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Simbolos e abreveaturas

a, grau de dissociação de contra­íons

Ci2En, polietileno glicol n­dodecil mono­éter (n=5, 7 e 8)

Ci6TAS, sulfato de hexadeciltrimetilamônio

C1i6 TAB, brometo de hexadeciltrimetilamônio
CigTAB, brometo de octadeciltrimetilamônio

DDAB, brometo de didodecildimetilamônio

DHP, fosfato de dihexadecil

DLS, espalhamento dinâmico de luz

DODAC, cloreto de dioctadecildimetilamônio

DODAB, brometo de dioctadecildimetilamônio

B4A, trans,trans­1 ,4­difenil­carboxi­propil­1,3­butadieno

DPB, trans,trans­1,4­difenil butadieno

DPH, trans,trans,trans­1,6­difenil hexatrieno

DPPC, Dipalmitoil fosfatidilcolina

EL, espalhamento de luz

EPB, equação de Poisson­Boltzmann

HPS, 1­(N­hexadecil, NN'dimetilamônio)­propano,3,sulfonato

NaC, colato de sódio

NaDOC, deoxicolato de sódio

NaGC, glicocolato de sódio

NaTDC, taurodeoxicolato de sódio

PC, fosfatidilcolina

RPE, ressonância paramagnética eletrônica

SAXS, espalhamento de luz a baixo ângulo

SDS, dodecil sulfato de sódio

To, temperatura de transição da fase gel para a fase líquido­cristalina

Top, temperatura de turvação

t­Dpo; trans­difenilpolienos

4H4A, trans,trans,trans­1,6­difenil­p"­n­butil­p­carboxi­propil­1,3,5­hexatrieno
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Yesumo e apresentação

Neste trabalho apresentamos uma seleção de resultados obtidos nos últimos

dez anos pelo nosso grupo de pesquisa (Grupo de Física de Colóides) em

colóides de associação em solução contendo surfactantes simples e mistos,

formadores de micelas e vesículas, na ausência e presença de polímero e

eletrólitos, e na interface água/ar, e discutí­los à luz dos resultados

existentes na literatura (vide lista de publicações na página 2). Os

surfactantes investigados são catiônicos mono (CigIAB) e dialquilado

(DODAX, X = Br e CI), aniônicos mono (SDS) e dialquilado (DHP),

zwitteriônico (HPS) e não­iônicos (ChEn, m= 12en=5e8) A estrutura

química de alguns desses surfactantes é mostrado na Figura 1. Técnicas

experimentais, como espalhamento de luz, SAXS, fluorescência,

calorimetria, tensiometria, e métodos teórico­computacionais (equação de

Poisson­Boltzmann) etc. foram usados neste estudo.

Os trabalhos aqui analisados tratam das propriedades físico­químicas

de micelas catiônicas de CigEAB (SWANSON­VETHAMUTHU «et al,

1998), de CisIAS (FEITOSA et al., 2001b), e micelas mistas de

SDS/CikTAB (VII), complexos polímero­surfactante para os sistemas PEO­

Cri2Es (III, IV) e de PEO­CpEzg (V, FEITOSA et al., 2001), sendo PEO de
grande e pequeno peso molecular (MW = 600 e 12 kDa), e vesículas

catiônicas de DODAB e DODAC e aniônicas de DHP, preparadas por
diferentes métodos, tais como sonicação, injeção clorofórmica, extrusão e

espontaneamente (1, VI, VIII, IX, X, XI, LOPES et al., 2001; FEITOSA e

BARRELEIRO, 2001; BARRELEIRO et al., 2001; FEITOSA «et al,

2001c). Dispersões mais concentradas de DODAX, DDAB e DHP foram

investigadas por SAXS (FEITOSA e AMARAL, 2001). Usamos também

SAXS no estudo da estrutura e tamanho da fosfolipase A, extraída do
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veneno de cobra Crotalus durissus terrificus (ABREGO et al., 2001), com
o objetivo de darmos início ao estudo da interação de surfactante com
proteína. As propriedades de filmes finos de DODAB, na presença de
contra­íons com diferente eletronegatividade na subfase, também foram
investigadas e a condensação da monocamada foi entendidas com base na
teoria de Gouy­Chapman (XII), assim como a distribuição de fons e o
potencial eletrostático nas vizinhanças das vesículas obtidos por solução
numérica da equação de Poisson­Boltzmann (II).

