbUocYUline bf&.trodimers iII which elKtroll lranarf'r
can eeeur para!kl &olh,. lubatrate by upoain~ the film
&o viaibk bMr baht f'tom ~f. (20] .

Tbe Deed &oace•• individual mo$ecu\es in eeder to
aon and ~trieft data • a problern .hich appe.ared to
be alm05l unaurpuubk until ver>' recently. ~~. lhat
wlrumente such • lbe acannin~ tunneling microscope
(STM) and atomir rorcr micr oscopr (A rM) art .vai:
ablf' it P pONibk to probe lurracf' pro~rl~~ of LD
filma do"·n to alomK dUllrn.ionll Accordln,I), lhrv
WchniQue. have been ~d for rnole-cular fe5OIutioo in,·
'Ie. oCLB filma wbich pava lht wa>' for ânvest~ation~
on the acena of indl,-)dua! mokeules.

Despiu lh~ .orld •. ide elforl of iD&.trdpeiplin••n
&eama workina on lhe ditrerenl •• peda á M.t., ~
applicatiora ~main aornetbinl ror lhe future Sevtr..J
iaaues an )let &o be addreMed inc1udinl lhe ~d to
detect and repaír failUtel in componente tbal do not
perforrn eOffeCt.I)'. Additionally, tbe inurpretation of
ao~ or t~t ~t important recent resulte ia .till open
to d&acu.lon. For iDatance, Oflanic molecular rectifiera
bued 00 LB filR1l bave been built bul ~n Ia•• been
~)R)f'.debate u~wbelher lhe obaerved netifyinl func-
lK>n• moIKUW ab ori&iolt. Alio, it CaDnot be elaimed
a! lhe moment lha! lhe STM and AFM data are eorn-
pkLeJy Iree from experimenta! art.efacta.

VI. The State of lbe Art

Conductinl poJymtr5 are DOWat lbe forerronl or te--
aea.rcb in LB filma b«a~ of their improved mechanical
Uld lhermal propertiea, and Uo beC&Ule~ o( lbem
arf tlee~roac~ve and I.bereron luit.ab&eb fabric&tin&
àectronlc deYlca. For lhe eharacterintiOll of Lanpnuir
mono1ayers GIl ~ .aler .urface Uld L8 depoaiud filme



&hfol"f'• a lrend &owardatoM•• 01apmmeDLaI -0.-
ode &.b&lart ~apabl~ 01 pr~idUl& iaIormat.ioD ai lk
lnOIKuw tewocl.Tb~ Lih 01mc*c •••• and alrvcturàn&
oIik moooI~r a..wocbeen ob.rwd b)' a,..cIdolroD
X-ta)' ud N~ulroll difrradioD ud NlecLioD •••• are-
•••••.••• bãlt toMadveDt 01&bt51''' ud Ar •• ~
••• ~ mede il ,,-b~ 10 ". 18 depc.i&ed •••••
wi~ adet.alar Ndut.too. AaolMt iIIponul .~
lDeDt • &M•• 01 aophillicat.ed ~t.itaJ ..o.oda.
~.. Monw Carlo ud moIecuw d,.-uca. 10 limulw
La.Dpnuir moool~ra ud LB filma. ud &hecompu\er
aic:Ied •••• of apeciaJ adecus. 10 .mt a part.àcu1ar ap-
plicaLioD. Nnenbe_. &Iaeontital_aJ,.. 01LB ud
~ 1m. &ft alill ai ala embc-iDaic1lIp.

A.ln.a.t &wo kadet 01 ~ •• ~ .......-dI _ LB
SIna ud 00 Ikir ,a.ib~ appli~ ".w elapwd.
and &.b~ lima coDtmue 10 be fderrf'd &o0011 ••
-promàaina- for kchDoIOJical appbca1iona h appear.
•.••al.'O faro &MOIlJ, commerciaJ appLcat.too 01u LB-
buPd deviu • a ao.-~woclradial •• IIOU~ &oact ••
8taactard for calibrat.illl Uit.ium .aneckn. wbich •••
.~k>pe-d b)' Mart.in Taylor'.poup at Ban,or tJDiver-
ait) ÜI tb~ United Kinldom Ttw eouru conaisu 01
LB filma frorn ptJmitic a.cidmixed W"Ílb.mall amounu
01 lritia~d ptJmilic a.cid depoai~ OD an aluminium
pl~.

In facl. if ene ins~ct.l lh~ lpKial áauea or acien-
lific journals dedicated to LB fil~ one ma) a&) lhat
W>rTlt'poesible appllcatton. have ~ll mentioned O\Tr
l •.••· lul 15 J'ran, ."Ilhoul a.nJ rnajoe brtaktt.rou~h to-
.arcb m.U.lnl tbe rn a rralll) Onr lIla)' wondrr. then,
_h"hrr LB filma .ill ever br ~ in cOrTlnYrcwl)
a~I.M,. ck\lcn In &b~ ftSJ~rt. ar, impoflant point
Inu.t bf' borDr UI rnind wchnoloc ia aboul eeecee-
,.,.tiDI ~&rch ud tkwoclopmentetrorLl iDWepecific
final product.l, ~-I • deviee ma.dr from. Ipecific ma~
ritJ Lhat perfortnl • apecific func~ Raea.rcb 011 LB
film. howner, hu been more akin k funda.menlaJ 8Ct-

enee , in particular beeause lh~ bad.çound knowkd~r
of property __tructure eorrelations ia yel to be estab-
lia~d for lheae films Fundamental lCi~nct ia abcut
openin~ up De- possibililies and u~ndinl horizons,
and lhia ia preciael)' what b•• been 600r in l~ LB 6dd
•• demonstraud by the w~e Durnbe of difrefeDt &ypea
or ~cul~ and molecular auembl, iDvealilaled for LB
fi1m formatioD and alao by lhe irtulllelllt Dumber ol eM-
ferenl applieationa. Bdore lhe feMJDilil)'or a epecific
COrnrtltreial deviu ia demonstra~ .a tbat ~ ~arch
efrort.l ma)' be direcLed &owardail. t.ht po~ntial of LB
filnw are likely &oremain unfulfilled

Man)' problems mUlt be ~ved before LB films
ca.n bf' uaed in real applications. lhr moat imporLanl
of •. hicb are lb~ aaà oC thermal 8lability and tbe
poor molecular ali&nment iD man,. filma" _ Tbe LB
&e~ wiU alio ".ve &obe adap~ for tM COIt-
eft'ecl.ive ma. producl.ion of LB-bMed devaees. Lan,-
muir &.roUlba,aJbeil iD ~ c••• fuUy aul.oma1ed

ud aaapl, IOpbiltica&ed. ~ _ped .ilb &be~.
afie purpow olbeilll aMd ia...,da and dewocloprnent
Tbey Uluall)' aJlowfor ~ ~porabon or uperirnrn
&aikchDiqu. for moooaaya daara.ct.eriJ.aliCIII.dãppinl
fadliu. for alLaDau ~ _d for • wwWL.Y 01 lub-
..,. ••.•• ele. for devÀct••••• "oduct.too.lrouP ct.iln
.m aa.woc10 cb.... dr•• ltcalb-. lroqha lD&y .-d 1.0
bt llliDáaturiled. ud •• ...-er 01 iMm p&actd iD ali
_mbl, _ bnnoDiouaI) _ked 10 olha iDdUllrial
p~IlI·Dil"

,.. {ar •• moIecular elecllaaia ia eooe~Ded, ~ (.a.
pabi1il'yfor a&orilllopUtal •• elect.ràcaJdata ••• been
dearl, denaaatra\ed. uad ~ ia ao- toM Iaope lbal
•••.•eu bt au~ ai 1M ...a.cular lneI wilb &bt••
01ST" ud Ar •• LecbDiq.. Mite k •• almaat eer-
lain lbal eornr 01&Iwdeva. &ft &obe buih -DI lbr
LB technique. cherni80rptioa Inrlbocb .ucb • üa~eee
tkveloped b)' Saaiy11 In&,) MIo be empl~d Likr Lbr
LB LecbDOlop.ckmieorpl" can üo alIow &Mdepo-
aitioD ot InODOIIdecularIt.. 00 aolid aubma&el aIId
&.ahadvanlaie ol &bt_)f-r ••.,liDa Dalurt oIeornr 01
&hemoIeculea lDcorporalK. cI bioaopeaJ moItculea u-
pabl~of wlf-autmblinl inte elrclrooic ckvicea ma)' ~ad
1.0 Lhelabricalion or ~ctJle-c! biochips and uhimalrl)
&othe dewlopment or the ~icaJ compuLer. Alain,
lhr slud)' of fundamental pro~rtãe. 01 the depo&i~d
filma ia euenlial for furlher ..-ocraa &obe rnad~

An)' major achitvernrnt in the field ia likrl) 10
depend on the eooperative work of multidis ciplinary
tearns eompos-d ef Chrmlsu Biochernists . Biologisu
Elrctronir En~in!'t'r6and Pb!,'5icisls
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ABSTRACT
A ",\'i~~ of tb~ corona charcinl of pol:rm~n b pre.ent~. Af·
ter pro\'idinl a brief account of the coroDa di.charle proces.
and of ih application for charcinl materiab. tbe paper focu~
00 the evolutioo of corooa triod~. that allo..-the •• mple lurface
potential to be monito~ durinl the charcin&proce••. Partic-
ular empha.il U Ih'~n to tb~ main contnDution. ari.inl from
relt'arch, balicall~' 00 Tefton FEP and rer~~ctric pol)'men. in
""hicha con.tant-curr.nt corona triod~ .aI •••ed. Such a triode
I~·.tem hal becorne a po..-erful tool in th~ .lud)· of charle trant-
port and fer~lectric propertie. of pol)'men. b~auae It~pinl
the charging eurrent con.tant facilitates matching of the ~x-
perimental resultll to a number of tbe-oretic:aJmodel•.

I, INTRODUCTION

INT!REST in the corona charging of material aurfaces
has &riRn from tbe need to charge materiala electri-

call)' which operate in open circuit, for applieations in
electrophotography and electrets. In tbe very beginning.
surfaces were charged by direct expoeure to a corona point
or wire, but in this procedure one had Iirtle control over
the potential to which the surfeee wu charged, and over
the cherge uniformity. The inserfion of a grid between
the point (or wire) and the sample changed this .tate of
affaira. beceuse a much better conlrol could be achieved.
These three-electrode systems, now traditionally called
corona triodes, we~ further refined ao as to allowthe
monitoring of the charging process itself, and now some-
of thern operere under constant charging current condi-
tion. The constant current triodes have been extensively
used in the Itudy of charge storege and charge transport
of polymers and wil! be the focus of tbe present paper , ,

The experimental eetup and procedures adopted in the
conetant current corona triodes are discuseed in Section 5,
wbile Section 6 deals with the main resulta presented in
the literature deriving from work in one of such triodes.
In an attempt to provide some background knowledge of
corona charging. wc include three more sect ions. Sec-
tion 2 presente a brief review on corona discharge , Sec-
tion 3 lilts the main applications of the corona diecharge
for charging materials , and in Section 4 presents the gen-
eral properties of corona charged materials. Because dis-
cussion in these three secfions will be restricted to general
ideas, the reader wishing to further his/her àno1'i'ledge in
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&D)' particular •• peet •• referred to a aumber or pasnr.
_hich are Iisted in lbe bibliography.

2. lHE CORONA DISCHARGE

CORONA ••• wlf"'uttainable, non-disruptive electri-
cal diKharge _bich occura _ben a lufficiently high

potential difrerence a.i8t.a het"ecn •• ymmetric eleetrodes
sueh •• a fine _ire or • point aod a plale or eyJinder.
Beceuse ef the bigh electric field Dear the emiuing elec.
bode (point or "ire). lhe air lhat •• Dormall)' iDlulating
becornes ionised and lhe raulting ion. are driven to"arda
lhe lo,,·field electrede The thresheld for lhe corona di •..
charge dependa upon lhe .vailability or a free electron
lhat cao lriaer ao • ..-.lanche rapoD.ible for ioniling the
lU. Electron. are efficicnt ioniling &«enu beceuse upon
impact they lranlÍer alI their enerl.v acquired from lhe
elee trir field to gu meleeules.

Different regime. a.i8t for lhe corona diecharge. JUlt
abon lhe threshold beth positive and negalin coronu
are pulaating, in lbe ••. ealled .ula.tabili.ation regime
(1J. On increesing lhe corona voltage, lhe positive corona
becornes a continuou. ~Iow discharge "hile lhe negerive
corona reeches lhe rqular Trichel pulses regime. At ver y
high corona volteges lhe neget ive corona aliO becomes a
continuou. glo" dilCbarge. At yet higher volteges streem-
era are forrned in botb positive and negative coronas until
breakdo .••n occura.

Figure 1.

Corona diacharge i.n the point-to-plane geometry
The ionintion ia Iimired to • region dose to the
point (high field electrode ] and the drift region
extends toward. lhe plane (Iow field electrode ).
AliO shown are the field and ion f!01l\· Iines. The
angle , il used ir! lhe Warburg'. law

The corona discharge rnay be clesaified as a glo'\l\·dis
charge in .••hich the ionisation il confined to regions c105~.
to lhe high-field electrode, being much smaller than lhe
conduction region as C&Il be seen in Figure 1 for lhe point-
to-plane geornetry. Tbat ia, lurninescence is observed only
in a small portion of lhe gap. The conduction region is
eheracterlsed by lhe presence of charge carriers of only
one polarity, and since lhe mobility of these carriers is
10" [of the order of em' IVa), the corona current al"ays
increases with increesing corona voltage, Le. the process
has a positive differential resiatence. Tbis is why the di s-
charge is controllable and thus easily applied to gener-
ate thermalised ions in order to charge dielectrics. By
convention, the diacharge ia said to have lhe same po-
larity u lhe high-field electrode. AIso in Figure 1 are
shown schematicelly thf' electric field Iines which corre-
apond roughly to the trajectory of ions, The current den.
lity distribution over lhe plane obeys the socalled War-

Ali rf'f ~ are renumbered AJv, in the flf,lI'f'
caption PleZil" c~ck and correct

Original must ~ 80-83 « 85) mm wieto: 11 scale f()(

printing SENP NEW ORIGINAL. AlI 18 figure an
missirl(;' li

I
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burl Ia" (2], .nd in lhe point.' n· plane leomdry lhe curo
rent d~nsity cx COl& I. where F .~ the anll~ Ihown in FiI·
ure J.

The Ilow near the point car. .180 preduee nrutral adio
yated Iptties which in lhr cba.t&ing proceu of pol~·mrn
.rr earried to tbe aamplr lurfacr by lbe corona wind (3).
Thil eleetrical wind orâiinata &om the kin~lic en~fI.\' the
molecules of the lU acquin from the charled Iptties lhat
tran~ lhe lap. Tbe ehernical activity of lhesr neutrel
species ma~' play an import&llt role in the electrocherni-
cal proceuea on polymer IUn.ce.. a point .hich ~ Ihall
return to in Section 4.

The types of ion senerateC in positive and nqative
coronu have been ddermiDft! by wnral autbon (4.5)
asing mua Ipttlrornder techniques, and werr found to
depend Itrongly on the lU Ir: air, lhe dominant species
for poeitive corona an hydrated iona with the Irner·
ai formula (H30) ••8-+. wh~ " i. an integer tbat in-
creues wilh incr~uing relati-rr hurnidity, At 1011'rele-
tivr humidity other ion specjes. IUch U (H30)"NO-+ and
(H,O) ••(NO,)" • becorne dominant. For negative coronu,
lhe rnost important ions are ("03 - ions; at 50% or relet ive
hurnidity about IO~ of the íons are in lhe hydrated Iorrn
(H 20)" C03 -, The ion Ipttia and their dependence on
lhe air humidity can M imponant paramdrn in corona
treating solid surfeces (6}.

Under lhe conditions coroz.a discharges are norrnally
employed in actual applicatio:::s [electrode specings of the
order of em, and dc corona T'Olt.ages of lhe order of k\'),
the negative corona is in the ac>-called Trichel pular regime
(1) whrrea.s the posit ive coroc.a ia in tbe continuous glo1l'
regime [7J,

There are leveral cases in -hich the corona discherge
ia unwanted , as in corone I~ and radio interference.
However , it hu found a number of induatrial applica-
tions in eleetroetat ic precipicatora, electrophotogrephv,
treatrnent of plutic surfaces. eleetroetatlc printing. rah.-·
rication of electrets, radiatior: detectors and dosirneters.
Owing to ita many applicetiocs. the corona discharge has
been extensively studied and lhe present underatanding
of lhe phyaical processes invelved in the discbarge hàs
been surnrnarised in a nurnber of ezcellent review pepers
and booka [8-13).

3, APPLlCATIONS IN
CHARGING MATERIALS

ON! of the moet traditionalapplications of the corona
discherge ir; in the electrophotographic process pro-

poeed by Carlson in 1938 {14}. It consists of forming
electrostat ic images by a photoconductive discharge of
an electroetatic charged aurf~. These irnages are later
developed by electrical attraction of fine particles onto



&h~ .urfac~. Corona di.charl~ i. UMd ín lh~ fir.i .l~p
of tbe proccu, Le. in lh~ een.itilinc of lhe zerolraphir
plat~ ln which ion. are depeeited uniformly ever a pho-
\oconductivr film; uniformity ulually being achinr-d by
movibg th~ corona eourc~ ever tbe plate lurface. ~n.itil·
ing by the corona diechargt h •• been ptov~n to be more
efrr-clivr lhan ether methods thai uw radioactivr toureei,
~ledrOltatic inductjon or cObductin rubber rellers (15).

DifJerent experimental arrangemenll heve been used
for corona wn.itilinc (15). In tbe ~caJltod 3-wire corolron.
three paraJlel corona wira are aituatr-d above lhe zero-
Iraphic plete and belew a Iroundr-d dectrodt Itrip; this
lKhnique allow. nrJ rapid cbarginc Tbe ecorotron i.
a a1ightly modified nraion of lhe corotron, in .hich a
control metallie lrid ia ineerted ~tWftD the eerona .ir"
and the plate. The grid ia biued to a yolLagt lbat ap-
proximatn the potential required for the photoconduc-
ti\~ plate, normally - 400 \', therefore much lo.er lban
the yolt.agt of the corona .ira. [The acorotron i., in ract.
a three-electrode lyat~m anaJOEoul to tbt corona triode
to be presented in Secrion 5. A third posaible arrangt-
ment il the shielded corotron which eonsiste of a sing!e
corone wire mounted in a grounded rnetal ehield.

Corona discharge h&l been ueed in lbe elect ricel eepare-
tion of particlee frorn g&lC$, • process which already bad
been suggested by Bohlfeld (16) &I lonc ago &I 1824. Be-
caule the corona discherge .110 can be used in the reten-
tion and collect ion of the charged particlee, corona-besed
electroetatic precipitetors have found tridespread applice-
tion in the treatrnent of contaminated ~ in heavy indus-
tries (17, 18). Other means sueh &I radioactivity can be
ernployed for part icle charging. but none heve been able
to compete, in terrns of costs, with tbe corona method.

Electret production uaing the corona method has had a
trernendous impact on the (abricatio:: costa of a nurnber
of devices which renge from microphones to motors [19].
An electret is a solid dielectric meteria! which gener etes a
permanent elect ric field. The firat eleet ret material used
in commercial applications was carnaube WIU that pos-
sessed poor Itability, but the advent of polyrner film elec-
treta, e.g. Te80n'IW FEP [Buorethylene propylene], rnade
a nurnber of new applications poesible [20). Film electret
microphones, for instenee, have been highly successful
becauee of the stability of the charge in Teflon FEP, and
also becauee of their excellent acoustic properfies. Other
electret devices include g&l filters, motors, relay nvitches,
opticaJ display systema, underwater transducera and ra-
diation dosimeters (21). Electrets ca.n be produced using
other cbarging techniques [22) auch •• liquid contact (23),
voltage breakdown [24) and electron beam (25) but lhe
c.orona discherge hes been preferred becauee it is sirnpler ,
givcs better surfece charge uniforrnity. and allows large
acale production (26) at low cost .



10 addilion to ~inl u~ for charlin& th~ majority of
lhe deviees mentiened above, eerone di.Kharl~ il aliO em-
ployed for polari.in& polymer material. luch u polyvinyli-
dene fluoride (PVl>F) and it.a copolytMn with tdraflu-
erethylene P(\'DF. TrFE) 127). ln eemmerciel applica-
lion., UK ia mede of lhe piesoelectric and pyroelectric
preperties lh~ material. are known to poaeaa. Perhap'
lbf' moel importanl applicatioD, iD lhia repett, h•• been
Lhf' fabrication of piesoelectr ir tranaducen for biomedical
in.trument.ation (28]. Here lhe advan~ or lhe corona
chafling lie on the poaibility of obLainiD« the high elec-
hic field required for poling the aamplf' witbout major
bff'akdown, and ~ain the poaibilit)· of low cost, largf' .
.calf' production (29].

A nevel application of corona char&i~ hu been in thf'
poling of doped polyrneric material. for DOn-linear optica
(NLO) (30-33]. The polyrner aamples &ff' initially doped
wilh nonlinear oplical dopanla IUch u dilpel"R orangf' 3
(an NLO dye}, and then coro na poled for orienting the
dopant.a in a nencentrosyrnrnetric ruhioD as required for
the obeervation of K"Cond harmonic leDeration.