Esclarecimento: anexamos a esta tese apenas os trabalhos publicados

(enumerados de I a XII), os demais trabalhos, na forma de manuscritos, são
citados como referências e estão disponíveis aos interessados.
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Introdução
Colóides de associação, dos quais vesículas e micelas são exemplos, são

importantes em muitas aplicações práticas, científicas e tecnológicas e
estão presentes em solução de surfactantes. Vesículas são usadas, por
exemplo, como agentes miméticos e no transporte de drogas em seres vivos
(FENDLER, 1982), enquanto que as micelas são agentes solubilizantes
poderosos usados na indústria de alimentos, cosméticos, tintas, detergentes
etc. (JÔNSSON er al., 1999). Estudos dos colóides de associação consistem

essencialmente na obtenção de estruturas monodispersas, na caracterização

de suas propriedades físico­químicas ou na determinação do diagrama de
fase completo ou parcial.

A rica variedade estrutural de associação de surfactantes se deve à

natureza física da interação entre seus monômeros, possibilitando que

transições de fase ocorram pela variação da concentração do surfactante e

de eletrólitos ou temperatura. Em geral, devido a critérios de

empacotamento, surfactantes monoalquilados tendem a agregar­se em

micelas esféricas a baixas concentrações, e, com o aumento da

concentração, passam para as fases cúbica discreta, hexagonal, cúbica
bicontínua, vesicular lamelar e as correspondentes estruturas reversas,

obedecendo o diagrama de Fontell (FONTELL, 1990). Nem todos os

surfactantes passam por todas essas fases, mas as mudanças de fase
normalmente obedecem esta sequência. O conhecimento do diagrama de

fases de surfactantes é de grande importância para suas aplicações diversas,

cujas soluções binárias são representadas por diagramas TX (temperatura
vs. composição). Essas transições de fases ocorrem devido ao crescimento

EV
AVAVAY

1 2 3 4 5 6 7 unesp ”. 12 13 14 15 16 17 18



7

das micelas que adquirem a forma alongada em concentrações moderadas
de surfactantes, podendo se ramificar e formar fases bicontínuas. À
condição de empacotamento, segundo a qual o interior micelar é totalmente
preenchido pelos hidrocarbonetos do surfactante, não permite crescimento
radial das micelas. Com o aumento do tamanho das micelas aumenta

também a polidispersidade.

Dispersões de vesículas são em geral polidispersa e meta­estáveis, e
suas propriedades físico­químicas dependem do método de preparação das
mesmas. Vesículas uni e multilamelares pequenas e grandes são

encontradas em  dispersões isotrópicas. Vesículas  unilamelares
predominantemente grandes são formadas espontaneamente pela mistura
simples de surfactantes catiônicos em dispersões diluídas (IX), enquanto
que os fosfolipídios naturais (zwitteriônicos) formam, mesmo a baixas
concentrações, estruturas de bicamadas multilamelares (LASIC, 1993).

A mistura de surfactante, formadores de micelas, vesículas ou

lamelas, constitui uma importante área de pesquisa, pois altera as

propriedades físico­químicas dos surfactantes individuais e diagramas de
fases. Polímeros, e co­solutos em geral, também alteram as propriedades e

fases de dispersões de vesículas ou soluções micelares.
Nos últimos anos temos investigado o efeito de surfactantes não­

iônicos derivados de polióxido de etileno (CpEn n = 5, 7 e 8) nas

propriedades das vesículas catiônicas de DODAX e observamos que CE,
induz transição vesíicula­micela e que essa transição ocorre em três estágios

(X, BARRELEIRO et al., 2001). Observamos também por DSC que CpEn
diminui a temperatura de transição de fase gel­líquido cristalina (7),
tornando­a menos cooperativa. Um efeito oposto foi observado por PEG

(12 kDa) que aumenta a 7, de DODAX (MARQUES, 2000), enquanto que
sais de bile diminuem a 7, de DODAX (ALVES, 2001).
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A interação entre PEG (12 e 600 kDa) com CE, (n = 5 e 8) também

foi investigada (III, IV, FEITOSA er al., 2001a). Basicamente observamos

que, apesar do polímero e do surfactante serem neutros, existe interação

com formação de complexos de PEG­CpE, em água. Evidências dessa

interação resultaram das medidas de espalhamento de luz, apesar de PEG

não alterar significativamente a CMC de CpEnpn, e, na presença de PEG, o

número de agregação das micelas de CE, ser menor, igual ou maior do

que na ausência, dependendo da concentração das espécies na mistura. O

estudo do efeito de co­solutos em vesículas está sendo estendido para

polímeros de celulose (MARQUES, 2000), polissacarídeos (OLIVEIRA,

2001) outros surfactantes aniônicos, catiônicos e  zwitteriônicos

(TENGNOM, 2001)
Nosso trabalho também inclui estudos do efeito da

eletronegatividade de contra­fons na pressão superficial e potencial de
superfície de filmes finos de DODAB na interface água/ar (XII), e um

estudo teórico­computacional do potencial eletrostático e distribuição de

cargas (co­ e contra­fons) na vizinhança, ou seja, nos compartimentos
aquosos interno e externo das vesículas (II). À análise dos resultados da

interação de co­solutos com vesículas catiônicas requereu um estudo

detalhado das propriedades das vesículas de DODAX preparadas por
diferentes métodos (1, VI, IX, XI, LOPES et al., 2001, FEITOSA et al,

2001c).

Como este trabalho está essencialmente relacionado a micelas,

vesículas e monocamadas, a seguir descreveremos, brevemente, o processo
de formação e características principais dessas estruturas coloidais.
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Micelas

Em solução aquosa diluída moléculas anfifilicas particionam­se

preferencialmente na interface solvente/ar com a parte hidrofílica voltada

para o solvente e a porção hidrofóbica expostas ao ar. À concentrações

maiores, surfactantes formam espontaneamente agregados, denominados

micelas, nos quais a cabeça polar dos monômeros fica voltada para a fase

aquosa e a parte apolar imersa no interior do agregado, protegida de modo

a minimizar a interação energeticamente desfavorável entre as cadeias de

hidrocarboneto e a água. As interações hidrofóbicas são as principais

responsáveis pela formação desses agregados (TANFORD, 1991). Ao

contrário dos surfactantes, as micelas não são tensoativas, mas altamente

solúveis em solventes polares, e são excelentes solubilizadores de

moléculas apolares.

Surfactantes em solução podem formar uma variedade de agregados

e fases, dependendo da natureza do surfactante e das condições do meio. O

tipo de agregado formado pode ser previsto, aproximadamente, conhecendo

o parâmetro de empacotamento do surfactante, P = v/aJl., onde v e [, são,

respectivamente, o volume e o comprimento crítico (ligeiramente menor do

que o comprimento das cadeias totalmente distendidas) das cadeias de

hidrocarboneto, e a, é a área efetiva do grupo de cabeça polar

(ISRAELACHVILI, 1992). v e /, são determinados semi­empiricamente

através das equações vy = 0,027(n, + nv.) e [. = 0.15 + 0.127n, (em nm e
nm, respectivamente), onde n, é o número de carbonos por cadeia de

hidrocarbonetos e nm. é número de grupos terminais metila (TANFORD,

1991), enquanto que a, nem sempre pode ser determinado de forma trivial.