Commercial applications of electrets bave relied beevi-
I)' 00 thf' availability of eharge .toragf' cbta for a nurnber
of polyrner filma. It is fair to aay, therefore, that funda-
mental research on lhe electrical propertiee of polyrners
hu been eaential for technological developments. In tbis
context , the eorona charging of polymes has played a
two-fold role. In eddition to serving u a means for charg-
ing polyrners to be studied leter using otber experimental
techniques [see Section 4), it also hes been ernployed in
corona triodes that allow study of charle transport and
ferroelecrric propert ies to be made during the eherging
process This lat ter application of corona cherging is dis-
cussed at some lengt h in Section 6.

4. GENERAL PROPERTIES OF
CORONA CHARGED SURFACES

THE previous Section illustreted the many possible us- .
es of the corona discharge in the charging process

and polarisat ion of solid materials. In this Section \lVe

Ihall elaborete on the relevant propertjes which corona-
charged sarnples are required to poaess for specific ep-
plications. ln electrophotogrephy, for instance, charges
deposited on the photoeonductive surfece are expected to
be rernoved by exposure to light; in eleetrets one usual-
ly em'iaages charge Itability which determines the useful
life of devices. In summary, the relevam issues relate to
charge atorage and transport in these .oüd materiais.

Usually, these topics are investigated by measuring the
eurface potential \'(t) under open circuit condition, I.e.
measuring the equivalent surfece charge density cr(t) of
the dielectric. The surfece potential ia defined by assurn-
ing that the electric field E(z:, t) exists only inside the
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Fiau,t 2.
Schrmatic diaaram for 'lar drflnition of lhr •• rn-
pl~ 11Irf.« polnlial •• «kr th~ open citcait een-
dition. Thr pllUI.r .,.1Il1ll~lr1 ia "1Im~ !lincr
,h~ aampl~ 'hjdtneu L •• m1lch amall~r 'hu thr
I.t~ral dimn!liona of , ••e aampk (Th~ tlúweaa
ia u:aurr.t~ iII th~ dnwiDI)· Th~ eleetrie Idd
E(E, e), from wlúch "'r nrf.« polential U dro
t~rmiD~, U tlatn ratricWd to lhr interior of thr
•• mple, ftIIiahilll 01lt..idr it.

dielectric (~ Fi«u~ 2). Tben, ita vaJue ia linn by

••
"(f) = J E(z,c)dz (1)

o

wher~ L i. the dieleetrie thidneu. lu valu~ ia relared to
the equivalent .urfac~ charV density by 'O(t) = Lc(t),!c,
wh~re c ia the di~IKlric permittivity,

Ficurt 3.
Simplr nrsiorl of • C'Of"OlIatriode. A merallic
point ia eonneered to • H\' I1Ipply, ,oc to produce
corona ions wbich arr dn9"trl toward. the •• mple
A lrid, bi •• ed by a yoltap aupply, r,. ia inserted
into thr poinr-to- •• mple pp. Thr char,inl curo
rent, J, C&II alac be me••• red ud .ilI decreaee to
sere .hm lhr aamplc nrface potential ia equal to'0,.

10 the ea.rly days lhe polymer sample .urfaces .ere ex-
posed direcrly to a corona point or .ire discharge. High
surfece charges can be attained using this procedure, but
the final sample ,oollage and tbe suríece cherge uniforrnity
are not eaaily contr olled. Ao important improvement .-as
lhe advent of the corona t riode [34J .hich conaists basi-
cally of a corona tipo a metallic grid and a sarnple holder
(Figure 3). Using a corona triode, one can cboose the
potential at .-hich the sample ia to be charged, and also
achieve a uniform charge distribution at the end of the'
charging procedure. Unlike lhe conatant current corona
tr iodes to be discussed in the nut Section, the corona tri-
odes normally used do not alJow the surface potential of
lhe sample to be monitored during the charging process.

InCormation on charge .tor~e and eherge tranepor! can
be obtained by meaauring lhe surfece eharge (potential)
dec.ay after the charging preeess, by means of ao elec-
trOltatic voltrneter or other techniques such u lhe ther-
mally stimuleted current (TSC) or therrnally ,timulated
depolariaation (TSO) [35], beat pulse technique [36,37].
luer induced pressurel PuIR (LlPP) [38-40J, piesoelec-
trie pressure step (PPS) [41J and laser intensity modulat-
ed method (LIMM) 142J. Tb~ TSC &nd TSO techniques
heve been lhe Cavorite ones in the study of charge .tabilit),
of electrets.
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TboUlh the preeedure for corona charlinl a pbo\ocon.
ductin film in clt<trophotolraphy ia Itrailhtfonrard, the
mtchanill'lll involved in the lurfaee charle Iloracr and
di.ipation can be quite eernplex (15]. Pbotc.msitivr
materiala such •• ZnO [sinc oxide) and amorphoUJ ttlr·
nium are naluatt'd according to tbeir performantt with
nsarda to the maximum aurface charSf' denaily that can
be applied to a "~r in the dark, tbe charSf' cIKa)' in
the dark and upon Hcilalion by a pular ef lisbt or by
continuoua iIIunUnation, and the residuel potential whieh
nmaina aner ezpoeure to lisht (15]. Tbe moat impor.
t.ant parameten in tbe.e aludi" an the mobility or lhe
chargf' carrien, the dfieieney or tbe photoinjection pro-
cea (43J and bru.kdo_n drtcLl(44]. The theoretieal modo
ela used to deKribt tbe.e pbenoTnena (45J an anployed
alIO for charae Itorar and tran.porl in organic ayalala
1461,amorphous material. (47J and polymen 148:

F1sure 4.

S1Irf.C'e-polflllial dn:.y for aamples of polye-lhyl.
ene i1I1I.h.tina the- crouo't'f"r efrf"("l. Samples froa:
• 0.016 mm thick polye-lhylf"nf" film Wf"rf"coroa a
ch.'If"d to •• rious diftúf"nt fin.1 IUrfaC'f" poten
tial. and had their IUrfacf" potenlial df"(".y moni-
tored. From (491

Aa rar •• polymen are concerned, a nurnber or charge
decay studies have concentreted on polyethylene (PE)
148) probably becauee or lhe croescver pbenomenon ob-
.erved in this polyrner 149]. B)' erossover efrect ia meant
the experimental obeervation that lhe surface potential
of aamples initially charged to higher potentials decey
r•• tu and reach lower final potentials, &li shown in Fig-
ure 4. This phenornenon _&li first attributed to the field-
dependence of parameters such •• lhe cerrier mobility
and the trapping time. However , it bas recentlv been
proven 150] that field-dependency by itselr is not aufficient
to explain the efred and it seerns that a probable expla-
oation ia based on the partial cherge injecfion wh~D large
amounts of charge are depoeited on the polyrner surface
!51]. Other pcesibiliriee relate to the corona treatment of
the polyrner 'Urfacf which will be diacuseed at the end of
this Section.

Polyrners are kno_n to posaeas traps for eleetrie charges
which may originate from defects in the polyrner structure
or even in lhe boundaries between crystalline and amor-
phous regions of the polyrner (52]. In Teflon FEP [fiu-
orethylene propylene] and PTFE [polytetrefíuoroethy-
Iene), the intrinsic conductivíty can usually be neglected
•• can the polarisation efreds. Dynamícs of the tra.n.sport
or extrinsie charge in polyrneric dielectrics containing no
intrinsic eerriers, is then dorninated by the transport of
free charge and by charge trapping. In this context rele-
nnt perameters are trap density, depth in energy of these



baJM, bappinl and detrapping times, and mobility of the
charlr carrien enee tbey arr rele •• ed from til" trapt. The
determinatio» of \rap di.tribution. in Teflon, both spe-
tia1Jy ever tbt' eamplt' thicltnea •• ~1I •• in eOt'rl-v, i.
a le,acy from \bt' worlt of von Sesst'rn (S3, S4], B)' com-
parin, TSC tbermocranu of polyrner aampla charlt'd by
corona di"harlt' and by an electron bearn, he ••• ablt' to
ideotify .ballo. 8WÍace traJM on tbe pol1~r IUrfact' and
t.o levels (in eot'~') of deep \rape .bich arr probebly
di.lribuLed over tbt' .holr bullt oftbt' aamplr, Thi. model
for \rap diltribu\ton b•• alao been .u('ceafully employed
in tht' interprdation of lurface polt'otial me•• urements
in conat.&nt.-CUrft'Dt corona lrioda

Corone charlilll c.an be used for aDducing ph~ tran-
.itioD' in PVDF, &om the oon-polar o form to the polar
o, and fJ (S5], .hicb requiree that hi«h eleetrie fie1d. art'
applied to the polyrner aample. Bigh electric field. with
carona charging e&n be achined befere eleetric break-
do.n ta1tea place becauee dielectric failures &rt' normelly
due to localised defKU (56J, Since the .urface exposed to
the carona di1charv ia non-metaliaed, defecu in corona-
eharged aamplt'l tend to rernain local u long u the sur-
far" conductivity ia negligible (57j.

The carona discharge can not only deposit electric
charges on the lurface of the polyrner but alao cauee rnor-
phologic changea of thr surfeee ataelf (58) and of iu trap-
ping capability [59: Corona treatment has been used
for irnproving adhesion to eleetrodes and .t'ttability of
polyrners such as PE [polyetbylene], PET [polyethyl-
ene terephthalate] and PP [polypropylene) (60J, Wilh
regards to trapping capability, corona treatrnent effects
are most prominent when high charging currents are em-
ployed and the point-to.sarnple distance ia smal\. Coro-
na treatrnent hes been suggested to cause the decrease
in therrnal Itability of negat ive eharges stored in Teflon
FEP [61], the appearance of the crossover phenornenon
in lowdensity polyet hylene 162], and charge inject ion in
severel polyrners such as LDPE, PTFE and PE 163.64].
Thia charge injection has been attributed to the aetion of
excited neutral rnolecules (63), but a poesible alternet ive
explanation has been suggested by Dias et al, (61). The
latler authon luggest that the potential decey obeerved
may not be eaueed by charge injection but rather ariee
from a surfece charv compenset ion by the arrival of ions
of opposite polarity onto the aample surface. That ions of
cpposite polarity c.an reach tbe aample surface has been
confirrned recently by Chinaglia et al. 165) .ho showed
that lhe plete current for negative corona in a coro na tri-
ode ean becorne pomtiVt' when lbe point.-t.o-grid diatance
il < 15 mm and lhe grid ia biased positively. The 0(-

currence of charge inject ion in polyethylene aleo has bee n
put under suepicioe by Das Gupta 166] on the ba.sis of
studies in LDPE.
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Filure 5.
Ezpuimntal ~tup lI~d b, Wcinbns et al 181)
to Inr •• ure the .arfac-r potntiaJ of thr pol,mcr
amplr durins thr charpDI ptOCftl 10111 fiom
a eercna lOatc-r "ctt' m.dr to impin,r onto t"o
•• rfacn, thr iDlalatina film ",rfacr ud a mrtal
~rrnce platc. A YOIt'lr V. ia applicd to thc
C'OIIdactins .abebat" 10 •• to maintain thr eur-
rn.t I. ~ual to I•••.

S. CONSTANT CURRENT
CHARGING CORONA TRIODES

FOR a long lime, corona diKhargc " •• used .imply ••
a meana af charging polymer aamples "hich would be

later .tudicd by other melhodl. 10 erder to monitor the
char~iIll process to IOme exlent, a ft'w experimental ar·
rangcmcnt.a have been developed. To our knowlcdgr, the
firat of wch aUempt.a "ILI • comparieon method presented
by Wrinbcrg rI ai. (67]. In their ~tup, depieted echt'mat.
icaJly in Figure 5, lhe .teady-.tate potentíal difrerence
atroes • polyrner •• mple could be meaaured during the
corona charging. Jt eonsisted of • corona ayalt'm wilh
t"o identical metal plates , one or "hich workcd 65 a ref-
erenee and the other ILI the •• rnple holder . The corona
iona impinged on both .urfaces, and "bile the •• rnple be-
carne chargcd, the •• mple bolder bad to be bi •• ed with •
volt~r \'., for the charging eurrent /, to be kept equal to
the eurrent 1m, that reached the bare metal plale. The
•• mple potential "65 tben given by - \'. and therefore
the characteriatica curves for the charging current vs. lhe
.urfact' potential could be cbtained.

Figure 6.

Corona triode de .•.eloped by Morrno and GrOls
[34]. A corona 'f'olt.gr \~ " •• applied to the poinl
P placed above the grid and the IImplr in the trio
ode chamber The grid " •• connected to ground
_hilr the IImple holder w•• biased "ith the volt.
-«r l·,. The sample " ••.•. ibrated by a loudspeaker
L driven by thr oecillator. The mruuring circuit
eonsisted or two branches: (J) tbe de- branch in
_hich thr cbarging eurrent puaing through the
residor R wu measured with an electrornerer E.
(2) the ae branch conlilting of a capacitor C and
• resistor RI, úom "hich the ae .ignal " •• mea-
nrrd "ith a lock in amplifirr. Thr tr.n.ducrr, T,
errved u a decoupling agent for the t"o branches
Tb(" ac .ignal corrnponding to tbe surface poten-
ti ai , and the charging current were thrn moni-
torrd by the reeorder ,

Having realised that relevant information was lost duro
ing the charging process, Gross eonceived 8 corona t riode
which WILI to becorne 8 hallmark in the study of charge
transport in polymers. He and his eo-worker , Mort'no
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134]. developed • three-electrode ')'ILem, ealled corona
triode , Lhat alJowed .imul\.ant'OuI meuuremtnt or Lhe
charging eurrent and Lhe aample lurface poLenLiaJ. Fig·
ure 8 .howa their u~rirnenLal arrangement including lhe
triode cbam~r and lhe meuurilll eireuit. The IUrrace
potentiaJ wu meuured uling lhe vibrating capacitor or
modified Kelvin method (8S]. lhe Lwo plalea or Lbe capac.
itor ~illl Lhe grid and lhe aample. Vibraling Lhe •• rnple
wiLh a loudlpeaker (frequenc)· or - 300 8.) generatn an
ac lignal which ia rneuured wiLh a lock-in amplifier. The
lignal "" in Lhe central eleetrode or Lhe •• mple holder
compriRs contributions from the eurrent 1 Lraveraiog lhe
gap ~tWftn tbe aampll' and the grid. Lhe dilplacement
eurrent and olbera lhat ori«inaLe from vibrating the Iam·
ple. h ia gino by

, dV(f}.., dl'(f} .
'li = Rl .• l"'d!"-+J(wll,-l (t)Jcoe~'t-K~llOW..t

(2)
where ~. ia the frequency, and l and K ~ conllanls
which depend on gt'Ometrie facLora, on lhe cireuit param-
eters and on the amplitude of the vibration (34J. R ill the
resistor in which Lhe cbarging current ill measured.

figure 7.
PIou of lurfacr potrntial and charpng eurrent
yenu time. The triode b,. Moreno and Grou ,,&5
11~ to charge a Teflon FEP ~m 25 11mthick AI

the Burface pot enfial approachtd lhe lrid yoltage,
the dlarging current went to sere. From [34J.

The meuuring circuit h&ll two branchea in order to sep-
arate Lhe ac lignal due to the aample vibration from the
de ligna! that gives the cbarging current Allernating sig-
nals witb frequency are measured in tbe ar branch, one
ofwhich is proportional to the potential (l', - \'(t» yield-
ing the .urfacl' potential, and the other il proportional to
dl'(t)jdt. The coefficient of the dl'(t)jdt terrn, however ,
is e- 1000~ smeller than that of the (l', - r{t» terrn, and
could ther, be neglected. The tolal current is measured
in the de branch, and lince constant volteges are applied
to both t he grid and the corona tip, it decreeaes whl'n the
sernple voltage increeses &11shown in Figure 7. '

The ebange in the charging eurrent W&llcleerly a limita-
tion which prompted the development of special versions
of the corona triode 169] in whicb the eurrent is controlled
and kept constant at a desired value. Such Iyltems re-
semble a Iow energy electren gun, wbich also operates at
ecnstant cbarging current, but h&ll the advanlagl' of pro-
viding for positive ai well ai for negative eurrents. As
will be abown in the next Sect ion, the conatant current
condition ia esaential for some charge transport equetions
to be solved, either nurnerically or analytically. There are
t•••o wa)'1 in which current control ean be achieved,
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Filure 8.
Corona hiod~ operatinl in mede (a) P = eoro-
aa point, S = •• mple; E = lI\eulIrinl eleetrede.
V < = roroDa yoltaa~ aupply, F = f~back Iy~
'em; V, = pid yoltaar lupply; OSC = oecillat(\f
'o driYr 'Ilr Ioadapealter; LIN = loclt ill amplifi-
er: REI = HCOrder for lhe 11Irface potutiaJ; EL
= elt'C'tromnn; RE2 = reeerder for lhr charpnl
eurreet. TIl~ dlarlinl eurrent ia Irrpt ronatant b,.
challPIll \~ Uarolllh lhr fttdbaclt l)'Item U tb~
charplll C'1lrTnlt ('hanl" From (tllJ.

5.1 CONSTANT GRID VOlTAGE
MOOE

The corona eurrent il increased by increaaing the
tip \'oltagr in order to eompensate for lhe d«re&M' of
thr charging current wben the aamplr potential rian
The fint cODIl&nt eurrent eorona triode (69,70] Ihown
echematicaJly in f~urt 8, epereted in tbil mode, whert
a ftedback Iy.tem F eontrclled the tip \'oJla«e "('
AnaJogoull)" to the triode in (34J. the aamplt .urface
potential was measured uaing the rnodified Kelvin
rnet hod 168] with the vibration of the aamplr holder
(Equation 2)

Figure 9.

Corona t riode operat ing in mode (b) I, = lhr
eorcna CUfl'alt ammeter ; \' c = eorona yoltaar
lupply; V., = yoltagr aupply for lhr mttallic
cylindrr; \' , = r;rid yoltagt aupply; R = recorder:
Ia = charplll eurrent: E = electrode: G = luard
ring •• ia ktpt constant by operating the V c and
\', aupplirs in the constant current mode , and
by a f~dbad eircuit which maltes V, to increase
whtn Ia deere •• es and yict-n.'.ru Nott lhat \' c

and \' c. art loating supplies The point is placed
in the eenter of a ej linder in order to im prove
charge nnifo rmity. From [72J

5.2 VARIABlE GRID VOlTAGE MODE

The grid vol~t ill controlled by rneans of a feedbeck
circuit 171] BO lhat the potential difference between the
grid and the aample surfece ia kept conatant. Experi-
mentally, the charging current ia kept conalant by using
a constanl eurrent supply V" Ali Figure 9 Ihowl, the
charging eurrent ia fed into the feedback input of the cur-
rent aupply and ib value can be monitored with the float-
ing electrorneter (72]- Then, meesuring tbe voltege l~ of
the eurrent .upply neceseary to keep l(t) = 10 we can
determine the sample potential through the relat ion

" (t) = ,~( t) _ ,r. (3)

provided thal l~, the potential difference across lhe air
gap, ill known (72:. Since the amount of space charge in
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the lap il dependent on the corona current Ic, lhã. "tter
quantity mUlt be aJ~ kept conltant, which ã. performed
by operating the l'c supply in the constent eurrent mode.
Tberefore, thi •• tup allow. both tbe control of u'r ion
tlux \o lhe eample and lhe determination of lhe amplr
.urface polenLiaJ by me •• uring V,(f), and there ia DI:' need
\o vibrate lhe eample.

There are a number of limitation. uaociatrd wilh the
operation mede S.l (69,70]. Although the grid vol~r ia
supplied by a O to 10 kV volt.agr supply, it i. difficult to
operatr it at hiJh potrDtial. becauee Irid emi •• ion eecur •.
AI~, varyio« l'c produces Imall aJteration. in the cbarg.
ing current which irnpoees a muimum limit or 2 nA cm2
to tbe chargill« current (for l'c ~ 10 k\'). Another prob-
lem relates to lhr chargr uniformity at the initial st&grs
of the charging procesa. Uniformity w•• maintailH'C on-
I~' because lhe grid mesh was .p«iall~· designed (b:- t r ial
and error] to k~p a uniforrn distributlon or field Iines.
Problema aJ~ ari~ in thr lurracr potential measurernent
becauee or noise inherent in the vibration of lhe II&lnplc.