Quando P < 1/3, micelas esféricas são formadas, e surfactantes

monoalquilados em geral satisfazem esta condição, enquanto que

bicamadas se formam quando P = 1, que em geral, são satisfeitas por
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surfactantes dialquilados. P > 1 resulta na formação de estruturas reversas,

onde pequenos volumes de água são solubilizados no meio

predominantemente hidrofóbico formado pelas cadeias de hidrocarboneto.

E possível, em sistemas binários surfactante/água, P variar numa extensa

faixa de valores correspondentes à formação de estruturas que variam

desde micelas normais a micelas reversas, quando se varia, p. ex., a

concentração de surfactante; como vy e /, variam muito pouco com a

concentração de surfactante, a, é o principal responsável pela variação de

P, daí a dificuldade de se determinar a, com razoável precisão.

Micelas são formadas espontaneamente na região da concentração

micelar crítica, CMC, que é tipicamente na faixa de alguns milimolares. À

concentração de monômeros livres coexistindo com as micelas é da ordem

da CMC e a troca de monômeros entre micelas é rápida, o tempo típico de

residência de um monômero numa micela de alquilsulfato de sódio é da

ordem de 1 ms (ANIANSSON et al., 1976). Estas características são únicas

e importantes na maioria das aplicações práticas de surfactantes.

Neste trabalho apresentamos resultados do estudo das micelas de

CigTAB em solução aquosa eletrolítica de NaBr (VI), das micelas de

CisTAS em solução aquosa de Na)SO, (FEITOSA et al., 2001b) das

micelas mistas de C;grAB/SDS em solução aquosa (VII), da interação de

micelas não­iônicas de CnE, (n = 5 e 8) com polímeros neutros PEG de

grande e baixo peso molecular (600 e 12 kDa) (III, IV, V, FEITOSA et al,,

2001a), e na interação de CrpEg com vesículas catiônicas de DODAB e

DODAC (X, BARRELEIRO et al., 2001). A Figura 1 mostra a estrutura

molecular de alguns surfactantes monoalquilados, formadores de micelas,

usados na nossa pesquisa.
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Figura 1 ­ Estrutura molecular de alguns surfactantes formadores de
micelas usados neste estudo.

Surfactantes derivados de poli óxido de etileno

Os surfactantes derivados de poli óxido de etileno (PEO) são importantes

do ponto de vista de aplicação tecnológica e constituem um importante

sistema para o estudo do fenômeno de auto­associação. São geralmente

constituído por uma cadeia de hidrocarbonetos, Cr, em cuja extremidade se

liga uma cadeia de PEO, Er. Por isso, são, às vezes denominados co­

polímeros diblocos AB. São, portanto, denotados por CrnEn, e existem

comercialmente para uma grande variedade de m e n variando de 3 a 18 ou
mais.
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Assim como PEO, os surfactantes CrE, exibem o fenômeno de turvação, e

suas propriedades e o tipo de agregados que formam em solução aquosa

dependem de m e n. Devido ao fenômeno de auto­associação desses

surfactantes, os seus diagramas de fases são mais complexos do que dos
polímeros puros de PEO. Os diagramas de fases desses surfactantes são

facilmente encontrados na literatura (JÓNSSON et al., 1999). O ponto de
turvação é a temperatura na acima da qual a solução de ChE, torna­se turva

resultante do fenômeno de separação da fase micelar isotrópica em duas

fases: uma rica e a outra pobre em surfactante.

Dependendo da composição os surfactantes CrE, geralmente

associam­se nas fases micelar, lamelar, hexagonal e cúbica. Estruturas
reversas são encontradas nas fases ricas em surfactante. A fase lamelar é

dominante para n pequenos, já para n grandes, a fase micelar predomina. O

tamanho das micelas aumenta com a concentração e temperatura,

ocorrendo um aumento pronunciado quando a temperatura se aproxima do

ponto de turvação.