Tbese problema •. ere obviated when opererion rnode
5.2 was used [73J. The major breakthrough was th· re-
aJiaation that the charging current could be spece-charge
lirnited for low potential differences V, between the grid
and the tamplr [72,73]. V, uaumea a small, con.l&n~ val-
ue if the corona and the grid voltege supplies are operated
in the constant current mode. Higher charging currents
can be now reached since the grid will not ernit and srnall
variations in tbe grid voltege cause large changes ir: lhe
charging current 10, Another innovation introdueed in
lhe triodes operating with mode 5.2 is the use of a ~ased
metallic cylinder around tbe tip which ach as an electr o-
.tatic lens and makes the deposition of corona ions over
lhe aample more uniforrn. It should be rnentioned leal a
thick PVC eylinder also has been used [73J to the aa.~r ef-
fect. Since in a very short time the PVC becornes cor ona
charged, it can also be used as an electrostatic lens

Conslant eurrent corona triodes are no •.. used in k"'er-
al leboratories around the world. The triodes in Russie
174J and China [75J use the Kelvin rnethod for measuring
lhe aurface potential, while the others in Portugal [76.77]
and Brasil [72] urilise lhe operation rnode 5.2. A trsode
which can aleo be considered as belonging to lhe conr..a.nt-
eurrent c1ua has been developed in lhe USA [78]. This
one does not use any control either over the corona or
,rid voltage, but mekes use of the fact thal, for .••ery
large grid voltages there is a region where changi~ l'~
caUles no change in the charging current, 10. Therefore,
provided that lhe triode is opereted in thil region. tbe
cbarging current il conetant . In this case, however , the
.urlace polential of lhe aample cannot be obtained fr om
lhe grid vol tage , because the current ia independent of
lhe sarnple potential. It could, nevertbelees, be mea...-..:rw
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uling a vibrating capacitor •• in the operat ion rnorie 5. J,
though this w•• not attemp\ed.

5.3 ElECTRICAl CHARACTERISTICS
OF TRIODES

The driving force for .tudin of the electrical charac·
teri.tia of corona triodn ( •. ith bare aampl~ holders] h••
been the need to eatablish lhe optimum conditions under
which a triode should be opnat~, and alIO the acad~mic
interest ari.ing from the ch&Il~nging elfitrOltalic prob-
lema that such a Iyst~m po.ea. Stv~ral inveatigations
heve been underteken \0 .tud~· a vari~t)· of ÍIIUe8, includ-
ing the uniíor mity of the current d~nlit~· distr ibutjon over
the aample holder , the elfitrical transpanncy of difíerent
grids, and rfffih Irem corona polarity, corona "ind and
.pacc charge. Theoret ical rnodds r19~lJ have been de.
veloped to explain the elect rir char.cl~ristiC8 of corone
triodn, IOm~ of which tah into account the corona wind
gencrat~ in the corona diKhargc, the efr~ct of accumu·
lation of lpaC~ charge btt1re'eD the grid and the I&mple,
and the electrir transpar~Dc~' of the grid. Theee modela
later wcre extended to account for the radial dependenr e
of the current densitv produced by a corona tip 173;.

Fir;u·e 10.
Current.yoltage charactcri.lia of a corona triode
For \0"" vid yohagcs. t~~ charging enrrent •• ries
quadralicall)· wilh th~ &rid yoltage, as predict
ed for th~ .pace charg~ Iimited current (SCLC)
regime From (81).

Fi,;:.:-e 11.

Potenrial profiles of a Td\on FEP charged wilh
lhe t riode of [73J CUITe$ A and B correspond
to difiúenl charging coe di rions (charging cu rrent
and grid yoltage)

\\'ith regards to lhe operat ion of corona triodes, per-
haps the rnoet important resulte deriving from electricel
characteristiu studiee relate to the determination of the
charging current-grid volt.av curves (I VI. V,), or par-
ticular relevance w•• the identification of a space charge
lirnited current (SeLe) regime for low valuea of the grid
voltage (81] [see Pigure 10) In subsequent "or., Gie-
cornet ti (73) demonetrated that when the corona triode ia
operated in the SeLe regime [rnode 5.2), a much bet ter
sarnple surfece charge unifonnity can be achieved, •• can
be seen in Figure 11.

Uniformity of charge deposit.ion is 10 important that
we shall elaborate on the .ubjret a litt le further. A uni-
forrn deposit ion is an esaent ial requirernent for the correct
measurernent of the aarnple potential beceuse the sample
aurface must be an equipotent ial. It is weJl known [34]
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Filure 12.
M~•.•ured polnlial proftl" or Tdoll FEP •• rn-
p1" char,f'd "ith th~ triod~ or (TO)w~ch an re-
I.t~ to th" char." cli.tributioll OYn lhe aample.
Ali almoet .nirorm dar,e cliatrib.tioll _ •.• eb-
taill~ bKult' a .pmal lrid ••• awd

that th~ presenee of a Irid controla tbe c:ba.rt" deposltion
leadifl« lo uniform diatribution at the md of lhe charg-
ing process wben the surfece potential ru.chea the Irid
yolla«e. Bowevcr, at intermediary .~ lbe di.lribu-
tion ia not uniform if a common meah &rid ia used (82J.
Tbi. problern w•• fint circumvented in lhe building of
a corona triode b)' U.inl a composite &rid. mad" of l_o
eleee la~fI lookinl Iike a len., lbe conyu face direeted
downwarei (83]. Almoet uniform cbar&e profilea could be
obtained wilh .uch agrid even for potenti&ls much smeller
than the Irid yolla«" l', ••can be ~n in Fi«ure 12 _bich
iIIu.tratn the charging process of a nqalivel)' charged,
25 pm FEP aample. The ftuduation. _hich appeer in the
profiles are believed to be of minor lmportance beceuse
Lhe aample potential il ta)tI~n•• the av-er~e value. Oth-
er alteroativn heve been suggested for improving aamplr
charge profile . For instence, ao apert ure inserted into the
grid-to-aample gap " ••• hown to irnprove the uniforrnity
Lo a considereble degree (841 at the end of the charging
processo In ali corona triodes, it ia aaumed Lbat lhe
charging current al"a)"s hes lhe polarity of tbe corona
However , it bas recently been shown (65: that an impor-
tant except ion exish "hen the point-to-plete distence is
srnall and the grid il biesed "ith inverted polarity rela-
tive to the corona tipo This inverted current bas a host of
implications in the surface potential decey meesurernents
of polyrner filrns, perticulerly "ith regerds to polyrner
surfece treatrnent , •• pointed out in Section 4,

6. RESULTS WITH CONSTANT
CURRENT CORONA TRIODES

INthis Section "t diecuss a nurnber of experimental re-
sults and their interprelation cbtained "ith const ant-

current corona triodes. It already has been mentioned
that one or the main advantagea of thia type of triode
Iies in tbe poeaibility ef integrating difrerential equations
loverning eharge transport, in particular beceuse one irn-
portant paremeter, the charging current, ia kept constant.
We .baJI tberefore present the general relations usually
ernployed in tbe theoretical modela, "hicb "ill then be
followed by the discuesion of experimenta! results.

6,1 GENERAL RELATIONS

The total current density through the aample Jo ia giv-
en by

J - J ( ) 8D(z, t)
0- ez,t + 8t (4)
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whrrr Jr (~, t) iF the conduction eurrent denei-
ty, lJ( z, t) the electric diaplaccm~nl sinn by
D(z,t) =- cE(z,t) -+ P(z,C), and P(z,f) being the
eleetrie polariaation. The conduction current i. depen-
d~nl on the kind of proceu tbat O«UrI in the aampl~.
For inltanc~, it i. t'qual to ,E( z, C) for a pure intrinsic
conductivily, and IJp,(z,c)E(z,t> for the tran.porl of
.pace- eharge. Here S ia the conductivily, p,(z, t) the
Iree ~ce- eharge den.ity and IJ • t.hr mobilily of the
free earriere.

fk.c.UIf' the charlinl eurrent ia constant, it i. peesible
to int~rale Equation (4) ever the aample area A and
thicknraa L to livr

I Ccll'(t) J ( ) flP(t)
0= ~+ ct +A~

where C i. the aample capacit.ancc. and lr(t) and P(t)
are the meen conduction current anrl the rneen value of
the polarintion, respectively. fc(t) and P(t) are defined
&I

(5)

L

t.u, = IJ Jc(z, t Iodz
o

(6)

L

P(t) = ± J P(z, t)eU-
o

(7)

Two important pieces of information cen be readily
lainc-d from lhe surface potent ial buildup of a polyrner
sample: lhe aamplr capecitence C which is given by

10 I' \'(t!- = Inlt_o--
C t

(8)

whilr for aamples exhibit ing neglig:b:(' conductivity and
polariaation, u is lhe c~ for Teâor, when lhe surface
potent ial increases less than proportionally with time, it .
indicates cerrier inject ion into the ••..•nple. From Equa-
tion (5) it is readily seen that lojC is the maximum rate
at which the surfece potential can riR.

Two materiais were used in the work with constent cur-
rent corona triodes: Teflon and PVDF (and its copoly-
mera with trifluorethylene}, which are non-polar and po-
lar mater iala, respect ively.

Filure 13.
Surface potential buildup of a Ilqatively charged
FEP aample. The Iurface potenti~ increuea lin-
early in tbe beginning ef the char~ process , and
then increases lU blinearlj' unti1 rea:::hing a Itudy-
.late v&lue. No decay il observed .~en the corona
ia I",itched off. From [86]
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6.2 RE5UlT5 WITH TEFlON

Because ~flon bu neither mtrin.ic ccnductivity nor
polari.ation, Equation (5) ia I"*lly simplified, ••• i11be
Iho"n below. Il ia known lba' lbi. material poaaaea
lurrace ••• ell •• bulk trap'o aDd upon corona cbarging
under conltant eurrent [either poeilive or nqatin) lhe
aamplro potcntial initially riRs IiDcarly •• Iho"o in Fig-
ure 13, •• the carricn arro lrappcd at the lurrace. Sample
capacita.ncca can then be oblai.Dcd and lhey are ulual1)'
found to agttt .ith tbe capacita.nce measured in a capac-
itance bridge .iLbio 3% (72,85.I6J. An intcrcaling result
in lbil rqard ••• pracnled by f~rreira and Oliveira (87J
in .hich lhe capacita.nce oblaiMd from palitivcl)' charged
aamplca ••• alightly laTIror lba.zl either lhe capacita.ncro
me •• ured in a bridge or Lbe OM eslculeted for Dqative-
Iy charged aampln. The rcuoc bchind sueh a differcnce
"u probably Lhat lhe lurrace \rap' ror positive charges
.erro located a littlro beneath lhe ~metric lurracro of the
aample, confirming earlier meesurernents by yon Seggern
(54! "ho used lhe bcat pulse leochoique. After lhe initial
linear rile in lurrace potential , a sublineer behevior is ob-
.erved. either due 10 the complete filling or surfece tra~,
or to detrepping of carr iere frorr: lhe .hallo1\· surfece traps
.hich brings about a non-sero conduction current , That
charge injection look place .as confirmed by measure-
ments of the centroid or the charge distribution p( z, t)
using the heet pulse or Collins ~nique (36]. whcre the
centroid is given by

() JoL z p( z . t )dz
r t = ~L~-'---:"'-'Jo p(:r. t)dz

(9)

which for the conatent-cherging eurrent cese , ia

r(t) Cl'(t)
-=1---
L 10t

( 10)

provided that lhe electric charges had not arrived at t he
back electrode of lhe sample. FIgure 14 illustrates the'
aurface potential build up of a posit ively charged FEP
sample together "ilh lhe celculated centroid using Equa-
tion (10). As can be seen, the eentroid is initially sero ,
and increeses &8 injection proceeds (69].

Fi~ure 1~
Surface potentia! and chur' centroid yersu.
charging time. A 25 prr; Teflon FEP was
pOllitiveJy eharged and the eentroid measured
Tbe centroid Iies on lhe ,urface in lhe beginning
of lhe charging process, but eifl. loward. lhe
bulk of lhe aample as lhe dlarging proceeds.
Chl.lging current "as 1 DA Frorn [6P].

When inject ion occurs, the mean conduction current
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1,(e) ia dependent upon the trapping-ddrappilll dynam-
ies, uaually described by

8PT(z, t) = PF(Z, t) [1 _ PT(e, t>] -+ PT(e, t)
lJt. T PT... T/I

(11)

.here PF(Z,t). Pr(z,t) and PT••• an the free cbarge den-
aity, the trap~ charge density and the maximum charge
den.it)· in the bulk trape, ra~ctively. T and Te> are re-
apn-tively lhe trapping and ddrapping times for the car-
rier •.

Theoretieal modela (50,70,86,87) have been URd to ex-
plain surfece potential n. time curves for TdJon FEr.
Since there ia no intrinaic eonductivity nor polarintion,
the tolal current equation in Equation (4) ma)" be .ritlen
ai

8E(~. f)
Je == PPF(Z. t)E(~, t) -+ c lJt. (J2)

.here P ia the mobility or the carrien. For tbe lran.port
ef Iree c&rrien onl~' (iD the complete ableDce or trape)
lhe con.l&nt eurrent eondition allowl tbe dmTation of
analytical aolution. for V(t) [50, 70J. with .urface charge
accumulation or not These solut ions are not or great
practical value , though , as charge lranaport in Teflon ia
dominated by lrapping.

Wben lrapping ia imporlant, lhe POiUOD equation
.hich relates tbe electric displeeernent to tbe total cherge
denaity, is used toget her with Equation (11) a!ld (J2),
norrnally with p: < Pr. .•••

8D(z, t)
8z = PJ(~' t) -+ PT(z, t) (13)

and a ver)" large TV. to yield the following I)"aterr: of par-
tial diflerentia! equat ions in E(z, t) and Pr. [z , tJ

[
8E(z, t)] 8E(z. t)

Jo - pE(z, t) c 8z - PT(z, t) + c éh (14)

and

8PI(Z,t) + c 8E(z,t) _ Jo == O (15)
8t p-rE(z,t) 8t pTE(z,t)

Tbia syatern ÍI normally solved using numerical meth-
ods (88J which allowl5 the sarnple surfece potential to
be deterrnined from the calculeted electric field through
Equation (I). The potcntial decay after til, whicb i. the
time when the corona is switched off, is eaaily ebtained
by sett ing Jo = O.

Studies airned at explaining the surfece potential build
up of Teflon filrn have shown tbat, althougb tons are
the charge carriera that irnpinge ont o the sample. charge
transport is dominated by electrcns and holes for the neg-
atively and posit ively charged samples, respectively [86.
87J. Important paremetere obtained in these atudica are
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Fi~u'e 15.
S\lr(.c-e' P<'1e'ntialb\lild\lpt of Tdon FEr The'
nary" lho", lhat lhe' lurfac~ potulial fOf lhe' pc.-
itiye' ~rolla ia low~r (curn 11).• Dd~r lh~ Ame'
~lIditioll' of Ch.rPDI. lhan for lh~ aqltift eero-
Da (narft I). C•••.rPDI current wu 1 .A. From
(tO].

the product mobility tirnee trapping lime, lb~ detrapping
lime, and the bap dmaity both at the aurface and in the
bulk.

Diacnpancies emt beh'~n lbe u~rimenLal result .•
ebtained under approximately lbe aa.nw ccndirions by dif-
fennt authon and eftn betw~n reault.a obt.ained with dif-
ferent batches of aamplea of the aame polyrner b)' a linn
author. Of eouree, wcb diecrepancies could be aUributed
10 differencel in aample proceuing bet~n manufactur-
ers, but it wema lbat even lhe lbickness of lhe aample
ma~' aff«t lhe experimental resulta 18ij. There are, nev-
ertheless, point.a whicb have been well eslablilhed upon
confirmation from independent aludies using different ex-
perimental techniques For instence, traps exisl at the
polyrner lurfac-e as well as in ite bulk !53]. charges are
initially trap~ at the surfece and then injected inlo the
bulk , and the charge transport is dependem on the prod-
uct carrier mobility limes trapping time (and not speeif-
ically on these quantitiea) 186,87,89]. Anotber finding
that appears to be established beyond doubt is lhal neg-
at ively charged aamples diaplay a better ltabilil.y [90], and
tbis ia also refiected 00 the surfece potential buildup (I«
Figure 15).

On the other band. considereble uncertainty remains
about the value of the earrier rnobility, trap density and
the process of trap-filling. There are some ceses in which
aaturat ion of ali surface and bulk tr aps occ urs [86,91, 92J,
but this is not general. Alao, for Tefíon FEP the schubweg
[i.e. the mean free path for a carrier before it ia trapped]
has been reported to be field independent (92j, but in
other work it bas been found to depend on the electric
field [86,87J. The charge stability is another cont rover-
lial point , Though tbere ia reason to believe that most
polyrner electrets are very stable at room ternperature,
in most cases aome charge decay ia observed at lesser or
greater extent , Bowenr, for a particular batch of Teflon
FEP samplee, the trap5 were reported to be ao deep that
no eharge release oceurred, and consequently there was
no charge decay [see Figure 13) [86).

The latter result illuslratea the cue in which there is an
apparenl 100% violalion of lhe so-ealled conduction cur-
rent eoneervat ion relation (CCCR) that representa tbe
eharge coneervation in the sarnple when the corona ia
turned off at time t. (93]. This relation ia derived by
aseurning the continuity of the mean conduction current



at t~. Le. Ic(t;) = Ic(t;). and U.inl Equation (5) and (8)

10 = lime o \'(f) = cf1'(fi) _ "\'(t;) (16)
C - t dt dt

.bttt t; and t; 8ft lhe in.t.anLa immediately before and

.tur the lime t~.
A. can be eeen in Filure 13. lhe time derivatin at

t~ ia practical1y sere .hich .ould lend lo indicatr that
ch~r il not coneerved. The uplanation for this appar.
ent f&ilure lies in lhe fect lhat there ia direct injeetion or
short-Iived carriu. into tbe aample .hich eontribute to
the potential a qua.ntity that ia or lhe erder of lhe yolt·
~u! resolution (83], and tberefore tbe time derivatin
C&nlK't be measured eccurah:I)·. ln theR particular Iam·
ples of Teâon FEP lhe electron mobility .61 10 bigh tba!
it prevented free-epace chargr accumulation. The lirnited
resolut ion ar lhe yoltmder i. then responsible for such ar.
appL!'ent failure (~ a Iuller uplanation in (93)).

Se- rar the rnain advan1a.«ea mentioned ef u.ing a
coDStant-current triode have been tbe improvernent
of chargr centro! a.nd also tbat lhe study ef char~e
lra.::sport i. facilit.att'd. A recent p&p!'r (75J, however ,
I~t. lhat conl\.&nt charging at elevated temperetures
irnprove charge atability in Tefíon PFA. The eharge
eentroid il found to be deeper into lhe aample .ben it
i. corona charged under constant current rather lban
consuant voltage. Thi. means lhat wilh constent-current
ch••...~ing a larger nurnber of deep bulk lraps ia filled
whic.h irnproves atabilit)·. In wor'" (94] by a research
gro:Jp in China. .imilar resulu were obtained with
muscovite lhat W&l aleo charged in a constent-current
corona triode.

Finally, it ia worth mentioning the importerice tha:
moist ure hes on the experimental resulta obtained with
a cor ona triode. "'hen sarnples are placed under hurnid
condit ions, charges are less slable in the traps and cherge
tra:lsport is alao fac ilitated, the overall effect being low.
er sample surfece potent iale for higher relative values óf
humidity. This ha.s been obeerved for both posit ive and
n~atively corona eharged aamplca [86], though the effcct
appears to be more pronounced for poaitive carona [8.7].

6.3 PVOF ANO ITS COPOlYMERS
P(VOF-TrFE)

Polar materlals .uch u PVDF and ib copolymers have
been poled by corona discharge as mentioned in Section 4.
OM of the first atternpt to obtain information during the
poIing process wu presented by Gerhard-Multhaupt [P5}
who used a corona triode for poling ferroelectric PVDF
aamples. ln his setup, a high voltege ( 5 kV) was ap-
plied to the grid, and tbe charging current was rneasured
T~ sample then bad ib surface potential neutralised and
Wa.! poled again. according to the sarne procedure and
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ulinl th~ aa.Im ,rid YOll.a&eand polarit~·. The char~in~
curr~nt.e me•.• ured in th~ t"o eensecutive chargint pro
ceuea "~rT inl~gratf'd and the difference between thern
" •• relatrd t.o the ftlue or lhe remanent polari.ation in
the •• mple.

A. for lbe UIt' ef conllant current corona triodes, Itud-
iea "ilh PVDF and P(VDF-TtFE) ba~ alIO concentreted
on their ferreelectric properties. Of particular relevance
ie the fact lbat lurface polenlial me•• urements in a coro-
na triode C&n be used to obta.in ferroelectric hYIlereei.
cyclea [1J6;•• Iho"n below .

Filure 16.
Surf~ potulial baildup for a ~-PVDr
aampl~ Poailin corou, daarwlftl duaity
Jr = J(\ DA/em'. Th~ d•• h~ Iine eor responds
lt'> th~ lhf'Or~tical C'1Iry~ahowiD' thr thr« a'&I"
of thr dtarlinl prO('~

Filure 17.
Hylte~. cjcle. Surfan~ potential m~uuremenb
in th~ coutant C'untnt triode werr uIC"d te>Itn·
eratt dlCO h,.tereai. ej cle for a ~-PVDr aamplr
J2 pm lhick. From [g6]

The "a)' by "hich hyatereai. loops C&Il be obtained
from surfece potent ial meesurements hes been illustrered
(96) by examining a hypothetical C&Se of a sample ",ith
no conductivity and lhat has alI of ita dipoles reoriented
",hen lhe electric field ia Ec, lhe coercive field. Figure 16
Iho"'a the .urface potential behavior of such a sarnple
submitted to negative and posit ive charging. The t ••.o
regions ",he~ \' increases lineerly "ith time denote ce-
pacitive behavior , ",hilt the plateau appeers because at
E, alI the charges impinging onto the sample are com-
pensated by lhe reorientet ion of lhe dipoles. This causes
lhe eurface potential 10 remain at a fixed value , equal to
EcL where L ia the aample thicknees. For obtaining the
hystereaie cycles, lhe &xis of time ia transfcrmed into lhe
electrrcal displacement D(t) = lotl A where A ia lhe area
of lhe sample , and the electric field ia calculated as \'1L
The remanent poleriset ion ia equeted to Jo~/2 where t,
ãa lhe period of lime during "hich the pleteau is observed,
and lhe faclor 2 appears becauee in lhe initial condition
the sample wu polarised with opposite polarity.