Os surfactantes CrE, são importantes em misturas ternárias com

outros surfactantes em solução aquosa, nos sistemas mistos, cujas

propriedades diferem, em geral, das propriedades dos sistemas binários

correspondentes. Investigamos CWE, em misturas com outros surfactantes,

SDS (VID, DODAB e DODAC (X, XVIII) e com o polímero neutro PEO

(III, IV, V, FEITOSA et al., 2001a).

Sais de bile

Os sais de bile constituem uma importante classe de surfactantes não

usuais, fundamentais no processo de emulsificação de gordura no trato

digestivo e auxiliam na eliminação de lecitina e colesterol do corpo

(CAREY & SMALL, 1970; SMALL, 1971; BORGSTRÔM, 1977). Os sais
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de bile são derivados do ácido cólico e sua porção hidrofóbica consiste de

anéis esteróides rígidos não­planares, contendo dois ou mais grupos

hidroxila (OH), que lhes confere uma polaridade inserida na porção

hidrofóbica. Os grupos OH estão no mesmo lado do anel que possui um

lado polar (côncavo) e um lado apolar (convexo). À Figura 2 mostra a

estrutura molecular de alguns sais de bile, NaC, NADOC, NaTDC e NaGC.

A rigidez da estrutura implica que o empacotamento dos sais de bile em

micelas ou outras estruturas supramoleculares não pode ser do modo

convencional. A associação de sais de bile é de baixa cooperatividade, e a

CMC é pouco definida (LINDMAN at al., 1976; MYSELS, 1984). Na

região da CMC os sais de bile agregam­se através de interações

hidrofóbicas em agregados mais ou menos esféricos com número de

agregação (N,..) muito menor do que os de surfactantes convencionais,

tipicamente N,, = 4 a 10 (SMALL, 1971; CAREY & SMALL, 1970;
MAZER et al., 1979; KRATOHVIL, 1986; LI & MCGOWN, 1994). Estas

pequenas micelas são denominadas micelas primárias. Com o aumento da

concentração do sal de bile, os agregados primários associam­se em

micelas maiores e mais complexas, as micelas secundárias, nas quais as

pontes de hidrogênio entre os sítios hidrofílicos das várias moléculas

desempenham importante papel. No entanto, é possível que a força

responsável pela agregação seja de natureza essencialmente hidrofóbica. O

processo de agregação e tipo de interação ainda é um assunto de muita
controvérsia.

Outro aspecto peculiar do comportamento interfacial dos sais de bile é o

modo como eles adsorvem em interfaces. Tem­se mostrado que eles

adsorvem preferencialmente na posição achatada na interface água­ar (le.,

paralelamente à interface), com a parte côncava voltada para a água (parte

convexa exposta para o ar) (KRATOHVIL et al., 1986). O mesmo tipo de
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orientação plana ocorre nas monocamadas planas de lecitina­sal de bile e

na interface da mistura de sal de bile com bicamada de lecitina (ULMIUS,

1982) e micelas catiônicas (NICHOLS, 1990; HJELM, 1992), com a

porção apolar convexa voltada para o caroço hidrofóbico dos agregados.

Comportamento semelhante deve ocorrer na interação de sais de bile com
as vesículas de DODAB e DODAC.

HO

Sal de bile R,

Nac COONa'

NaDOC COONa'

NaTDC CONHCH;CH3SO3Na”

NaGC CONHCH;COONa*

Figura 2 ­ Estrutura molecular dos sais de bile colato de sódio (NaC),
deoxicolato de sódio (NaDOC), tauro deoxicolato de sódio (NaTDC) e
glico colato de sódio (NaGC).