In the actUAl meaeurements wjth PVDF, probably there
ill not a unique value for lhe coercive field and some con-
ductivity ie abo likely 10 exist. Neverlheleas, hyatereais
cycles can Irtill be obtained from surfece potential mea-
surernents which are remerkably dose 10 hyeteresis cy-
eles meesured using lhe conventional techniques such as
lhe Sawyer- Tower circuit (97). A eycle obtained with the
corona triode meesurements ia shown in Figure 17.
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The-oreticaJ modela to explain the lurface potential
buiJd up for tbeK polar materiais muat now include the
way by which tbe polariaation changn with time and ita
dependence on lh~ eleetrlc fi~ld. For a Debye-Iike polar.
i.ation, for inst&nce, an expreesion uau.lI~' employed ia

8P(~, f) + P(~, f) = ~E(~, ') (17)
Ih T T

wher~ T ia tbe ftlaxation time and ~ ia the eleetric lUa-

eeptibility. For lh~ cut' of a ferroelectric polariset ion,
th~ right.-hand krm of Equation (17) ia replaced by a
con.t.ant term, equal to Po/r, Meaaur~menLl of dipole
Iwitching in PVDF and iLl eopolyrners, for inatanet',
bave been interpreted using an equation .imilar to Eque-
tion (17) (88]

= P, - P(~, f)
(18)

where r, ia tbe rernanent polar isat ion and r ia gh-en by
B1:" wh~re B and n are ernpirical conlt.anLl,

Arkhipo\' ri &1, (74J have recently propoeed a rnodel
including rnultiple trapping of injected carrit'T'I and nono
linear field dependence of an irreversible polariset ion for
P\'DF filrns. ln another paper by the aamt' group 199;.
three .t.ages ~rt' identified in the polarisation build up
which correapond roughly to the three regions sbown in
Figurt' 16. Tbeir resulta were explained by usuming a
strong polar iset ion thal nucleates at the beginning of the
Rcond process and is similar to the propagation of do-
main "alll in ferroelectrics.

ADother worll in which PVDF hes been used in a con-
Itant current corona triode "as published by Gross et aJ.
1100] in "hich unstretched P\'DF samples "ere charged
at 10"" currents to relatively )0,," electric fields. Under
these condit ions, the sarnple potentiel reached a steady-
.tate regime .bOK value "as proportional to lhe charging
current Wher: the corona "as ."itcht"d off, the sarn-
ple potential decreased to sero due to bulk conductivi-,
ty. That the conductivity arose from intrinaic cerr iers
"as demonetrated by eesenrially identical resulta obtained
for both polariries and for sarnples "ith one or t"o elec-
trodes. Jt was found also that the conductivity increas-
n with the relative humidity of the gas for the corona
discherge. Bumidity effects have alIO been observed in
PVDF aamples that dieplayed ferroelectr ic behavior 176,
77J.

Figure 18.

Surface potential buildup for a P{VDF -TrFE)
sample f 11m thiclt. Same u in Figure 16 but
with a P(\"DF-TrFE) sample. From [102]

The resulta for the P(VDF-TrFE) of variou! contenta
art' similar to the experimental resulta obtained "ith
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P\'DF (101). The mAin diff~renct liee in tbe better ck-
6Ded plaLeau that ia ebserved for Lhe copolymer. FI«'
ure 18 .how. lhe .urfac~ pot~ntial buildup of a 70 30
eepolymer (70~ VDF, 30% TrFE) •• mple whkh w••• ub-
mitted to a negatin charging current of 10 DA [102J. This
t~ of curve can be interpreted by ••• uming a r~rr~It'(.
\ric polariaation .bich ia proportional to the degree of
cryIt.allinity of th~ I&mpl~ and a Debye-Iike polatilation
lhat probably ariRa from tbe reluation of dipoles ir: the
amorphou. paru of tbe polymer (102J. These modela are
mmilar to the nucleation-srowtb modela which have been
employed for ether ferroelectric materiaIs (103J.

FinalJy, the con.tant-current corona triode also h&!!been
awd in the poling of non-poler o-P\'DF aamplea wbich
aodergo a ph~ tran.ition to tbe polar o, form Tbe
~ tran.ition ia facilit.ated when the corona po)arit~· is
po.itivr under dry air (104J. and the ferroelect ric ~t:a\.
to! can be identified in lbe surfece potential buildup by •
plat.eau analogous to lhe one shown here in Figure 16

7. CONClUDING REMARKS

AN overvie ••· of the corona charging of polyrners ba..~
been given which has focused on the use of CN0:-.a

triodes. The eonstent-current versions of the corona trio
ode , now avail.ble in w~'eral countries, are quite promis-
iq becauee they wrv~ not only •• a means for charg:::.g
polyrner aarnplee, but alIO as a method for investigering
ch&rgr transport and ferroelectric propert ies. A nurnber
o! polyrner cherecterist ice such as the occurrence of trap
filling in Teflon FEP have been eetablished unequivocal.y
frorn studies uaing const.ant current corona tr iodes. Tbe
power of lhe method has also been illust rated by the ~::.
erat ion of ferroelectric hystereais eycles Irorn surface pc-
tential measurements, which sho••. that charging sarnples
r.:.h a constant corona triode ma)' suffice for identifyir.g
th~ ferroelectric act ivity in polyrner samples. The trend
DO'lr ia for the building of increasingly sophiaticeted h·
odes that .110••. temperet ure and atmosphere control, a::c
iI:T'e8tigations using these triodes ma)" meke it poss.b.e
te monitor the hurnidity and ternperature effrch on lhe
polyrner propert.ies. The posaibillty of poling and cha-.
acuriling polyrner samplee doped with nonlinear opt ics
dy-es is also exciting beceuse it opens up • nurnber of Df:~'

possible applications.
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Abstract

One of the .ain difficu1ti.. 1n apr.ading Lanqauir

aono1ay.ra fro. conjugated (conduct1ng) po1yaer. 1. th. lack of

ao1ubi1ity of theae polyaers in co_on ol"9anic aolvenU. In thi.

vork ve report on a cheaical1y ayntheaized polyaniline

derivative, poly(o-aetoxyaniline), vhich i. aolubl. 1n chlorofora

and has been used to fabricate ultra-thin filas 1n a Lanqmuir

trough. 'J'he poly(o-.etoxyani1ine) aynthesized COIIpri.ed two

fractions, one of vhich has a 10w.olecular weight (in fact it

1s an olygoaer vith a few .onoaers) and the other bas a high

.olecular veight of approxiaate1y 28000 g/.ol. Whenaeparated,

the 10\00'veight fraction yields y-type LB fillls b}· vertical

dipping vhereas filas cou1d on1y be deposited vith the high

veight fraction if the horizontal 1ifting .ethod vas employed.

When exaJCined through the acanning e1ectron aicroscope, the

1atter fi1JCSpresented less defects than the LB filas obtained

with the 10\00'weight. fraction. ,This is probably because pores

vhich aay have been present in the filas obtained with the

vertical dipping vere not present 1n the aore rigid .onolayer of

the high veight fraction.



I. Introduction

Spr ••ding Lan~uir aonol.y.r. froa conjugat.d polyaer. ha.
been fraught vith conaldar.bl. difflcultl •• , 1n particular
becau.e t.h••e polper. venerally do not di••olve 1n organlc
aolv.nt •• lJ'hi.ha. proapted a nwaber of r••••rch 9TouP. to dir.ct
.fforts towards developinq ••peclally aubstitut.d conjUC)ated
polpers vhich vould be a.enable to diasolution ln an organlc
aolvent. For 1nstance, the lncorporation of .lectron-donor or
long and flexible aubatituent. haa been r.port.d to 1.prove the
aolubility and processability of conducting polyaers (1]. ln t.hla
paper ve present a preliainary report on poly(o-aetoxyaniline)
vhich vas found to dissolve readily in chloroform peraitting the
fonaation of Lanqmuir .onolayers, and t.he aubsequent transfer
onto 91ass substrates 1n a Lanqmuir trough. LB fil.s deposited
froa other polyaniline derivatives have been reported ln earlier
vorks [2,3].

11. Experimental Details

The synthesis of poly(o-aetoxyaniline) has been described
1n a previous paper [4], and soonly a brief description i6 given
here. Poly(o-aetoxyaniline) (see Fig. 1) vas synthesized by
chemical oxidation vith aJlJloniumper6ulfate according to a aethod
similar to that used for polyanilines [1]. A solution of 0.02 aol
of o-aetoxyaniline (fro~ Merck) vas di6s01ved in 200 .1 of 1.0

M HCl and the solution vas cooled to - S·C usin9 a criotheraostat
with an ethanol-vater bath. The oxidant agent (0.03 .01) in 80

a1 of 1.0 M HCl vas added dropwise under vigorous atirring and
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the .olution changed colour fro. red to bl.ck a. a d.rk vreen
precipitate v•• for.ed. !be re.ulting .olution va. left in the
cold bath for 2h, .fter vhich the precipitate v•• coll.ct.d u.ing
a 8uchner funnel and v••h.d vith 1.0 " HCl until the filtrate
bec••e colourl •••• The poly.erization y1eld v•• C8. '0\. ~e
polyaer. vere dr1.d under 'Vacu\lllfor 48 b, and .ft.r
deproton.tion in 0.1 " ~OH (pH • 10.0) the poly(o-
~toxy.nil1ne) becoae •• oluble in chlorofora.

Cel Peraeation Chroaatography (CPC) vas used to deteraine
the aol.cular veight of poly(0-aetoxy.n1l1ne). It vas found th.t
the pOly(o-aetoxyaniline) could be divided 1nto tvo fr.ctions.
one vith a low molecular veight (LW) that 1s aoluble 1n
chlorofora and tetrahydrofurane. and another one vith • auch
higher aolecular veight (HW) that is soluble in ch1oroform and
a bighly polar organic aolvent, tbe N-aethylpyrrolidinone (NMP).
~e base fora of the poly(o-aetoxyani11ne) vas .tudied by gel
permeation chromatography (CPC), vhere tetrahydrofurane vas the
solvent for the low molecu1ar weight fraction (LW), while NKP was
the solvent used in a LiC1 (0.5\> IDedium for the high IDo1ecu1ar
weight fraction (HW). CPC vasperforaed on a Water6 Associates
CPC equipped vith • Mode1 400 ~efractometer as the detector. Fig.
2 and 3 ahow the CPC curves for the LW and HW fractions,
respectively. The LW fraction coapr1ses 01igomer6 made up of
aonomer6, diaer6 and octolDers,le.adingto a aean aolecular veight
of 500 g/lIo1 a6 a monodisperse polymer. The HW fraction, on the
other hand, i6 c1ear1y po1yaeric possessing • aean mo1ecu1ar
veight of 28000 g/ID01 vith a polydispersivity of 2.58.

Lanqauir aon01ayers vere .pre.ad.nd .ubsequent1y transferred
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onto .011d .ub.trat •• u.lng a ~SV 5000 .y.t.m hou••d ln e el••n
rooa. fte 1M end HW frectlon. of po1y(o- ••toxyeni11ne) Vhich v.r.
pr.viou.1y ••parete«! by GPC ver. di••o1v.d 1n RPLC vrede
ch10rofon (conc.ntretlon betv••n 0.2 to O•• 1MJ/.1) end en
e1iquot of 100-300 _1 v••• pr••d onto the v.ter .ubph •••. Ultr.
pura vat.r ve. obt.ain.d froa e lIil11-.0 60 .y.t_ f••41"9 e
lIi11i-o Plus .y.t_. The vh01e .y.ta. froa lIi111pore eoapri.es
rev.rae o.aosi., earbon and 10n .xehange e.rtridg.s, fo11owed by
further polishing Organex-Q end V.V. fi1tera. A .hort period of
tiae (approxiaate1y 5 - 10 .in) v.s e110ved for the ehlorofora
to evapor.te from the l.yer before eoapr.ssion. A typieal .-AV-A
isothera vas perforaed as follovs! the aonomoleeul.r film vas
eompressed continuously at • apeed of 25 .m/ain belov vhich no
differenee eould be deteeted in the ahape of the isotherms. Above
25 _,ain the aonol.yers tend to present a a.aller area per
.oleeule, the .ffect lnereasing 1n aaqnitude as the apeed of
barrier eompression is inereased. During eompression the aurfaee
pressure and surfaee potential vere measured simultaneously while
the position of the barrier gave the aean area per moleeule. The
surfaee pressure vas aeasured vith a Wilhelmy plate to an
aeeuracy of approxiaately 0.1 .aN/m and the aurfaee potential vas
obtained vith a Xelvin probe to an accuraey of approximately 10

aV, both 1nstruments provided by ~SV.
Lanqmuir-Blodgett filas vere deposited on glass slides vhieh

vere prepared aecording to the following procedure:
- immersion during 5 mino in • eoneentrated solution of KOH,
- cleaned for 5 ain. ln coneentrated chromie aeid,
- rinsed vith eopious quantities of ultra pure vater.
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- dri.d by blowing dry nitrogen onto them.

m. ResuJts and Discussion

P19. 4 and 5 ahov t.he .-AV-A 1aotheras for aonolay.ra
obtained froa the Iov (LW) and hlgh velght (HW) fraetions of
poIy(o-aetoxyanlline), r••peetlvely. The aean area par .ol.eule
vaa •• tiaated by taking .oleeuIar ve19ht. froa the CPC resulta,
1.e. 500 for the LW and 28000 for the HW. As one could expeet
from t.heco.plexi ty of the fiI.-foraing .oleeules the .-A curves
are reasonably expanded in both cases, t.hough no proeminent
feature appears in eit.her curves. The area per .oleeule for the
condensed .onolayers vas close to 20 Á' (the •••e value for Iong
chain fatty aeids .ueh as stearie acid) for the LW .onolayer,
vhich 1s ai.iIar to the curve obtained by Ando et aI [3] for one
of their alltyl polyanilines. The area per aoleeule in the
condensed HR aonolayer vas approximately 1500 A'. The collapse
pressure vas around 30 aN/m for the LW aonolayer and exeeeded 40

mN/m for the HW monolayer. When left onto the vater surfaee at
a constant pressure, say 10 aN/m, both .onolayers vere very
atable vith less than 10\ of area loss over a period of ti.e of
one hour.

The aurface potential, vhich usually reflects the aoleeular
dipole aoaents [5,6], can only be examined from a qualitative
perspeeti ve. ~V is zero at very large areas per moleeule for both
aonolayers, probably because t.heaonolayers are not aufficiently
atruetured" for the effeetive dieleetric constant of the fila-
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"at.r 1nterface to be conalderably lover than that of buUt vater.
A. .oon a. the ~n01ayer beco... .tructured, tbla dle1ectric
conatant dropa and a .oaevhat'aharp 1ncrea.e in AV 1. obaerved.
Such a behaviour haa a1.0 been obaerved for phospho1ipid and
f.tty acid .onol.yera (7-9). The abaence of any other aajor
feature 1n t:.heAV-A curve .eana t:.hatany dra.tic .o1ecu1ar
rearrange.ent ia unllkely to have taken place. neae
rearr.ng ••enta are usually .cco.panled by phaae tranaltlona in
w-A .nd .specially in AV-A curves (see (5).

tlehave tried to transfer J..anCJlluir.onolayera of both 1M .nd
HW fractions onto 91ass .ubstrates using the traditiona1 vertical
dipping .ethod. Successful deposition vas achieved for the ~
fraction in vhich Y-type .ultilayers vere deposited vith a
transfer ratio close to 1. Because the film-foraing aolecules
coaprised .ono.er. di.era and octo.ers the LanqJIuir~nolayer vas
not aUfficlently rlgid to prevent a y-type depositlon. Fig. 6
ahows a Scanning Electron Micrograph (SEM) for a 7-layer LB film
vhich shows a large number of defects (or pores). Hence, though
the deposition vas successful the resulting films vere
nevertheless non uniforme

Very poor aultilayers vere produced for the tnt fraction vhen
the vertical aethod vas employed. The transfer ratio vas only
around 0.3 and the deposition vas not uniform, .nd this aay be
explained by the rigidity of the .onolayer. It is • cOJUlon
feature of preforaed polyaer Langmuir .onolayers tbat they are
too stable on the surface and cannot be transferred onto a solid
substrate. It vas then tried the horizontal lifting .ethod for
this HW fráction vith vhich .ultilayers could be successfully
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depo.it.d.
The u1tra-thin fi~ froa th. BW fraction obtained by th.

horizontal lifting technique ahoved a .uch .ore co.pact texture,
vithout the por•• obaarved in the 1M L8 fi1•• , a. can be .e.n in
th. SEM .1croqraph of Fig. 7 for a fi1. vlth • 1ayer •. Tb •• o.t
likely axplanation for thl. experl.ental flnding i. that th. HW

.onolayer, belng .uch .ore coapact than the LW one, foras por.-
free fil.s. Jt .u.t be .tr••••d that bydrophobic aubatrates are
normally employed 1n the horizontal 1ifting .ethod, because 1t
i. th. hydrophobie part of the .oleeuIe. that at1ck. onto the
.ubstrate. Surpri5ingl)", the HW .onolayer& could be deposited on
hydrophilie 91a&& 51ides vhich probably .ean& that hydrophi11c
parts protrude trom the vater .urfaee alloving deposit1on on the
5ubstrate. This 1s not unI iltethe eonden&ed .onolayers of bipolar
compounds in vhieh a bydrophilie group i5 located at the
.ono1ayer-air interface thus toraing Z-type .ultilayer& [10,11].
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FIGURE CAPTIONS

"ig. 1 - General "onula of conductive polyaniline vhere y

repre.ents the oxidation .tate ("ro. ref. (12))
"ig. 2 - Gel-Peraeatlon Chroaatoqr •• of • YHF aolutlon of the

ba.e fora of poly (o-.etoxyanillne). (l~ .olecular
vei9ht fractlon)

"ig. 3 - Gel-Peraeatlon Chromatogram of a NMP-LiCl 0.5' (w/w)
ao1ution of the base fora of poly(0-.etoxyani1ine).
(high veight fraction)

figo 4 - Pressure-area and 5urface potential-area isotherms for
a Lang'lDuir.onolayer of the LW fraction of po1y (0-
.etoxyaniline).

fig o 5 - Pressure-area and surface potentia1-area isotherms for
a Lang'lDuiraono1ayer of the HW fraction of po1y (0-
aetoxyaniline).

figo 6 - Scanning Electron aicrograph of a 7-1ayer LB fi1m of
the 10w weight fraction (LW) of pOly(o-aetoxyaniline)
deposited using the vertical dipping aethod.

figo 7 - Scanning Electron aicrograph of an S-layer film of the
high weight fraction of poly(o-aetoxyaniline)
deposited through the horizontal lifting .ethodo
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ABSTRACT

The plate current for ne9ative corona 1n a corona triode is
observed to become positive and saturate at a value I. when
the 9rid is biased positively and the point-to-grid distance
is less than 15 mm for corona currents of up to 60 ~A. The
saturation current, I., decreases exponentially with
increasing point-to-9rid distance and this strong dependence
appears to indicate that the current is linked to those high
energy (hot) electrons which survive attachment, and are
capable of ionisin9 molecules below and in their way to the
grid. Simple calculations based on a theoretical model for
hot electrons sho.•.•' that their energy is suff icient for
causing such an ionisation. We show that I. may be written
approximately as the product of thc corona currcnt le' an
exponential function expressing the mentioned decrease of the
eletronic current with the point-to-grid distance and another
function which is related to the ionisation efficiency. This
efficiency depends strongly on the point-to-grid potential
difference, on the grid transparency and, to a lesser extent,
on the diameter of the grid wires. Even though li appears not
to be related to the ionic component of the corona current,
its current density distribution over the plate area is not
far from a Warburg-like law which is characteristic of the
ionic distribution in corona dischargcs. This inverted
polarity current can a1so exp1ain surface charge decay
measurements presented in the literature for polymer samples
treated in a corona triode when the 9rid was counter-biased
~ith respect to the corona source.
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I. Int roduction

The corona triode JIIethodhas been extensively applied to
the poling process of highly insulating and ferroelectric
polymers (1). The triode consists basically of a coro na
point, a metallic grid and a metallic plate (sample holder),
where the grid is used to control the charging process, being
biased accordingly. The constant current versions of the
triode (2), in particular, have proved useful in the study of
the chargc transport and storage phenomena in electrets
[3,4], promptly indicating charge injection and providing a
simple boundary condition for the study of the transport and
polarization equations. In alI arrange~ents, it is assumed
that the charging current always has the polarity of the
corona. However, it is shown here that an important exception
exists for negative corona when the point-to-grid distance is
small anà the grid is biased positively.

Performing plate cu~rent-grid voltage measurements in
the absence of a polymer sample, the possible causes for this
inversion are discussed.alongside with its dependence on a
number of parameters of the corona triode. The motivation for
this work carne from the results presented by Dias et ai [5]
who studied the surface potential decay of negatively charged
Teflon FEP sarnples. This decay could not be attributed to
charge injection into the sample buH:, as it had been
suggested for other polymers [6-9], but rather be accounted
for if positive ions generated below the grid reached the
sample. These ideas are discussed more fully in Section 4.
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2. Experlmental Details

The corona triode, shown schematically in Fig. 1,
consists of a stainless steel corona tip, P, a nickel-chrome

grid, G and an aluminum plate, PL, 6 cm in diameter. The tip

is attached to a holder which makes it possible to adjust the

point-to-grid distance, d, to an accuracy of 0.1 mm. The high

voltage supply, Vc' 1s connected to the point generating a

corona discharge in air, and the grid is biased positively by

means of a high voltage supply, V,. The grid-to-plate

distance, L, could also be adjusted. Plate current versus

grid voltage measurements were undertaken for negative

corona, for point-to-grid distances between 3 and 1S mm. The

optical transparency of the grid, T" and the grid wire

diameter, ~, were also varied. T, is defined as the ratio of

the void to the total area of the grid. In &ost cases the

grids were home made f~om wires parallely arranged but the

results obtained withgrids made with the same wires and with

the same transparency but in a rectangular array were

practically the same as those with the parallel wires. The

radial distribution of the plate current density was measured

by using metallic apertures (concentric with the point) of

different diameters which were placed in contact, underneath

the grid. The aperture prevented any current from reaching

the plate, unless the carriers passed through the aperture.

Then the plate current measured for different aperture

diameters can yield the current distribution over the plate

area. In ali but one case, the tip radius, rp' was O.08mm.

"'S-E-R-V l-Ç~O-::-DE=:-' "::"fJ 7'J~ri:"7"L-;";j U~'I~l EC .~,--E' 'Ti- J ;,
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AlI measurements vere carried under room conditions of

temperature (- 23'C) and humidity (- 60\).

3. Results

Fig. 2 shows the plate current vs. grid voltage curve

for negative corona which was obtained unde r a constant

corona current, I, ~ - 10 ~A, point-to-grid distance, d - 4

mrn, grid transparency, ~ ~ 0.81, and grid wire dia~eter, f

== 0.05 mrn. As one can see, when the grid voltage. V" is

null, the plate current, Ir' is still non-zero due to the

negative ions dragged towards the plate by the corona wind

[10]. As V, increases rernember that it has opposite

polarity to the corona voltage, V, - the negative current Ip

decreases continuously, crossing the Ip = O line and changing

its sign to positive. Above a certain value of V" Ir reaches

a saturation value, hereafter named 11' and remain co~stant.

15 is much smaller than the current for V~ = o.
In order to investigatathe behavior of this saturation

current, the various pararneters involved in a corona triode

were variedo In particular, 11 measurements were obtained for

varying corona currents, point-to-grid distances, values of

the optical transparency of the grid, grid wire diareters,

different grid patterns, and two different corona points o

Fig. 3 to 7 give representative results where the conditions

for each measurement are stated, and where only one pararneter

a time was variedo 11 is seen to increase with the corona

current Ie (Figo 3), and decrease sharply with the point-to-
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grid distance, d, (Fig. 4) even though it was found to be
independent of the grid-to-plate distance, L, (not shown
here). In fact, I, varies exponentially with d, as will be
shown later. Fig. 5 shows how I. depends on the optical
transparency of the grid, Tr, whi le in Fi9. 6 Tr was kept
constant but the wire diameter was increased which caused I.
to decrease. In the results shown in Fig. 2 to 6 the tip
radius was 0.08 mmi measurements were also carried out!~ith

f'
a much thicker tip, rr = 0.3 mm. Fig. 7 shows I, as a function

of Ie for the two tipsi the voltage required for the same

corona current being some.hat higher for the thicker tip and,
as will be seen later, this explains the difference bet.een
the results with the tips.

The current distribution in the region of the grid vas
studied as described. The experimental results were found to
stay not far from the Warburg distribution. Fig. 8 gives the
integrated current as a function of the radius of the circle
whose center is the vertical projection of the corona point,
and also the integrated'current corresponding to the Warburg
distribution [11).

4. Discussíon

We have shown that the plate current in a corona triode
mal' have opposite polarity to the corona current.
Understanding the results displayed in Fig. 2 is fundamental
for an analysis of the mechanisms involved to be made. First
of alI, if ions were dragged only by the action of the
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electric field, then at V, - O, the plate current, Ir' should
be zero. However, ions are dragged towards the p1ate a1so by
the corona wind and by the effect of the penetration of field
lines below the grid (10), causing a non-zero current of the
order of 10.10 A for a corona current of 10 ~A, more than one

order of magnitude 1arger than the current I. under
consideration here. As V. is increased (with the polarity
opposite to the corona vo1tage), these ions are prevented
f rom reaching the plate unti 1 it attains a va 1ue V, (as

defined in [10]> for which Ir = o. These effects were already
known for both positive and negative po1arity (10] and Fig.
2 only confirms them.

The new effect to be discussed here is the inversion of
polari ty in the plate current in Fig. 2, when V" was
increased beyond Vr• Since the current now is positive it
must be concluded that there must exist counterions (positive
ions) in the grid-to-plate gap. One possibility is that the
grid itself is emitting a positive corona current. However,
it can be easily verified that grid emission does not occur
by turning off the point voltage and confirming that there is
no plate current. Another possibility would be the ionisation
of air 1Il0leculescaused by collision with excited neutral
mo Iecu Les crossing the grid (for a discussion on excited
molecules, see [12]), but this has also been discarded
because air blown tangentially above the grid - which removes
these excited molecules - has no effect on the saturation
current.

It is believed that ionisation occurs due to the
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electronic component known to contribute to the negative
corona current [13-15). For such an ionisation to occur it is
necessary that the kinetic energy of these electrons be
greater than the ionisation potentials of the t~2 and o,

mo1ecu1es, which are 15.6 and 12.2 eV, respective1y [16J.
F0110wing the theory of hot electrons given in reto (17), the
maximum kinetic energy Em in eV is

..! (!!)I/7À X
2 m e

(1)

where m and M are, respectively, the electronic mass and that
of the air molecule, Xç is the electronic mean free path and

X the (constant) e1ectric field. For Àç ve take 6.3xlO-s cc

derived from the mean value of the cross section for O2 and
N2 given in ref. [18]. Using also a mean value for H, we get

E", (eV) = 7.3xlO-3X(V/cm) (2 )

For fields as low as2xl03 V/cm, Eq. (2) gives values of

approximately 15 eV I ,. confirming, therefore I that the
saturation current may arise from the air ionisation caused
by those hot e1ectrons surviving attachment. Since this
ionisation occurs in the vicinity of the grid, the saturation
current is essentially due to cations there created and the
whole process resembles that occurring in an ionisation
chamber [19J, but with the excitation kept close to the
anode.

lt is known that the electronic component in the
negati ve corona d1scharge Ls proport1onal to the corona
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current (14), and therefore one cou1d expect that the
saturation current, I., shou1d be simp1y proportional to lc
for constant point-to-grid distances, d. However, this simple
behaviour was not observed experimentally (see Fig. 3). This
i5 quite undcrstandable since the ionisation el1iciency
depends on the energy of the e1ectrons, which is grossly
determined by the potentia1 difference between the point and
the grid, ~V (/Vcl + IV,/). The efficiency may a1so depend on
f/l and T, and t.hc-r cIorc thCGC dc-pc ndcncicu o ro ilG:.;cmblcd in il

efficiency factor, f(~,Tr'~)' from .hich

(3)

where a is a constant with dimension of mm-I• This exponential
dependence is verified by plotting 1. vs. d in Fig. 9 and 10

for several corona currents at a fixed T, and several Tr at a
fixed le' respectively. The value of a, approximately 0.45
mm! , was not greatly affected by changing either Ic or Tr•

This value of a may be related to the attachment coefficient,
n. Data for attachment obtained in the multiplication regime
in oxyqen [20] leads to an n of approximately 0.7 mm-) for

fields of the order of 2-5 kV/cm at the atmospheric pressure
which is of the same order of magnitude as the experimentally
determined a.

With reference to previous work on the importance of the
electronic component for the corona current, such a value for
a would yield too strong a dependence on the distance, in
disagreement with the results for the electronic component in
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ref. [14). In the data presented there the electronic
component was surmised to account for - 20\ of the total
corona current when the point-to-plate distance was 30 mm,
and would surely lead an electronic component that is larger
than the corona current itself (which is obviously
unreasonable) if an a = 0.45 mm-'was used for a distance oí

4 mm. Assuming the inferences regarding the electronic
component previously made (14) to be correct, the inescapable
conclusion is that thc eJcct ronc that contributc to t.he
electronic component of the corona current for the large
distances used in reto [14] are not hot electrons, for these
would not be able to survive distances greater than n",

Let us now analyse how the efficiency factor,
f(~,Tr'~V), depends on the various parameters. The increase
in 1, with increasing transparencies sho~n directly in Fig.

5 and also visible in Fig. 10 indicates that f also increases
with Tr, which can be explained as follows. Higher
transparencies mean t.hat.less hot electrons are directly
collected by the qr í d , and thereíore the number of ions
generated in the gr1d-to-plate gap 1s larger. There is a
limit value for the transparency though, as shown by the
decrease in li when Tr reached 0.93 in Fig. 5. lf it is too

large (or conversely, if the point-to-grid distance is too
short), the grid stops from behaving like a metallic plane.
An electronic current may then exist in the grid-to-plate
space since field lines trom the point now reach the plate,
thus decreasing the overall plate current. It should be noted
that in Fig. 10 plots were done only tor Tr smaller than
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0.93.

On the other hand, f(~,Tr,âV) increases for decreasing
values of ~ as seen in Fig. 6 (taken from Fig. 10 for d c 4
mm) , The reason for this is possibly the highcr electrie
!ields prevailing in the vicinity of thinner wires which
causes the hot electrons to accelerate, increasing their
ionising power.

The dependence of f(~,T"âV) on the potential difference
bctween the point and .the grid, ~V, can be seen in Fig. 11
where 15/1~, a quantity that is proportional te f(~,Tf'~V) at
a eonstant d, is plotted against ~V. Fig. 11 was constructed
from the same experimental points of Fig. 7 a~d shows that
the dependence thus found on the tip radius is indeed a
dependence on the potential difference âV. lt is worth
mentioning that the higher voltage required for the ticker
tip for the sare corona current represents a weõy. effect and
was not detected by Lama and Gallo in their .comprehensive
study of the negative corona current in the point-to-plane
geornetry [21).

The closeness of the charge distribution of the positive
current (1,) with that of the Warburg distribution shown in

Fig. 8 appears surprising since one could expect the hot
electron current to be more concentrated around the center
and therefore to increase more steeply. lt is possible that
the eleetrons, being mueh lighter than the molecules, are
strongly scattered on their way to the grid.

We shall no. turn to the effects of corona treating on
the charge decay of polyrners. The charge deeay in LDPE, HDPE,
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PP and PTrE was studied by Perlman and co-workers [8,9] by
placing negatively charged samples in a corona triode (with
a negative corona voltage) and a grounded grid which removed
alI ions, but allowed neutral .olecules to pass through. A
charge decay was observed and attributed to charge injection
caused by the excited neutral molecules (see, hO\olever,a
discussion in [22J), the decay being much faster in the
central region of the sample than in its borders. When a
strcarn of air '-'asblown tangentially to the face of the
sa~ple the effect practically disappeared. Similar results
\.:ereobtained for polyethylene by Baum et ai [6,7), who
suggested that excited neutral molecules would be capable of
causing ejection of charge carriers trom surface states which
would be injected into the sample bulk.

Dias et a1 [5] also observed charge decay tor negatively
charged Teflon rEP when samples were corona treated (.ithout
allo .••.ing ions to reach t,he sample). However, by using the
heat pulse technique theiwere able to show that the centroid
of the trapped charges .always lies on the sample surface,
thus discarding the hypothesis of charge injection, since
trapping is likely to occur . They then concluded that a
possible alternative ","ascharge compensation due to the
arrival at the sample surface of positive ions. The results
presented here appear to corroborate such a conclusion, for
positive plate currents were measured when the corona point
was negative. Also, the current distribution obeys a
Warburg-like behavior 50 that it is higher in the center of
the gr id. This would cause the charge compensation in a
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polymer surface to be faster in the center of the sarnple,as
indeed has been observed experimentally [5-9J. It is worth
noting that the point-to-grid distance in the experiments
reported in [5,8,9J was always around 10 mm for which our
results have shown that an inversion in the current exists.

An approximate estimate o( the effect of the saturation
current on the potential decay can be made as follows. Taking
a saturation current of 5.3xlO·1I A, corresponding to a corona

current of 50 pA and point-to-grid distance of 6 mID, in 20
mino a positive charge would be deposited on the negatively
charged sarnple sur(ace which would lead to a 212 V decay for
a 12 prn thick sarnple.This value agrees well with the 250 V
actua lly measured under approximately the same conditions
(from Fig. 8 in [5]). FoLlowinq the same procedure I one
obtains a decay of 350 V for the actually measured 450 V in
Fig. 7 in ref. [5]. It is concluded, therefore, that the
effect of the saturatitin current is indeed significant and
rnay be responsible, part í et Jy at least I for the surface
charge decay reported in the experiments mentioned above.

5. Conclusíons

We have shown that the plate current in a corona triode
can be made positive for negative corona, provided that the
point-to-gr id distance is smaller than 15 mm (for corona
currents of up to 60 pA) and the grid is biased positively.
The positive carriers that reach the plate are assurnedto be
ions which were originated from the gas ionisation caused by
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hot electrons that pass through the grid. Simple calculations
based on a theoretical model for hot electrons showed that
their energy is sufficient to bring about such an ionisation.
The dependence of the saturation current with the point-to-
grid distance gave results which were consistent with data
obtained in electron attachment. The invcrtcd polarity
currcnt can also explain surface charge decay measurements
presented in the literature for polyrncrsamplcs which were
corona treated.
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FIGURE CAPTIONS

Fig. 1 - Experimental Setup. Ic and Ip are ammetersi V, and
V, are powcr suppliesi PL is the lI\easuringplate, G the

lI\etallicgridi P the corona tipi d the distance between the
tip and the grid and L the distance between the grià and the
plate.

Fig. 2 - Saturation Current, I., versus gr id voltage, V,.
Experimental Conditions: I, = - 10 ~A, d = 4 mm, L = 4 mm, Tr

= 0.81 and ~ = 0.050 II\m.

Fig. 3 - Saturation current, I., versus corona current, Ic.
Experimental Conditions: V): = ~ 400 V, d = 4 mm, L = 4 mm,
T, = O. 87, ~ = o. 07 5 mm ,

Fig. 4 Saturation current, I., versus point to grid
distance, d , Expcrimental':Conditions: I = - 30 ~A V = + 400c , I

V, L = 4 mm, T, = 0.87, ~ = 0.075

Fig. 5 - Saturation current, I., versus the optica.l grid

transparence, Tr• Experimental Conditions: Ic = - 30 ~A, d =

4 mm, L = 4 mm, ~ = 0.075 mm.

Fig. 6 Saturation current, I~, versus the grid wire

diameter, ~' Experimental Conditions: Ic = - 30~A, d = 4 mm,

L = 4mm, Tr = 0.81. Data taken trom Fig. 10.
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Fig _ 7 - Saturation current, I" versus corona current, Ic'
for two different point radius, rp - 0.30 and 0.08 mm.

Fig- 8 - Plate current distribution over the plate area,
curve I. Also shown 16 the curve 11 that i6 expected for a
Warburg-like distribution.

Fiq. 9 Saturation currcnt, ]~' vcrsus point to griu

distance, d, for several difterent corona currents Ic. Tr =

0.87 and ~ = 0.075 mm.

Fiq. 10 Saturation current, I" versus point to gr id

distance, d, for several different grid transparencies, Tr,

and grid wire diamcters, ~, at a tixcd l~ = - 30 ~A. Note
that for the same ~ there are 3 values for ~, without a~y
major change in behaviour.

Fiq. 11 - I,/Icversus t~e potential difference between the

point and the grid, IlV = Vc + V,., for two different point

radii, rr = 0.30 and 0.08 mm, taken trom the same results of
Fig. 7. Note that a single dependence for the two tip radii
i6 observed.
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LIST 014' SYMBOLS

I, c corona current

Ir c plate current

1. c saturation current

V, = corona voltage

V, = grid voltage

~v = potential difference between the point

and the grid (V, + V,)

v, = counter grid potential at which Ir = O

d = point-to-grid distance

L = grid-to-plate distance

~ = grid wire diameter

rr = point radius

Tr = optical transparensy of the grid

f (rr,4I,Tr,Vc) = Lon í sat Lcn efficiency

a = constant with dimension of mm-I

•••

P = corona point

PL = metallic plate

G = grid



. ,

.-;",:: .: 1-
( :.

1
-- C0 --_.-

p _._--,

Id..I~~~------------t L _

"g ~ +

-11
10

<1

n
H•.
t--,
.:..

" '7 L_ o•....
n:

t· :J
l)

W.-
<1
-1
D-

-11
-10 o

,/,.
I

, . I

/

100 200 300
GRID VOL TAGE, Vg (V)



... " .

- 600<l
Q.-

,--r _-'\
(

~
Z 400
w
n
11
:.J
U

-o 200
..--
<l
Q:'
::-:1
t -
·1(/) O

O 20 40 60 80
CORONA CURRENT, 1 c (fJ A)

I I
,/ /

•
150<l.

Q

CI)

H

~
Z 100w
a:
a:

I =>
l- U, I r . 1

",-
Z,
O 50-~
<l
a:
~
.--<t
(/) O

O 5 10 15

POINT TO GRID DISTANCE, d í rnm l



. ,

<l
1.0

c-Cf)

H

t-
Z
w.- a:. I .j . . o:::

0.5, . '- ::>
U.
a-

o
t-
e:(
o:::-
::>
~
<l
Vl O

0.80 o.as U.9U Ú.9!> I.úú

TRANSPARENCY, T r I

100
<l
Cl.

&I)

H

-- i •.t .

~
7 80
LJJ
a:
o:::
::>
u
:z
O 40
~
e:(
u.
::>
J-
e:(
V) O

O

.;
Ii

/:

0.05 0.10 0.15 0.20 0.25
GRIO WIRE OIAMETER, ~ (mrn l



250
c:t' • rp : 0.30 mm
D.-11) ?OO : 0.08 mmH • rp...-
2
W I !>Ua:

I .) 7 Ir
::J
U

z 100
o
. -
~
<t
Q: 50~
~
<l
li')

O
O 20 qO 60 80

CORONA CURRENT, Ic (~A)

I ,
/:' '-

..
30

~
n li
D.

H 20...-
2

r W
o:
c
='u 10
li.l

t
<l
. Io.

O I I
O 2.5 5.0 7.5

RAD/US (mm l



500

Tr=O.87

4> = 0.075 mm
«-1
n-lI)

100H

t-
2
W

50o:
.L -r rr

=': I 1- - U

i '7
l'

I
.:1.
u.
- \

10•rl
V>

,
5

o 4 8 12

POINT TO GRllJ lJISTANCE, d Imrn )

I i I



50
,<.. • rp =0.30mm

o 40 • rp = 0.08 mm.....
.J 30<l

I~J' J 1 -<L.

o.• f-- 20
Q
l"
U
O 10o:o,

O _._L ____. I
3 5 6 7

IlV (kV)

, I

100
I c : 30 tJA 4> Tr

o 0.225 O 10

50 • 0075 0.81

O 0.225 O 77
«.l
a. O 0.075 o.s 7

\." • 0.225 0.82
H + 0.225 0.81.- X 0.050 0.81Z
W 10o::
II,
U

)0 - 5~, I o

I -t-
<t
0::-
='•~.J.
V>

o 4 8 12

POINT TO GRID DISTANCE, d í rnrn l

I

I



INfGMU IIt-ILOPGm llLM 2l POLI( o-MJ 11DJIII)

D.GONÇALVES, a.N.FARIA, O.N.OLIVEIRA JR. 8nd J.8WORA~OWS~11
In.tituto de ri.ica • Qulmlca de Slo Carlo.,
Univer.idade de Slo Paulo
13560 Slo Carlo., S.P. - 8razil

ABSTRACT
LB filma have been fabricated by tranaferring poly(o-aniaidine) (PO~)

monolayers from apure water 8urface onto 91asa 8ubatrates using the conventional
dipping method. The chemically 8yntheaized poly(o-aniaidine) conaiata of two
fractiona, one containing mainly octamera and another of high molecular weight
(around 28000 9/mo1). The low weight fraction forma condenaed Langmuir mono1ayer.
which are anchored to the water .urface through one .ingle 9rouP, probab1y the
Uletoxy-&niline, yielding an area per IDOlecule of ca. 20 A2. The lrIolecular
configuration in the high-weight fraction monolayers appeara to be auch that one
in each four or five 8egments of the polymer chain makes contact with the water.
UV-viaible epectra were obtained for the HW fraction LB filma which were
identical to those of POA in eolution, changing from dark blue to green when the
film illexposed to Hel vapour. Preliminary conductivity meaeuremente were carried
out on theee LB films ehowing that the conductivity increasea by three ordere of
magnitude upon expo8ure to HCl vapo~r.