Vesículas

Estruturas — vesiculares  (bicamadas —anfifíilicas fechadas) são muito
importantes em muitas aplicações científicas e tecnológicas, e estão

presentes em muitas dispersões de anfifilicos em solução aquosa. Por isso,

o estudo de dispersões de vesículas tem atraído crescente interesse de
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pesquisadores. Em muitos sistemas, as vesículas estão em equilíbrio com

outras estruturas mais complexas, por exemplo, em concentrações mais

elevadas de surfactantes. Um dos grandes desafios da pesquisa de hoje em

sistemas vesiculares consiste em preparar dispersões de vesículas

estruturalmente homogêneas, monodispersas e estáveis. Estas estruturas

nem sempre se formam espontaneamente na mistura de anfifilicos com o

solvente, mas requerem métodos que promovam ou facilitem a

solubilização do anfifilico e a consequente formação de vesículas. Estes

métodos variam de simples controle da temperatura, composição do

anfifíilico e características do solvente, ao fornecimento de energia

mecânica ou ultrassônica à dispersão. Os métodos de preparação de

vesículas conhecidos e utilizados visam este fim, porém nem todos são bem

sucedidos. As dispersões “ideais” de vesículas —estáveis e monodispersas—

teriam maior poder de aplicação, p.ex., no transporte eficiente de drogas

para células específicas do corpo humano, para uso em terapia gênica.

Um dos maiores desafios da pesquisa dos colóides de associação é

ter o controle do tamanho, geometria e estabilidade das vesículas, a fim de

que elas tenham maior poder de aplicação. Dentre os principais métodos de

preparar vesículas destacamos: sonicação com probe ou a banho, extrusão,

injeção orgânica, remoção do anfifílico, e formação espontânea (LASIC,

1993).

Um ponto em comum destes métodos consiste na temperatura de

preparação das vesículas ser acima da 7. do anfifíilico e que, uma vez

formada, as vesículas em geral se mantêm estáveis após resfriar a amostra

para uma temperatura abaixo da T7.. Isto é particularmente destacável em

vesículas de anfifílicos, cuja 7, está acima da temperatura ambiente (eg.,

DODAB), na qual muitas medidas experimentais são realizadas. Nem

sempre as vesículas permanecem estáveis abaixo da 7. é o caso de
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dispersões aquosas de brometo de dihexadecildimetilamônio (DHDAB;), 7.

= 41 ºC; acima da qual as vesículas são estáveis, mas à temperatura

ambiente temos água mais cristais hidratados do surfactante. A Figura 3

ilustra a estrutura molecular de alguns surfactantes e fosfolipídios

comumente usados na preparação de vesículas.

' ' No A >
o,

Figura 3 — Estrutura molecular de DODAX (X = CI e Br), DHP e
DPPC, formadoras de vesículas catiônicas, aniônicas e zwitteriônicas,
respectivamente.

Interação polímero­surfactante

Misturas de polímeros com surfactantes em solução aquosa têm aplicação

em áreas diversas de pesquisas científicas e tecnológicas (GODDARD e

ANANTHAPADMANABHAN, 1993; BREUER e ROBB, 1972). Em

sistemas biológicos, p.ex., lipídios dificilmente encontram­se dissociadas

de alguma outra biomolécula (proteína, açúcar, colesterol etc.). O
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surfactante pode alterar a capacidade de aderência do polímero a

superfícies e, alternativamente, o polímero aumentar o poder de

solubilidade do surfactante, evidenciado pela redução da CMC do

surfactante pelo polímero. A adição de surfactante em solução de polímero

modifica, em geral, as propriedades do polímero devido à interação entre os

componentes e a conseqiiente formação de complexos.

Dada a grande diversidade estrutural de monômeros de polímeros e

surfactantes, naturais ou sintéticos, imagina­se a quantidade enorme de

sistemas polímero­surfactante disponíveis para investigação, levando­se em

conta apenas a natureza eletrostática do polímero e do surfactante: Pº­Sº,

PºS7, PºS*, Pº­S*, P­Sº, P­S, P­S'”, P­S*, P”­Sº, P*­Sr, P”­S* e P*­Sº.
Naturalmente esse número cresce assustadoramente se levarmos em conta

variantes estruturais de cada componente da mistura, tais como grau de

polimerização, comprimento, ramificação, número de cadeias alquílicas do

surfactante ou polaridade invertida dos surfactantes zwitteriônicos. Aqui, P

e S representam polímeros e surfactantes formados por monômeros

aniônicos (­), catiônicos (+), neutros (0) e zwitteriônicos (+).