KEYWORDS: Lanqmuir-Blodgett films, poly(o-ani.idine)

lNTRODUCTION
Polyaniline derivativea are among the moat inveatigated conjugated polymera

for LB film fabrication owing to their intereating electroactive and
electrochromic propertie8 (aee e.g. (1,2), and especia1ly because 8ubatituted
anilinea are amenable to generate polymera that are 80luble in common organic
801vent8. These derivatives are usually alkyl-anilinea which require the
incorporation of 10ng aliphatic chains into the aniline monomer (3,4). 1n our
work LB films are being depoaited from poly(o-anieidine) (poly(o-metoxyaniline),

'Permanent address: 1nstitute of Organic and PhY8ica1 Chemi.try,
Technica1 Univer8ity of Wroclaw, 50-370 Wroclaw, Poland



h.r.aft.r abbr.viat.d POA) vhich doe. not po••••• a long alkyl tail. So far va
have b.en •• iniy cone.rned vith ••tabli.hing the condition. for obtaining high
quaiity LB filme. Some pr.liminary r••ult. have aire.dy been raport.d in (5),
vhich ar. furth.r .xtended here.

alPERINENTAL DETAIL8
POA va •• )·nth••i~ed by the oxidation of o-ani.idine vith (NH.):SA, followin(jj

the proe.dur. daaeribed in detail in (6,7). The eolid, dark-blue product v••
dri.d during 48 hour. in vacuum, v••hed vith .bundance of 0.1 " aqueou. eolutlon
of ammonia, drl.d agaln .nd vaahed vith t.trahydrofurane (THF) until the fl1trate
beeame coiourl •••. A. vae de.eribed .arli.r (5), the product obtained in .uch a
v.y coneiete of a high .olecul.r welght (HW) fr.etlon of •• an .aleeular weight
.qual to ca. 28000 g/mol. The THF 8olution vaa found to contain •• inly octamera,
ite ••an ~lecular weight amounting to ca. 550 g/mol. Her.after, it vili be
refarred to a. the low moleeular veight (LW) fractlon. Both fraetiona vere alao
found 80lubl. in dichloromethane, chloroform and N-methyl-pyrrolidinone. It
.hould be not.d that the molaeular weight. deterained by the CPC lbethod are
averaged and, to eorneextent, uncertain. The average areas per moleeule obtained
from the w-A curves can, therefore, be taken only a8 approximate values.

The etudia. on Langmuir monolayer. and depoaition of Langmuir-Blodgett (LB)
filmB vere carried out employing • ~SVSOOO trough houaed in a claaa 10000 cle.n
room. The ultra-pure vater used in the experlmenta reported in thie paper vaa
obtained fr~ a Millipore aystem deBcribed in more detail in (5). It has been
recognized that trace impuritieB in the eubphase can cauae large variationa in
monolayer ieothermB (8). In our case, independent ~aBurementa of preeaura-are.
(w-A) and eurface potential (~V-A) ieothermB of fatty acid monolayera yielded
resul ts in good agreement vith those published in the literature (8) thU8
demonatrating a very good vater quality.

The monolayera of both LW and HW fractiona were obtained by apreading
aolutions in appropriate BolventB (dichloromethane cr chloroform) over the water
.urface and a1lowing for the evaporation of the ao1vent. The LB films of POA vere
deposited onto glass eubBtratea c1eaned using a proeedure deBcribed in (5) and
vhere the conventional vertical deposition method vas employed, the dipping .peed
being 3 mm/min. During deposition, the .urface pre.aure vas kept at 10 mN/m for
the LW fraction. The eame preBaure was maintained during most axperimenta with
the HW polymer; however in aome experiments higher pressurea (up to 20 mN/m) were
uaed.

The electrical measurementa were carried out ueing a aimple two-electrode
eurface configuration, with evaporated Au atrips as electrodeB. The currents were
measured with a Keithley 610C electrometer.

RESULTS ANO DISCUSSION
Preaaure-area ieotherma are .hown in Fig. 1 for Langmuir monolayera obtained

from dichloromethane 801utione of both LW and HW fractiona. Theee curve. are
essentiaUy the .ame as thoae reported in (5) for chioroform eolutiona. The
reaSon why we deeided to use dichloromethane ia that chloroform .01utiona were
found to be unatable when .tored for a certain period of time. Though freBhly
made aolutiona in both eolventa axhibit identica1 propertiaa, we hava ob.erved



change. of colour of th. chloroform .olutione C.ven etored 1n the r.fr1gerator)
occurring ",1thin a f.", daye. No .uch .ffect ",ae obeeryed 1n d1chloromethane
eolut10n ••
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•.1'1. 1. Preeeure-areA (,,-A) 1sotherms for (a) LW Lanqmu ir monolayer, Cb) HW
Langmuir monolayer.

The (,,-A) i8other&s shown in Fig. 1 were ~aeured at the compresaion epeed
of lmm/min, much lower than that ueed previouely (5l. In our previoue
communication [5J we reported that the iaotherms were undia~inguiahable for the
compreesion 8peeds lower than 25 mm/min. Thia is indeed true eufficiently far
from the collapse region. We found, hówever, that cloae to the collapee preaaure
the etability of the menolayera critically dependa on the compreaaion kinetica.
Moreover, the films compressed at a low compres.ion epeed to the pr •• eure juet
below the collapae were found to exhibit a tendence of remaining organized after
the externa 1 preaaure had been removed.

The mean molecular area of the LW fraction determined trom the ,,-A ieotherm
was found to amount to ca. 20 Á~, reaeonably coincinding with the croee section
of a polyaniline molecule determined from X-ray meaeurement. (22-28 Á~ [9J). Thus
our reaulte eeem to indicate that the oligomere are organized in such a way that
only a terminal group (probably the metoxyaniline one) ie anchored to the water
eurface. The data obtained for the HW demonBtrate that the mean area ie of the
order of 1000 Á' for the polymer chain. Speculating that the contact area is
again ca. 20 Á~, this meane that, on average, one in each tour or five eegment.
of the polrmer chain aakeB contact with the eubphaee surface, the chain aseuming
a worm-like conformation of approximately 10-15 Á thickness.

The well-known difficulty in depoeiting LB filme from conjugated polymera
ueing the traditional vertical method h.s been attribute:1 to the excesaive



ri;idity of the .anolayer vhich prevented it trem bein; tran.fered onto a .olid
.ub.trate. Jn our earlier experiment., for in.tance, we did not .ucceed in
depo.iting LB filme from the HW fraction u.ing the vertic.l dipping; the tran.fer
ratio w.a alw.ya 0.3 or even lower (.ee (5). H.ving reduced the barrier
compre ••ion and dipping .peed. to ca. 3 ~/min, we were able to tran.fer .om.
~onolayer. with a tran.fer r.tio clo •• to 1. The.e LB fil~. vere obtained by
.tarting the fir.t depo.ition with the .ub.trate alre.dy u..r.ed into the
.ubph •••. However, in th••e c••ea th. tran.fer ratio. during dovn.trokea were
negativa or at the beat _qu.l to E.ro. Jt .hould not be 1.ft unm.nt1oned th8t 1n
.ome experiment., perfor.ed und.r apparent1y .lmilar conditiona, the tranat.r
ratio. of th. up.troke. vere .l;niflcantly le.a than on. (0.5-0.7), while the
tranafer ratioa of th. downatroke. ver. no 10nger a.ro, lncr.aaing to c•. 0.3-
0.5. It ••em. that when depo.itlon waa .ucc••• ful, I-type fll.a ver. obt.in.d ln
which depo.ition occurred only in the upatrok.a, probably becaua. th•• ub.tr.t.
remained hydrophilie throughout the whole proee•• (hydrophilic ;roupa would
protrude frem the water .urfaee).
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Fig. 2. Ab80rption .peetra of (a) po1y(o-aniaidine) in a diehloromethane
.01ution, (b) 16-1ayer LB film of the HW fraetion. Curve 1 corre.ponds to the
film a. deposited, .nd Curve 2 eorresponds to the film exposed to HCl vapour.

The uV-vi.ible 8peetrum for a 16-1ayer LB film of the HW fraetion, depo8ited
uaing the vertical dipping .ethod, ia .hown 1n Fig. 28. Upon doping the f11m with
HCl vapour for ca. 10 min at roam temperature, the 8pectrum changea eonaiderablYi
the absorption elearly 8hifta from blue to green. Thia oecurs owinç to oxidation,
a proceaa that haa been .hown to be rever8ible (10). The .pectrua for the aa-
depoaited fi1m ia identical to th•• pectrum of poly(o-aniaidin.) in 801ution (a••
Fig. 2b). We al.o carried out preliminary meaaurementa of the electric
conductivity of the POA layera and their changea during expoaition to Hel and NHJ

vapoura. The .pecific conductivity of a.-depo.ited layer. (calculat.d ~ain9 the



monolay.r thickn ••••• t1mat.d froa th. fold.d .tructur. of POA chain. put forward
abov.) va. found to amount to ca. 10' Do'emo', in a r.a.onabl. aç,r••ment ",ithdata
obtained for the emeraldine form of polyanilin. (11). !xpo.ur. to Va••ou. HCI
r••ult.d in an incr.a.e of the conductivity by thr.e order. of .aç,nitud•. Thi•
• tt.ct could be partially r.v.r.~ by a .ub••qu.nt .xpo.ure to NH, vapourl the
followinç, decr.a.e of conductivity ",as, however, .uch .maller (ca. 1 order of
.aç,nitud.), and th. r.v.r.ibility of th. proc••• could be attain.d only aft.r
••veral repetitiv •• xpo.ur•• to HCl and NH,.

r ll1AL aJ:MAIlKS

w. hav. obtain.d Langmuir-BlodCjlettfil•• of poly(o-ani.idin.). A fold~-chain
.tructur. of the film. ",a. propoeed. 80th UV-vi.ib1e epee::traand elee::tric
conductivity of POA filma r.a.onably aCjlree",ith the re.ult. obtaine-d for
polyanlline.
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Abstract

Pol)'(vinylidene fluoride/trifluoroethylene) copolymers of different

aolar ratios in the range betveen 60:40 and 80:20 have been atudied

by thermally stiaulated processes. viz. the~ally sti~ulated

depolarization current (TSDC), theraally stiaulated current (TSC),

differential scanning caloriaetry COSC), and by dielectric constant

measurements. The results obtained show unequivocally that a

ferroelectric-to-ferroelectric phase transition exists for 70:30

and 75:25 copolyaers, in addition to the vell-ltnown

ferroelectric-to-paraelectric transi tion vhich was already observed

in alI copolymers.

1. lntroduction

The copolymers poly(vinylidene fluoride/trifluoroethylene)

P(VOF/TrFE) are today the best examples of ferroelectric polymeric

materiaIs. In addition to exhibiting ferroelectric hysteresis
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phenomena (1] and the .witching effect [2], in the .ame vay as the
,-p01yviny1idene f1uoride hoaop01yaer, they u.ua11y .1.0 di.p1ay a
f.rro-to-paraelectric phase transition (3,4]. 8ased on X-ray
diffractlon data, Tashlro and ~obayashi (5] and Tanaka et a1 (6]
have aU9gested that two ferroelectric phases coexist below the
CUrie teaperature, .nd therefore in thia case two phase tranaitlons
auat be observed vhen the copolyaer ia heated. In thia vork ve ahow
unequivocally the .xiatence of two phase transitions indicated by
the appearance of two peaks in thermally stiaulated depolarization
conductivity (TSDC), theraally atiaulated current (TSC),
differential scanning calory.etry (DSC), and dielectric constant
aeasureaents for the copolymers 70:30 and 75:25, vhile only one
phase transition appears for the copolyaers 60:40 and 80:20.

2. Experimental

P(VDF-TrFE) samples vere produced by pressing pellets of
copolymers of 4 different VOF aolar ratios at 200'C and quenching
them to room temperature. The pellets of the copolymers 60: 4O,

70:30, 75:25 and 80:20 (Le. 60, 70, 75 and 80\ of VDF) liere
purchased from Atochem (France) and used as received. The samples
vere approximately 50 ~m thick and 5 CE in diameter and liere
cleaned vith aethyl alcohol. For electrical aeasurements
rectanqular electrodes (1.0 x 2.0 em') aade from evaporated
aluminiUE (50 to 100 nm thick) vere located in the center of the
sample. Before the TSDC and some DSC and dielectr ic constant
aeasurements, samples vere poled for 20 ainutes at 75'C liith an



.l.ctric field of 3S0 tv/c•. The t••per.ture rete u.ed 1n the TSDC
ae••ur••enta vaa O.I·C/.in, vhile for t.he h.ating end cooling
proc..... 1n the DSC ae••ur.aenta t.he reta va. 20·C/.in. AlI
.e ••ur••ent. ver. conducted froa roo. t.aperature up to around
140·C 1n order to avoid t.hecopolyaera .elting point.

3. Results

3.1 Y80C &Da Y8C •••• ur••• Dt.
Fig. 1 presents theraally atiaulated depolarization current

(TSDC) on aamples of the 10:20, 7S:2S, 70:30 and 60:40 P(VDT/TrFE)
copolymers. The sa~ples had been previously poled by applying an
electric field of 350 kV/~ during 20 ain. at 7S·C. 1n the 75:25
and 70:30 copolyaers two peaks are observed vhich have been naaed
Peak A (lower temperature) and Peak B (higher temperature). The
Peak A is rather broad and is ahifted towards laver temperatures as
the contents of VDf is increased, while on the contrary, Peak B is
much sharper and is shifted towards higher tezperatures with the
increase in the VOF contents. The 80:20 copolyaer displayed only
the Pea~. A ever. though another peak seemed to be appear ing at
around 130·C. The 60:40 copolymer, on the other hand, displayed
only the Peak B. 1n a11 cases a noise appeared whose aaqnitude
increased with increasing temperature up to the vicinity of Peak B,

it then started to decrease until it completely vanished after Peak
B. Such a noise vas found to be due to electrode vibration induced
by air circulation from a fan used to uniforKize the temperature
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di.tr1bution inside the evenr 1t diaappear.d vhen the f.n v.s
.vitched off. When the .a.ples vere .ubaequent1y coo1ed to rooa
temperature no current vas detected. It .hou1d be aentioned a1.0
that 'rSDC .ea.ur ••enta vith unpo1ed .a.pl•• failed to .hov any
.eaaurable curr.nt.

Theraal1y .tl.ulat.d current (TSC) ••• aur••enta on the 70:30

and 60:40 copolyaer. under an applied f1eld of 50 kV/ca are .hown
1n Fig. 2. 8ecauae of the applied f1e1d, the total 1ntegr.ted
charge under the peaks is .t least tvo orders of .agnitude hlgher
t.han 1n F19. 1. Note that no noise 1s observed 1n t.he curves,
possibly because any noise auch as t.hat of Fig. 1 vould not have
been detected in the .uch higher scale used for .easuring the TSC
currents. As before, t.he70:30 aa.ple di.played tvo pe&ks (A and B)

vhile t.he60:40 displayed only one (B), t.hepeaks appearing at the
sa.e t.e.peratures as 1n t.heTSDC curves of Fig. 1. Upon cooling the
.a.ples, .till under the applied electric field, t.be .easured
currents are much smaller and the peaks are ahifted t.owards lower
temperatures (as explained later), as sho.~ in Fig. 3. They are now
named peak A' and B' for the lower and higher te.&peratures,
respectively.

3.2 DSC •••• ur_.llt.
Differential .canning calorimetry (OSC) theraoqrams during

heating measurements are shown in Fig. 4 for unpoled P(VOF-TrFE)
.amples containing, respectively, 60, 70 and 75' of VOF. The shape
of these OSC diagrams is similar to t.he TSDC curves presented in
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Fig. 1. 80th Peak A and Peak B are a1ao preaent 1n the DSC curves

for the 75:25 and 70:30 copolyaer., vher.aa the curve for the 60:40

copolyaer diaplays only Peak B. When DSC aea.ur •• enta for the 60:40

and 70: 30 copolyaera ar. t.aJt.ndur1ng the coo11ng proc ••• of t.he

aa.ples, resulta that are ai.ilar to the coo11ng aeaauraaenta of

Fig. 3 are obtained (.ee Fi9. 5).

,., Dl.1ectrlc oonataat ••• aur ••• nta

ln l"i9S. 6 and 7 .easureJlenta are .hovn of the dielectrie

constant at 1 kHz for t.be 60:40 and 70:30 copolyaer fil.6,

respectively. ln both fiqu.res results are .hown for poled and

unpoled samples, from vhich one can see that the die lectr ie

constant is consistently higher for the unpoled sa.ples. Also, for

the poled films the peaks vere shifted towards hi9her temperatures.

Measure.ents vere taken botb at t.he heating as vell as the 0001ing

process of samples. Though not as clear as in t.heprevious figures,

it can be seen that two peaks appear in the curves for the 70:30

sample whereas only one peak i6 present in the curves for the 60:40

samp1e. During the cooling proces6, the peak6 vere shifted towards

lower te~peratures.

4. Discussion

'There are two .ain .echanisJlls which can yield theraally

stimulated currents in ferroelectric polymers. 'The first one i6

related to either the orientation of the dipole6 (so-called
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polarizatlon) or the depolarlzation proceas vhen the dipoles in the
f.rroelectric cryatallltes lo.e thelr orientation or are even
destroyed. Theraally atI.ulated current. arIalng fro. this
~chania. vIll be obaerved if a blgh electrIc fI.ld 1. cau.l"9 a
reaanent polarizatlon or lf the dipoles ln a pre-pol.d .a.ples lose
their orlentatlon upon heatIng. ~e aecond aechanl •• 1. the r••oval
of apace charge fro. the polyaer fil•. lt i. knovn that charges are
preferably trapped around the f.rroeIectrIc cry.tallltea, vhich aay
be detrapped under certaln conditions auch as vhen the crystalline
part undergDes a phase transltion ln vhich the crystallites are
destroyed. CUrrents due to space charge effects viII be i.portan~
vhen an applied field can drive the charge towards one of the
.lectrodes, or in the case of tbe TSDC .easure.ents if the zero-
fieId point [7] does not coincide vith the center of the sample for
ahort-circuited .ampIes.

The TSDC currents in the paIed, ahort-circuited sa.ples in
Fig. 1 come aostly from depolarization, avie •.that is supported by
the experimental finding that no current was measured while hea~in;
unpoled samples. A small contribution from space charge cannot b€
discarded, though, for charges could have been injected into the
sa.ple during the poling process and trapped in a non-unifor.
fashion [8]. For the auch higher currents observed in the TSC

~asurements on unpoled aampIes (Fig. 2), on the other hand, the
reaoval of .pace charge by the eIectric fieId aust have given the
.ost iaportant contribution. The applied field (50 kV/cm) vas not
sufficient for poling the sample to a significant extent. No noise
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could be detected 1n t.he TSC aeasure.ent. because t.he currents
ar1.ing from t.hevibratlon of t.heelectrode vere t.oo 10w for t.he
.ea.uring .cale .mployed. When t.he.a.ple. vere cool.d, currenta
vere .ea.ured vhlch vere t.hree orders of .agnit.ude ••aller than
t.hose in t.he heating processo These currents could not be
attribut.ed t.o.pace charge as t.heelectric field va •• till applied
as before, and t.heir appearance 1ndicates t.hat .oae poling does
t.a~eplace even at .uch a low applled field.

The appearance of pea~s are related to phase transitions ln
t.hecopolyaer .amples. This 1s best illustrated by the pea~s 1n the
DSC theraograms vhich indicate changes 1n t.he .olecular
conforaation of the material in hand. For the ferroelectric
polyaers, 1n particular, t.hese changes on aolecular conforaation
induce phase transitions of polymer crystalline parts. The analysis
of peaks in the electrical .easureaents is a little .ore involved.
1n the TSOC for poled .a.ples the depolarization process reaches a
maxi.ua .t a phase transition and 50 does the .easured current. 1t
is also known [8) that a large number of charges are detrapped frorr
the regions around the crystallites during a phase transition. The
peaks in the TSC curves (during heating) ",ith unpoled samples,
therefore, are likely to have been caused by the existence of
aaxi.UE rates in the removal of the space charge from the sample.

We now focus on the Peak B which appears 1n the TSDC, TSC, DSC
and dielectric constant .easurements for the 60:40, 70:30 and 75:25

copolyaers. For the 60:40 copolymer, this peak is due to the well-
known ferro-paraelectric phase transition (4), so it 1s plausible
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to assuae that the aame ia true for the other copoly.ers. The noiae
in the TSDC aeasureaenta va. cauaed by the plezoelectric .ff.ct
ferroe1ectric aateriala are knovn to .xhlbit, a. the e1ectrode vas
.echanica11y diaturbed by the air t10w due to the tan inside the
ov.n. (It ia vorth notift9 that noiae in TSDC aeaaur.-enta h.v.
a1r.ady been reported in previoua vorka (9].) Consiat.nt vith the
piezoe1ectric eff.ct, the .agnitude of the nolae incr.aaed vith
incr.a.ing teaperature until the vicinity of P.at •• After P.at .,
the noise disappeared completely vhich indicates that the aa.p1e is
no longer ferroelectric. However, the noise r••ains in the resulta
for 70:30 and 75:25 aa.pIes even after Peat A vhich aeans that
after this peak the .aterial is still ferroeIectric, in apite of
the veI1 characterized atructural pha.e transition. 50, the latter
peat .ust be associated vith a ferro-ferroelectric transition
rather than vith a ferro-paraelectric one. Tbi. indicates that in
addition to the hiqh teaperature paraelectric phase, there exist
two ferroelectric phases (FI and Fa) below the CUrie te.perature.