A “driving force”, de complexação, isto é, de formação de “clusters”

de surfactantes no interior do polímero em solução aquosa, tem sido

descrita como sendo forte, fraca e ou nula, dependendo da natureza química

e estrutural dos componentes, inclusive do solvente (GODDARD E

ANANTHAPADMANABHAN, 1993) A intensidade de interação

costuma ser “medida” monitorando­se uma dada propriedade física do

sistema, p. ex., a CMC ou CAC, o número de agregação das micelas na

presença e ausência de polímero, condutividade ou viscosidade, entre

outras. Regra geral, para um dado polímero neutro, a intensidade de
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interação com surfactantes decresce com a natureza polar do surfactante na

seqilência: aniônico > catiônico > neutro (GODDARD, 1986).

Para um dado surfactante neutro, a intensidade de interação tende a

aumentar com a hidrofobicidade do polímero (BRACKMAN e

ENGBERTS, 1993). A natureza hidrofóbica do polímero limita, porém, a

sua aplicabilidade a pequenas massas molares, devido a problemas de

solubilidade. Por outro lado, para um dado polímero, a afinidade aumenta

com o aumento do tamanho das micelas (GODDARD, 1986), o que tem

sido observado por nós para sistemas de PEO­C,E,­água, nos quais o

tamanho das micelas varia dependendo da razão n/m do anfifílico; para os

casos até aqui investigados, fixamos m= 12en=5e8.

A natureza da “driving force” responsável pela complexação

de polímeros com surfactantes ainda é pouco conhecida. Por exemplo,

surfactantes com a mesma porção hidrofóbica (Cj»), porém com diferente

polaridade têm afinidade distinta a polímeros neutros; em Ppgeral,

surfactantes aniônicos (SDS) interagem mais fortemente com PEO do que

surfactantes catiônicos (CisIAB), apesar da interação eletrostática ser

igualmente dominante em ambos os sistemas. A diferença na interação

desses sistemas tem sido atribuída ao tamanho diferenciado das cabeças

polares dos surfactantes (GODDARD, 1986).

Interação surfactante­surfactante

A mistura de surfactantes também é muito interessante e funciona

como estabilizador de fases e no controle da carga elétrica e tamanho dos

agregados formados. O efeito de surfactante na transição vesícula­micela,

apesar de muito investigado, ainda não é bem entendido.
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A mistura de surfactante com lipídios naturais é muito explorada na

formação de vesículas, e tem múltiplas aplicações. Na extração de proteína

de membrana o surfactante deve ter grande poder de solubilização dos

lipídios e baixo potencial de desnaturação protéica. O estudo da interação

proteína/surfactante e lipídio/surfactante é, portanto, relevante no processo

de extração e purificação de proteínas de membrana e mimetização de

membranas — naturais (GODDARD e ANANTHAPADMANABHAN,
1993).

A transição estrutural de vesícula para micela induzido por adição de

surfactante se deve à interação das espécies tensoativas na solução, e a

razão molar surfactante/lipídeo da transição depende das características dos

componentes individuais. Em geral, a adição de surfactante na dispersão de

vesículas induz mudança estrutural no processo de transição vesícula­

micela que ocorre em três estágios (LOPEZ et al., 1998): (1) a baixas

concentrações os surfactante se distribuem essencialmente entre as

vesículas, formando vesículas mistas, (11) a concentrações intermediárias há

uma mistura de micelas e vesículas, e (iii) a elevadas concentrações do

surfactante ocorre a formação somente de micelas mistas (Figura 4).

O tamanho e a forma das estruturas intermediárias dependem da

estrutura molecular dos anfifilicos (surfactantes) que formam as vesículas e

micelas, e também do método utilizado na obtenção das vesículas, ou seja,

da estrutura inicial das vesículas. O efeito de surfactantes na transição

morfológica das vesículas é usualmente investigado com relação à

estabilidade das vesículas, permeabilidade, espalhamento de luz, fusão ou

agregação, além do efeito na incorporação de drogas, cujo controle de

dosagem reduz efeitos colaterais alérgicos, tóxicos e imunológicos.