Of the two copolymers possessing only one peak , the 80: 20

changes froJt FI to FD (peak A) and remains in phase FD unti 1 its
aelting point, while the 60:40 changes froa FI directly to the
paraelectric phase. The 70·:30 and 75:25 copoly.ers, however,
present an interaediate ferroelectric phase, Filo Fiq. e aho••.s
schematically a phase diagram for varying contents of VOF. While
Peak A is shifted towards hiqher teaperatures vith increasing VDF
content, aating it possible for a ferroelectric phase to exist even
at relatively high temperatures the opposite is observed for
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Peak B.
It 1a known that a relatively hlgh electric f1eld applied to

a ~-PVDf aa.ple eauaes a aore effective aolecular p.cking, thus
1ncreaaing alightly the degree of cryatalllnity of the aa.ple. AJ
a eonsequence, a decrease occurs 1n the nWlber of avai1ab1e dlpoles
vhich ean freely follow the aenae of a a.a11 altern.ting f1eld -
auch as the one app11ed 1n die1ectric eonstant .easure.ents.
Therefore, one ahould expect higher dielectric const.antfor unpoled
.a~ples, and indeed this has been eonfiraed by the .easure.ents
ahown 1n Fig. 6 and 7. Moreover, the eloser aolecular packinq of
the poled sa~ples also causes the packing enerqy to increase, thus
1ncreasing the transition temperature and shiftinq the dielectric
eonstant curves to bigher temperatures (see Fig. 6 and 7).

It should be stressed that the peaks observed in a11 figures
eorrespond to first-order transitions, as they vere shifted towards
lower temperatures in the eooling process, and this 110
eharacteristic of first order transitions.

5. Final Remarks

The existence of two distinct ferroelectric phases for the
p(VOr-TrFE) copo1yaers at room temperature vas Buggested by Tanaka
and ~obayashi [6]. According to them, one of the phases vould be
less ordered and would therefore suffer a ferro-paraelectric phase
transition at a lower temperature than the .ore ordered
ferroelectric phase. The formation of these two ferroelectric
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phases vould be associated vith the vay the .aterial i.
cry.talliEed from it•• olten pha.e, in particular vith tbe rate of
the cool ing process. Even atronger evidence for the presence of tvo
ferroelectric pha.es ca.e froa the resulta by Horiuchi et a1 (10)
vho obtained X-ray diffractogra •• at different te.peraturas. They
proposed the appearance of an interaediate ferroelectric pha.e,
betveen the room teaperature ferroelectric phase a.nd the
paraelectric one.

In our vork ve a1so assume that an interaediate phase exista
for the 75:25 and 70:30 copolymer fil.s. Strong evidence in favour
of the existence of an interaediate phase, rather the coexistence
of tvo ferroelectric phases, comes from the appearance of tvo peaks
in the TSC and DSC curves obtained vhile cooling the •.-ples. The
.hift to lover temperatures, vhen compared vith the curves for the
heating process, a1so indicates that the peaks are due to fir.t-
order phase transitions. Ve also conc1ude that the interaediate
phase i6 ferroe1ectric because noise due to the piezoelectric
effect appears in the TSDC curves, even after the phase transition
to the intermediate phase basoccurred.
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rivure CaptioD.

riv- 1 - Theraally .tiaulated depolarization eurrent (TSDC)
.ea.ureaenta for .hort-circuited, eopoly.er .aapIes of
different .olar ratios, 60:40, 70:30, 75:25 .nd 80:20.
The ••aples vere heated .t • O.8-C/ain r.te. Prior to the
.easur ••ents the .aapIes vere poled for 20 ain with an
eIectric field of 300 kV/ca .t 7S·C. The noiae that
appears in the curves is caused by aechanical vibration
of the .aapIe owing to the .ir circuIation inside the
oven.

riv- J - TheraaIIy atiauIated current (TSC) aeasurelDents for 60:40
and 70:30 sampIes under an .ppIied eIectric field of 50
kV/ca. The aampIes vere not poIed prior to the
aeasureaents. The heating r.te vas o.S·C/ain. Note that
the currents are lDuchhigher than those in Fig. 1.

riq. 3 - The S8me as in Fig. 2 but during the cooling processo The
applied field vas also SO tv/ca, but the currents are now
lDuch sm811er than in Fig. 2.

Fiq_ 4 - Differential acanning caIoriaetry (DSC) aeasurements for
60:40, 70:30 and 75:25 sampIes obtained at a heating rate
of 20·C/ain. The sampIes were not heated beyond
approxilllately 140·C in order to avoid their lDelting
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point •

• 19- • - The .a.e a. in Fig. 4 for the 60:40 and 70:30 .aapI •• but
durin; th. cooIlng proc•••.

• 19- • - DieI.ctric con.tant v.rau. T••peratur••••• ur••ent. for
60:40 copolyaer a••pIe., IIlu.trating both the heating
and the coollng proc.s.es (as lndicated by the arrows).
The full curves corresPOnd to a poled .ample (for 20 ain.
at 7S·C under an .l.ctric field of 300 kV/ca), vhereas
the broken curves correspond to an unpoled .a.ple .

• 19- 7 - DieIectric const.nt versus Temperature .easureaents for
70:30 copolymer sampIes. The tu11 .nd broken curves
correspond to • poIed and an unPOled aample,
respectiveIy. The dotted part ln the full curve
corresponds to a range of temperature vithin vhich ve
vere unable to measure the dielectric constant.

Fi; •• - Schematic phase diagram showing the .ppearance of an
intermediate terrQelectric phase for the copolymers
P(VDF-TrFe). The aelting point is above ISO·C.
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Abstract

A critique is made of the use of abstract entities - such as
the fields - in electromagnetism, in particular the need to resort
to imaginary closed circuits when applying Faraday's law. It is
suggested that the direct action-at-a-distance scheme, as proposed
by Ritz and more recently reviewed by O'Rahily, is a plausible
alternative which is based on firm physical grounds. As an
application we show how this. direct action scheme can be used,
without resorting to non-existing entities, to calculate the
potential difference between the two extremities of a aetallic bar
moving in a uniform magnetic field and where the reference frame is
fixed at the bar.
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J. JDtr04uctioD
All of us have got accostumed to the concept of field defined

as follows: we imagine a charge at a given place, find the force -

- electric or aagnetic (this i. a little aore complicated) - that
would be produced on it, divide this force by the charge to find

the field and say that there is that field at the given place. From

then on we speak freely of field, field lines and flux, both

electrical and aagnetic, though we know that these fields become

concrete entities only when acting on a real charge. In the case of

the Faraday's law in circuits with changing currents, one usually

states that changing the maqnetic flux comprehended by the circuit

generates an electric field on it. We even go as far as imagining

closed circuits in order to apply the ·law· of changing flux in

cases in which no such a closed circuit is presente This is the

case (see [1]) when the potential difference between the two

extremities of a metallic bar moving in a uniform magnetic field is

calculated with the reference frame fixed at the bar. We believe

the use of such an imaginary circuit to be physically unacceptable,

and it is in fact a reflection of the problems in the definition of

the electromagnetic field as an abstract quantity. We strongly feel

that better solutions should 'be sought.

For those who do not feel entirely comfortable with dealing

with abstract quantities only, there is an alternative sche.e in

which the induced electromagnetic force (e.••f.) of the Faraday law

is proved to result from an extra interaction between the charges

derived from the fact that they are being accelerated. This has
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been shown by W. Ritz (2) and .ore recently by O'Rahily (3), by

including retarded effects - vithin a jcertain approximation -

ariaing from the velocity and acceleration of the charges in

aotion. Using this procedure the induced •.•. f. ia correctly

derived from the accepted Maxwell's equations, but vithin the

perspective that Weberhad previously uaed to explain the Faraday's

la •• based on a .odified CouloJllb's la ••. We firaly believe this

latter .xplanation should be 9iven preference vhen compared vith

the one using flux variations, in particular because it is based on

(presumed) physical enti ties. This does not .ean that we are

advocating that fields should never be used, as they are

mathematical tools that can be extremely useful in a number of

problems.

In this article we show ho.. the direct action-at-a-distance

scheme, which modifies the Coulombinteraction to take account of

velocity and acceleration terms, can explain the appearance of

forces in that above mentioned si tuation requiring the use of

imaginary closed circuits. The problem is presented in section 11

and in Section 111 we undertake the task of solving it by the

direct action method. A brief co•• ent is also made on a recent

statement by Sharma [4) who 'elaias that, in order to solve the

Feynman's disc paradox [5), one has to use field ideas even for

static situations.
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11.The Problem
i
"

~ ,

The teaching of tarrdaY'a law ia coamonly illustrated with an
exerciae vhich condita\ in calculatinq the potential difterene.

between the two ends IOfia metallic bar that moves in a constant
: I.agnetic t ield (see Fig.;1). Use is .ade of two reference trames:

!

a) one inertial trame in which the bar .oves with velocity ü, and
another b) that .oves with the bar, and ao it is the aagnet that

i

moves with velocity - ü.'
IIn case a) the \potential difference between the two

extreaities of the bar is calculated by equating the Lorentz force
I

on the charges in the b~r to the electric field brought about by
charge separation, Yieldlng a potential difference AV ~ BLu, where

!

B is the aagnetic field~ L is the length of the bar, and u the
velocity of the bar. In case b) there is no Lorentz force because
the charges in the bar are not moving in relation to the reference
frame. Using Faraday's law, the potential difference can only be

I

calculated if an imag'in.ry closed circuit (shown by the broken
I

lines in Fig. 1) is use~. It is assumed that the magnetic flux
ichanges as part of the ~rea of the "non-existing circuit" moves
I

outside the region of aa~etic field B going to a region where B =
I '

O. The potential differe~ce is then equated to the change of flux
I-(dtjdt), leading equally to AV ~ BLu.

The problem we find in such an explanation is that an
imaginary circuit must be invoked, and physical explanations should
not be supported by imaginary entities. In the next section we
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endeavor to address thia problem from a realiatic perspective, by
using the direct action approach in vhich the electric field of
aoving charges is calculated.

m. Using tbe Direct Action Scheme

The potential difference between the extreJDitiesof a aagnetic
bar (length L) vill be calculated by integrating the electric field
on the bar caused by the aagnetic field of a aoving aagnet (case b)
above). In order to simplify the geometry of the problem ve vill
replace the aagnet poles by an infinite sheet carrying a neutral
current vhose aobile charges have a velocity v. To reproduce the
geometry of Fig. 1, the bar (not shown in Fig. 2) is placed
parallel to the current flow lines, the sheet itself moving with a
velocity u noraal to the velocity v, as shown in Fig. 2. The
magnetic field due to the sheet, B, the velocity ü and the
direction of the bar axis are then perpendicular to each other. The
magnetic field due to the currents in the sheet is B = ~oov/2, where
a is the charge density on the sheet.

Our starting point is the instantaneous electric field of a
moving charge as caIcuIated in [3), correct to the order of v1/c'
and to the first order in the aceeIeration [6,7):

(1)
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where (o 16 the vacuum permittivity, V 16 the total velocity of the

charge, q, ã 1t6 acceleration, and r 16 the p06ition vector for the

point where the field 18 calculated. Eq. (1) derives directly from

Lienard-Wiechert potential8 within the aentioned approxiaation.

It should be aade clear that although using the word field,

this Ê has phy6ical significance for us as it is employed to find

the action of the charge q (on the sheet) on another electric

charge that is at the point given by r.
We now apply Eq. (1) to the charges on the 6heet. and for this

case the acceleration terms aay be dropped. Since the current is

neutral, two distinct cases must be considered. First, the charges

that are not moving in the sheet which therefore have a velocity ü,

and second the charges that cause the currents in the sheet which

have the total veloci ty v + u. The electr ic field due to the

charges at rest in the sheet is:

• •J dy J dx ~ [ (1 +-. --
3 (ü. f)~ ]

2c2
(2)

whereas the field due to the charges in motion is:

- -J J f u2
• v2

dy dx r2 [,( 1 + ~2-C-2-)-- --
3 [ (ü + Vi . fJ2 ]

2c~
(3)

where: o = surface charge density in the sheet
-r = Irl = distance from the line of charges to the point

of interest.
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-t - versor in the direction of r
u - velocity of the sheet of charges
v - velocity of the aoving charges in the sheet

The positive charges vere assumed to be at rest in relation to the
sheet vhile the negative charges vere assumed to be aovinq in the
aheet. Integration is initially carried out over the x-axis, i.e.
the electric field at a fixed distance y due to a line of current
in the x-axis is calculated, by changing the coordinates to • and
y, as defined in Fig. 3a, vhich leads to the following relations:
X IE Y cotg fP

r c y cosec fP

The electric fields for this line of current for the charges at
rest in the sheet is:

dE1 = + (4)

and a similar expression is found for the moving charges. The sum
of the two contributions leads to

de = -2uvodz
, 47teoYc2

(5)

vhich has by symmetry the direction of the y-axis.
Integration over z gives the contributions from all lines of

current vhich are at a distance r from the point of interest as
Fig. 3b shows. Hence, y in Eq. (4) must be replaced by r. Using the
relations:
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r - y cosec 8

z - Y cotg 8,

vhere again y vill be a fixed distance, and the electric field viII
be in the y-direction, the total electric field can be calculated:

•
E f uvo de

c 2_e c2
o o

lI)

vhich leads to:

E= (7)

The potential difference, IlV, between the two extremities of a
.etaIIic bar (length L) in this eIectric field viII be

(8)

which is equivalent to IlV = BLu if B = lJoGV/2 is used for the
aagnetic field due to an infinite sheet of moving charges,
therefore agreeing vith the result obtained with the Lorentz's
force vhen the bar is moving through the fieId.

IV. Discussion

The simple example above shows how induced currents can be
obtained vithout having to resort to imaginary entities. We wonder
then hov an explanation vhich invokes flux changes in non-existing
closed circuits could have ever achieved such an overwhelming
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acceptance. It can be argued that the aathematics involved is
usually atraightforward, which aay be a aound justification on
aatheaatical grounds but surely not on physical grounds. The main
reason aay be the widespread use of abstract fieId ideas: if the
field itself is abstract there is no reason for not introducing yet
another abstract, iaaginary entity in the problem in hand.

There is another important issue in the discussion of the
direct action versus field ideas, naaely the necessity of using
fields for the electromagnetic radiation. Even O'Rahily who favours
the use of the direct action scheme recognizes the need of using
fieIds in order to expIain radiation emission [8). But the
extension of this arqument, as implied in most textbooks and more
recentIy by Sharma [4), going so far as stating that the
introduction of the electromagnetic field should be preferred to
the direct action scheme also in static cases, such as in the
apparent Feynman's disc paradox, seems unsound. In this apparent
paradox, the disappearance of a current in a coil centered in a
plastic disc makes it to rotate if charged metallic balls are
embedded symmetrically along its circumference. The explanation for
this phenomenon is based on the angular momentum conservation law
since crossed electric and magnetic fields possess angular momentum
which pass into mechanical angular aomentum when the current
disappears [5).

Whi le we have no option but to accept that for radiation
emission as well as other highly oscillatory phenomena fields are
a necessity, we strongly disagree with Sharma [4) in relation to

-9-



his statement on the Feynman's disc paradoxo An inspection of Eq.
(1) .hows that the direct-action-at-a-distance acheme provides a
auch .iapler explanation (without ghost circulations) for the
apparent paradoxo lt can be aeen from Eq. (1) that, when
acceleration is present, the interaction ceases to being central.
Therefore, the angular aomentum needs not be conserved. The
Feynman's disc would nevertheless rotate aimply due to the
tangential force acting on the charged aetallic balls.
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Figure Captions

-riv- 1 - A aetallic bar that .oves with velocity u is inserted
between two aagnet poles that generate a uniform field B. 1n order
to calculate the potential difference between the extrenities oí
the bar using Faraday's law, an iaaginary closed circuit (broken
line) aust be used.

rig_ Z - Lines of current in a sheet generate a magnetic field B.
The sheet moves with a velocity ü.

Fig. 3 - a) Definition oí ~ and r
b) Definition of 8 and r
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Abstract

A novel "'or'- of reíerence às proposed y•.hich às to be implernented as a
"'riting aid in the form of IOftv•.are \0015. This reference source is narncd
Cbunurus and is based on a eompilatjoe of tr.'ell·••.ritten, ll.eful expressions
extracted from papers and books ••.lUch c.ould be used to usist in the gen·
eration of scientific text. The expressions have blank spaces [representing
missing words) "'hich should be filled ir: by the UI('T to suit bi~/her needs.
The most imporrant Ieat ure of the Chusaurus lics ir. rhe help it providos to
non-native users of English in coping ''t'r)' rapidly wit h linguist ir difficul-
ties, lince it provides pieces oí real 1anluag.' ir. US('. For exarnpl«. it a.."si~t~
them in producing correct phrase structuring "•.it h adequate vocabulary,
"'wch is one of the aspec ts of English t.t.at can be exrrernely difíerent from
their 0"'11 native language. Two possible implementations are discussed.
Frrst ly, tbe resource c.ould be implemented ••••an extra Iunct ion in word
processors.Tbe expressions tr.'ould be accessed Irom menus v.'it}1 the coru-
piled expressions being indexed a.ccordiag to their suitability for use in the
different sections (and for the subjects ) most likely to appear in a paper ,
The second ímplementatíon manner is 1D0re sophisticated and Involves the
development of a writing environment ÍIl .'bich support tools would assist
the user in telecting ud organizing t~ material to be "'ritten as wel) as
In producing a tr.'elJ·••.rltten text.

Key \\7ords: \Vriting Tools, Text Generation, English for Non-Nat ive Users



1 Introduction

Englisb hlL5 undoubtedly becorne the intrmational languagf' for business. scienr«
and teehnology, and is eurrentlj the most eomrnonly tau,:ht l("Cond lan~ua~'·
around thc wotld. It i~ thrrdor(' of fundame-ntal irnport anrc that Icj('nti!>t!o-ano
businessrncn aJikr should be abl(' to US(' it, p&rticulul)" in its ~'ritlen formo for thf'
majority or internai ional jcurnals and acirntific literaturv ue- ~'ritten in Eng1i~b.
For tb(' ~'riting or scient ific ~"Orl in ~rn("raJ (Iorrnal reports, essays , tbeses. papcrs.
etc.), be-Jp can be found in a nurnber or books (1.)0) ••'hich deal Ip('("ifiCAJl~
~..ith thr quest ion or "How to ~·rit(' in English" 0:- "How to prescnt technir al
information". Oth('r ~'riting aids sur h L" .prlling eheckers, Thesaurus dict ionarie-
and 10ft war« parkagN' [Ll ] airnr-d mainly at post "rit illf evaluat ion al~o provido
significent ht'lp.

Scveral st udies are reported in thf' literat ure '" hir li address a \'arirty of i-
5Ue-~ relevant to the irnprovernent or non-nat ive 5p<'ak('f~' Enghsh usa,;" [se-: for
inst ance (12·15». Nevertheless. there are st ill enorrnou ••difficuhies Iacing those
who nee-d to use English ou a regular basis. ln order to ident iíy these diflicult ies an
informal study was carried out by one or us on the most Irequent errors made by a
voup or Brazilian paduate students in the United Kingdorn. One eould observe
that the errors are not restricted to tbe use or incorrect grarnat ical struct ures and
inadequate vocabulary, but include the misuse or omission or cohesive elernent s
and discourse markers usual I)' ernployed by nat ive users for specific purposes in a
scient ific text , Ali these problerns encounrered by non-nat ive users clearly affect
phrase structuring. This rnight also happen because phr ase st ructure in English
is obvjously different from t hat of a larg<' nurnbcr o~ languagcs.

AfLer having analysed the difficultjes mentioned above we concluded that one
writing strategy which couJd be ernployed to 501\'e them was to try and writf'
sentences ba.sed upon expressions or pMS&ges of aut hentic texts in a.n attempt
to ensure that correct sentences were being produced. This strategy on the part
of lhe Ioreign Ianguage learner is known as "appea! for assistance" (16), i.e. a.n
authority (a native speaker, a teacher, books, dictjonaries. erc.) is searched in
order to help the Iearner copt" with his/her problern. The strategy is likely to be
quite effective, provided that adequare resources are available.

Hence, we decided to compile a list or ••.ell- ••rritten, useíul expressions ex-
tracted from papers aad books written by cornpetent native speakers of English
which could be useful in a writing exercise. In doing 50, we realized that areia-
tively srnall nurnber of expressions is sufficient to cover a large proportion oí the
words a.nd phra.ses needed in our scientific ~·ork. This occurs because expressions
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aH' empleyed .)"S~matie&JI)· - 8Omf'limes ••.ith little \viatton ••.ilhin a canonical
fra.mf'~'orl.. - -hf'n describing common feat ures such ~~ t&bl('!ooand fi~ur~, or
even experimental procedures or .'hen making a cornparison of result«. Becaus«
of its fatures. \hi~ i5 just lhe sort of process ideal to bc sutometed.

"'(' firs used the mini-dictjonary cornpiled. namr-d Chu~iluru!'o b: analof,.\
.'i\h Thesaurus dictionaries. ~f"lbf'r .·ith a .'ord processos [albeit not onlinr ).
"'(' DOW jntend to extend lhi!> US(' by developing a .'riting 80ft ••.are environrnent
comprising tooh airned at belping the writer not only to produee a .'f'I1,~·rit\rn
tcxt but al!oO te> organiz(' th(' material to bc "·rittf"n. A proposal for such ATI

environrncnt I!>prescnted in Sect ion 3 .•• ·hik in Sr<-tion 2 .(' discus» a sirnplr-r
possible apphe&t íon in word proressors. [These t wo applirAt tom have no' ar t uall:
bocn irnplementr-d yet.] Section 4 discusse- th« ad\"anta~~ and di!i(\(haTlta~('!- of
thr Chu~uru" resourcv.

2 Implementation ofthe Chusaurus into a Word
Processor

As a reíerence source, lhe Chusaurus can be ímplernented ~ an additional func-
tion of word processors, i.e. as an extra option on the processor Ma.in Menu.
Since the relatjonship that holds between linguistic iterns and specific sections
or the scientific text is quite obvious and relevant for wriring purposes. the list
of cornpiled sentences WA5 indexed according to the divisjor.s of this text typ«.
namely Introduction, Problerns, Melhod. Diseussion and Conclusion () i). AI-
though this division can vary a Iit tle in lhe Teaching of English to St udent s of
Other Languages (TESOL) or English for Specifir Purposes (ESP), there seerns
to be a general agreement in that it covers lhe basic macro-srructures of the scien-
tific text , In addition 10 the five 'divislons above some subdivisions were included
to make it easier for lhe user to identify more precisely lhe subjectts ) and the
functionfs] of each section.

The implementation CA!l be perforrned 80 tbat lhe compiled expressions would
be accessed as 10110\\'6. Once the option Cbusaurus is selected, the user would be
presented ".itb a menu conta.ining the narnes of the different sections, as illustrated
in Fig.I. The user would then be requested 10 choose one of the sections and a
sub-menu ccntaining the subdivisions would appear on the screen. Exarnples of
such subdivisions are given in Fig. 2a and 2b for lhe Introduction and Results
Sections , respeet ively. Also shown are some examples of the cornpiled expressions
which "'ere indexed according to their suitability for a certain part of the written
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worL, Ob\iousl)', IO~ expression5 •. ill be luilablt' for mo", than OOt' secticn or
sub-eecricn.

Tbt' blank Ipa("~ in the expressions should be filled in scccrdiag to the uscr '•.
D~!-, A 1i"ord bc.-twt"t"nbrark('h Iollowing thr blank apare' i!o included in sorn«
CL~ in ordcr to !i\'r a hint a..' to thr sort of terrn which i!' expected te> fill the ~i\1'
Facilities should &1soexist to allow USCf) to aclf'Ct expressions to be automatieally
inscrt~ into the text.

One of the main objectiw-s of thr resourre is thu •. to providr • \"arirt~ of
expressions bom "'hiell the- UM'r can choose when 1i"ritin~ ahoul eertain •.••pec t-
or bi~/hrr 1i'·ork. Let u!- takr. for inst anrr-, th(' item "showing and dcscribing
fi~ufe'S" for "'hiell a Iar~('r number of expressions 1i"("f('listed in fl~. 2. Th«
'\viou!' scntences will exernplify a nurnber of "'ap in whirh the U!-(', can prescnt
bi5/hf'r data. and also describe dil\pam... Furt hcrrnorc. thr 5f':~tf'nCt'~ would
provido lhe- appropriate adject ives Ior explaining the curve-, graph - , etr . Though
it might be straightforward for a cornpetcnt nativo spcakrr to know whcn to usr
"lugf''' or "high", for example, the sarne ma)' not be true of non-nat ive users.

Hitherto we have referred to a sort of "fill-in-the-blank use", "'hich is in fact
the more mechanicaJ and simpler "'ay of using the Chusaurus ~ • reference
source. A more cognitive and ereative ••'a)' of approaching the resource is to USf'

it as an aid to plan/~AIlize the ••rriting process. In the next section, we diseuss
another possible application of the Chusaurus with such charecterist ics, namely,
the develornent of a writing environrnent .

3 The Chusaurus into an Environrnent of Soft-
ware \Vriting Tools

A number of software writing tools have been developed recently which could be
classified into three ma.in categories: (i) postwriting assessment tools using statis-
tical text analysis; (ii) pre-writing tools; and (iii) writing environments. Tools of
type (i) are the cornmonest and usually analyze writing style at word and sentence
Ievel (1S-20), and alIa.' overused words and expressions to be substituted. Some
of tbem are eommercially a\'&ilable IUch as the Right \\'riter (20) •. bich is based
upon a rule-based knowledge system. Tools of type (ii) are aimed a: helping the
••.riter to select and organize the material to be writ ten, an example of which is
provided by Beer (21) "'ho proposed the use of flow charts for helping electrical
engineering students to organize their laboratory reports. The third kind of tool

3



is, in principie. the most eomprehensive ar. tool!l art' developed to help the .-ritrr
Dot only to wlt"d and orlanizt" the matf'riallo be ''"filtrn but also to produce and
polish the final version of the text. Tht"S<' environment s consist , thereforc, of tool-
of type (i) and [ii]. As Carlson (22) hL' pointed out tht"S<' environments &rf' only
at an embrionary .talf', ando a..c.yet , lar Irorn being fl('xiblr and cornprehen •.ivr-.

In apite of lh(' many tools alrt'arl)' presented in the literature , no tool ajmNi
IprdfiaJJ)' ai usil'tínl non-native users of English in eomposing a text Irorn t hr-
very beginning appf'Ar~ to haw becn proposed. In thi!- contexto tht, implerm-n
lation of the Chusauru» resourr« lIugg('stt'd hf'u' mA~ prov« extretuely attr.rti\'f'
The implenx-nterion of ali t'Alrô\ opt ion into word prort"Ssors •..' dt'~rriLrll u. ttll

1L.,t section would alrcad)' be o! ronsidereble help. This resourre would u'-' I(',h
niques SUeli L" the earliest ernployr-d "at ural LAII~ua~f' Proressing (!\ 1.1', fOI
producing sentenoes which rr!,rd 011 templatcs (23), It would prescnt , IhndoTt',
problcrns of extcnsibility and fif'xibility for not allowing int ra- and inter-scnrent ia!
combination. hindering lhe possibility of produr ing a larg« nurnbcr of difícrcn:
texts using the same datebasc. Since this ext ra opt ion in word processors .ou Id
not possess such a flexibilíty .• 'r have inst it uted a researrh programme airr••,d at
dcveloping a writ ing environrnent , a model of which is given below.

3.1 The Model for the Writing Environment

The "'riting environrnent is to include support tools which Are fiexible ar.d in-
teractive , 50 that the user rnay pia)' a part icipativc role in the writing process.
It is to assist the writer in the selection of the material to be written a..~.21 a ...
in generating and structuring lhe lexl. Fig. 3 shows the main module- o! thc
environrnent proposed:

• The Ideas Processor .'i11 allow the uscr 10 wrire cornrnents and st ruc t ure
thern in a sernantic network. It will also be linked to the Knowledge Base
for text generation.

• The Linearizer will transform the inlormation conta.ined in lhe sernantic
network and lhe expressions selected from the database into contin uous
prose,

• The Knowledge Base will consist of the database containing expressions and
phrases extracted from books and papers. and also of knowledge base rules
which will drive the selection of expressions from the database.



For th(' impl~l1ll'ntation of tbe .ritin! environrnent , iasue; bf.lonsin! to thr
realrns or toft\\"Af(' ~n!int't"rãn! and lextlrneration must be add~. Hypertex;
techniques ma,)" be used for construclin! the ICmATItir network and Da\"egatin~
ever it (24). Th(' indexetion ')'5t~m illu~tratt"d in Fi!. 2 .·ould ba\'(' to be
replared by another knowledge-represent ation Iormalism [such L" !C"h~nlA." (2';)
or rethorical structure thror)' (RSl) (26) ,,·hicl. eould encode diversc kind- o!
information. lJnlikr the tool discusse-d in Secrion 2 ••·hf'f(' thr choio- of any
M'ntenc(' rested entirely ••·ith the U5("f. the systern i!- to ,u~{'5t • nurnbcr o!
possible scntenees or expressions based upon infcrmxt ion provided by thr UM"rto
thr Jdra.•. Processor [which eould ~H·', 1)(· ir. "i~OWII lallguagf·). A~ for ti ••. tcxt

~('nf'ratioll it!õ('lftwo stagNo arr involved planning and realization. Our tool- will
be more closely related to planni ng L" th(')" will help the uscr in the eollectjon
of topic-related idra..•. and tr-xt st rurt uring. Therc will al!ou be text realizat ion to
some extcnt , howcvc r. a.•. pro-r will br output [rom ttl«"systcrn even though t hr-r«
may be blank- to bc filled in by ttll' U"-#'7 It rnust be st ressr-d t hat text ~('nrrat ion
in our coutr-xt is not cornplctely equivaleut to text gcncration in the !\LP jargon
In 1\LP, thc airn is to produce a syntartically. scrnantically and pragrnat ically
correct tcxt while in our cas« lhe uscr •. ill ult imately be responsiblc for t he filial
quality or lhe text.

4 Discussion

Tbe two versions of lhe Chusaurus were conceived wit h a clear object ive in rnind.
namely to help student sj'writcrs solve - a.•.quickly a....possible - global prol.lern-
caused by lack o! appropriatt· lexical, st ructural, pr agrnat ic and discourse knowl-
edge in academic text production. This is not an ea."y task, which has just reached
lhe first attempts of partial implement ation. 50 Iar , we have concentrated our
efíorts on lhe study of lhe techniques for text generaticn and for cornputer-aided
writing, and on lhe linguistic aspects or writing strategies. \\'bile lhe develop-
ment or the writing environrnent proposed in Section 3 is our long-terrn goal. lhe
implementation or the Chusaurus resource (a mini-dictjonary has already been
cornpiled) into word processors will hopefully be forthcoming in the near fulure.

ln the aclual implemenlations process tome drewbacks are expected 10 oc-
cur, mainly on lhe technical, linguistic and pedagogical levels. Nevertheless, lhe
Chusaurus is expected to offer help in • more effective y.·a)' thATI dict ionaries and
grammar books, because the compiled scntences which cornprise lhe database of
the resource present real lenguage in large stretches within the context required
for use.



An pt'd~OIiC&1 imp1ication deri"in! from tM UI(' of the resouree i, that arter
tbe user bL' becorne lami1iar "'ith lhr expressions listed in it he/ahr "'iII US(' some
of tb(' phrase eonstructions naturall)' "'hich bad previously seemed vt"Q' unusual.
Thi!- ir. in line "'ith "'bat Hovstad (12) has shown in his IO-caJlt'd lap tests. In
thMlo('experiments, a fra(tion of a ~i\"(~fl l('xt " .•..•.rernoved and thr students "'('fr
•.•.ked to reproduce tlar text by IUN..,inJ; lhr rni«•.ing ,,·ord!'.

h is elear that "'hilr it can help ,ràth specific diffi("ultie.. the C'hu!.auru!- on it!-
OlHl cannot be succ('!o~full) eruployed by uscr» "'ithout a minimurn bar kground
knowledgr of Engli!'oh. On« cannot (or should not ] expe-ct &n author to "•.rit{'
a paper "•.ithout a cert ain profir ienry in ttlf' langlu'gf·. Furt herrnorr-. ".{' "'i!-ll
to rnent ion lhat. although it has bf"('1I 'arg(·t~ prirnarily at non-native uscrs of
En~li!oJ.. th« Chusauru- resour ce rnigl. al!-o bt uscíul for nat ive 5p('akrr~ wtj{,
have little expericncr in writ ing srjent ifir work •• in L•.sisting thcrn to st rur t ure
their docurnent s or to produce " more formal pba. •.eologv

Caution must be adviscd in using the Chusaurus. however , in spite of it s
strengths. Three rnain problern •. can ari!-C' Irorn its inappropriate use: i) t he
production of wordy sentences , one of the rnost common undesirable Ieat ures of
many written products (16,20); ii) overuse of lhe author's favorite expressions: iii)
misuse oí expressions or their misapplication in the "•.rong contexto \\'t" beljeve,
however , that the help this resource can provide to non-nat ive users of English
as .-dJ as to inexperienced native writers outweigh these possible disadvanteges
by faro
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Figure Capt ions

Fig. 1 Chusaurus menu containing the names of the various Iit'!'Ction!> Iikely to
appear in a paper.

Fig. 2 Examples of subjects "'hich Are likely to appear in (a) Introduction
and (b) Results sections of a paper, Also given are examples 01 the compiled
expressions.

Fig. 3 Model of tbe Environrnent Proposed.
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Abstract
fie report on an ongoing project aimed at developing sortware tools

to belp non-native users of English in the writing of scientific

papers. The environment, named MADEUS (Miable Article

Development Environment for User Support), is based on an empiriclll

resource which consists in providinq linguistic input to the user
in the rorm of expressions enâ terplates stored in a sentences

base, and is at an initial exploratory stage, in the sense that we

are trying di fferent user-interfaces and environments ror

developing the tools. One of the versions conceived for the

environment is already implemented.

Iteyvords: writing tools, non-native users of English, computer
assisted writing

I) Introduction
The development of software vriting aids requires research

efforts on a number of different issues, as writers' needs may vary
tremendously depending on their experience in wri ting, ·on their
expertise on the subject they are writing about, and obviously on
their knowledge of the language itself. Though some characteristics
such as user-friendliness are always desirable, these tools must



generally be targeted at specific user-groups [1).
Me have 1nstituted a project aimed at developing aoftware

toola tbat may help non-native users of Engl1ah in vrit1ng
acientif1c papers. The work 1s essentially based on an (empir1cal)
resouree (2] which consists in providing linguistie input to the
user 1n the form of expressions and templates stored 1n a aentences
base. The work reported here may be eonsidered as exploratory 1n
the aense that we are trying different interfaces and env1ronmenta
for developing the tools. In this paper we address the effieacy of
the resouree proposed, which was analysed through the monitoring of
vrit1ng exercises by Brazilian post-graduate students (Section 11);
and'the i&plementation of the resource in software tools (Section
111).

XX) Analysis ot the Resource trom a Linquistic Perspectiva
The difficuIties faced by writers when preparing texts in a

foreiqn language seem to arise due to at least two main factors.
The first one is sociolinguistic diversity, as languages differ
considerably with respect to phonology, syntax and lexicon, as well
as at the pragmatic leveI (3). Consequently, different languages
use different rhetorical patterns and elements to organize
discourse [4). The second façtor which is likely to affect the
learner's written outcome has to do with the relationship that
holds between comprehension and production: 1t is now largely
accepted that comprehension is beyond production. The combination
of these two factors appears to be connected with a phenomenon
known as transfer in the linguistic area, whose influence on L2
data has been investigated by several linguists. Here we follow
Schachter [5) in her cognitive approach to language transfere As
transfer can often lead to transfer errors, it is our belief that



1ta negative effects could be prevented, to a certain extent, by
providing the non-native writer with expressions from authentic
texts trom books and papers written by competent native apeakera of
English to help him/her in organizing their texts more effect1vely
and naturally.

In order to test ~he efficacy of the resource proposed and
also to provide feedback to the process of developing the aoftware
tools we aonitored writing exercises done by post-qraduate
atudents. This was carried out as part of a course on techn1cal
wr1t1ng held in the Physics Department of University of S60 Paulo
1n S60 Carlos. The resu1ts are extreme1y encouraging for using the
resource minimi%ed effects of Ll (Portuguese) transfer on L2
(English), and a1so enab1ed students to get started 1n their
writ1ng tasks. lndeed, getting over the writer's b10ck has been
mentioned as one of the most important prob1e~s faced by writers
[1].

111) ~be AHADEUS Environment
AHADEUS will comprise composition tools to assist users in the

writing of technical articlesin Eng1ish by offering linquistic
1nput 1n the forro of contextualized expressions. lt 1s being
developed within the XView (X Window-system-based Visual/Inteqrated
Znvironment for Workstations)1 a user-interface toolkit to support
1nteractive, graphics-based applications running under the X-Window
system in a Sun Workstation. XView features an object-oriented
style 1nterface following the OPENLOOK Graphica1 User-Interface
(GUl) specification. We are following a prototyping approach in the
development of the environment, and the X-Windoas and Emacs-based
tools to be discussed shal1 provide starting points for further
developments.



The expressions from the sentenees base may be acceaaed by on.
of three ways:

1. ".zoDomy - The expressions are indexed according to a
taxonomy which 1s based on the main topies 1ikely to appear in •
paper, and are aeeessed by seleeting an item in the taxonomy.

2. Communicativ. Goala - The search can be performed by
aeleeting a communieative goa1 (deseribe, justify, compare,
contrast, ete.).

3••• yvords - Here the seareh is carried out by ae1eeting •
keyword that appears frequently in texts of a given area. It can
.1so be used for 1inguistie items whieh are usua11y troub1esome.
For instanee, if the phrasa1 verbs carry out and carry on are
chosen to be keywords, a search into the database wi11 show the
correet contextualized uses for these verbs.

Users ean be elassified according to two main axes, name1y
their baekground kno.•.·ledge of the English language and their
experienee in writing papers. In order to'meet different users'
needs we have eoneeived three versions for the writing environment:
i) Tutorial - The •.rho Le wr í ting proeess is monitored by the
systemi a rigid frame for the organization of the paper is offered,
hints are given as to .hat typeof material should be ineluded, and
then there is an auto~atic seleetion of expressions vhieh guides
the user throughout the writing exereise. This automatie se1eetion
is driven using expert rules. No acquisition mode for entering new
expressions is made available so as to avoid inexperieneed writers
adding inadequate material. This version is the most demanding in
terms of computational development, and has not been implemented
yet.
ii) Bupport - This version is similar to the Tutorial exeept that
it offers hints as to how better strueture the paper rather than



ottering a rigid frame, and allows tor acquiaition ot nev ••terial
to be entered into the sentences base (customization).
iii) .eterence - This version requires the least computational
development effort and is already implemented. The user consulta
the database (accessing the expressions by one ot the 3 possible
ways aentioned above) and selects the expressions on his/ber own.
The tool can be customized since it includes the Acquisition Mode
by which nev expressions can be entered into the sentences base.

Fig. 1 shows a screendump displaying the aain features
liupported by the already implemented aeference version of the
environment. Two windows are provided, one as a working area while
the other displays expressions from the sentences base. Clicking
the option Main Menu the user is returned to the aenu which
displays the options Composition and Acquiaition. The options
Article and .eywords correspond to the modes 1 and 3, respectively,
for accessing the expressions. The COllUllunicativeGoal. ~u is
always displayed on the screen because it is the most general mode
of accessing the expressions.

An alternative way of irplementing the resource is also being
attempted which uses the G~;U Ernaestext editor, a publie domain
software package. Ernaeswas chbsen beeause it provides hypertext
facilities, it is customizable and furthermore, it is extensible
which means that one can 90 beyond customization by vriting
entirely new commands, programs in the Lisp language to be run by
the Lisp interpreter provided by Ernacs.In our implementation use
is being made of a speeial Ernaes function called outline-aode,
which has built-in routines that hide and display chunks of text
which can be classified hierarchieally as items and sub-iteas of a
menu or as normal texto The two windows available in Emacs are used
for the text being edited and the database of expressions, and new



routines vere added to the Outline-mode in order to allov th.

transfer of expressions from the sentences base to the texto The
facilities already available are similar to the Reference Veraion
of the tool implemented in the XViev environment. Using this tool
requires users to be familiar vith Emacs, by no aeans a aimple vord
processor to use. However, ve are developing a friendlier interface
vbich vill allow users to empIoy the tool vith a ainimum background
knovledge of how Emacs vorks.

What ve had in mind vhen we decided to investigate an
alternative implementation for the resource was to allow for
customization and portability of the tool, and also investigate the
possibiIity of introducing some degree of "intelligence" into it.
Emacs seemed a natural choice for its fIexibiIity. For instance,
texts in Emacs can be generated in the Text Mode (ASCII) or in
other modes so as to aIlow integration with wordprocessors such as
TEX. Because Emacs i5 entirely re-programmable new functions can be
added either for the introduction of expert rules or for extending
the portability of a given tool. The obvious di5advantage of the
Emacs alternative is its poor graphics capability (compared to
XView), but at the moment it is not possible to predict whether
this disadvantage will be overpowered by its other velcome
features.

XV) Concluding Remarks
We should stress that the tools being developed are not aimed

at generating text in the more strict sense of the so-called
.atural Lanquage Generation (NLG), for the user rather than the
system vill be ultimately responsible for the quality of the texto
But ve can, nevertheless, seek help in the techniques usually
e:ployed in NLG. In this context, systems [6,7J appeared recently



1n th. NLG literature vhich utilize essentially the aaae atrat.gy

diacussed here. They are based on statistical analysis of large

corpora 1n order to identify standard linguistic constructions in

texts of a given field. It may well be , nevertheless, that the

atudies we are undertaking, related to language acquisition hy •

non-native user, may also be of some use to the NLG coamunity •
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Figure 1: Screendump showing the Reference Version of the AMADEUS software environment.
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