As técnicas mais usadas para investigar mudanças morfológicas de

vesículas, na ausência ou presença de aditivos em geral, são: espalhamento
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dinâmico e estático de luz, NMR, calorimetria de varredura (DSC),

microscopia de transmissão eletrônica por criogênese (cryo­TEM),

fluorescência e tensão superficial (EDWARDS et al., 1989).

Temos investigado a mistura de surfactantes formadores de micelas,

SDS e CpEg (VII) e na mistura de surfactantes formadores de vesículas,

DODAB e DODAC, com surfactantes formadores de micelas, Cp5Eg e sais

de bile (resultados mostrados nesta tese), e de DODAB com SDS, C,TAB

(m = 12 e 16) (TENGNOM, 2001).

[ba=

2=­ 2­Surfactante

Figura 1 ­ Modelo de três estágios proposto para as estruturas formadas na
mistura de fosfatidil colina PC­surfactante na transição vesícula­micela: (a)
vesícula em meio aquoso, (b) vesícula mista, (c) mistura de vesícula e
micela mistas, (d) desintegração das vesículas mistas, (e) micelas mistas.
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Métodos de investigação

Usamos vários métodos experimentais e teóricos no estudo dos colóides de

associação, cujos princípios e conceitos básicos são aqui discutidos.

Espalhamento dinâmico de luz (EL)

A partir da função de autocorrelação da intensidade da luz espalhada, g,(1),

medida obtém­se, através da transformada inversa de Laplace, a função

distribuição do tempo de relaxação, A(1),

£(O0= [0expt/n)dint (1)

onde g (1) é a função de autocorrelação do campo elétrico, dado por g2(f) ­

l=f | g1(O) ?, B é um fator que leva em conta o desvio da correlação ideal,
e ft é o tempo de relaxação (BROWN, 1993).

Da função distribuição do tempo de relaxação, t4d(1), obtém­se o

coeficiente de difusão translacional, relacionado ao raio hidrodinâmico

pela equação de Stokes­Einstein,

— kT
6nn,R,

C)o

onde D, é o coeficiente de difusão a diluição infinita, & é a constante de

Boltzmann, 7 é a temperatura absoluta, n, é a viscosidade do solvente e R,
é o raio hidrodinâmico.

A técnica de EL é excelente para o estudo de colóides de associação.

Temos usado esta técnica no estudo de micelas (SWANSON­

VETHAMUTHU et al., 1998, FEITOSA et al., 2001b), vesículas (VI, X,

XIV, LOPES er al., 2001) e da interação de polímeros neutros com

surfactantes não­iônicos (III, IV, V, FEITOSA et al., 2001a) em solução.
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Crio­microscopia de transmissão de elétrons (cryo­TEM)

Imagens diretas de alta resolução de macromoléculas individuais podem ser

obtidas por microscopia de transmissão de elétrons (TEM). O experimento

requer alto vácuo no microscópio (< 10 torr) e filmes finos da amostra (<
0,25 um) a fim de permitir que feixes de elétrons o atravessem. Esta técnica

consiste em preparar um filme fino (de 10 a 500 nm) em uma câmara

ambiental, com condições de temperatura e humidade controladas. Para

detalhes da técnica, vide BELLARE et al., 1988. O filme é vitrificado da

temperatura desejada por congelamento rápido e então transferido em etano

líquido para o microscópio de transmissão de elétrons (temos usado o Zeiss

EM 902, da Universidade de Uppsala) para o exame da amostra. A fim de

evitar perturbação da amostra e formação de cristais de gelo, as amostras

foram mantidas a 108 K durante a transferência e o processo de

observação. Todas as observações foram feitas a uma voltagem de

aceleração eletrônica de 80 kV.

Calorimetria

Dentre os métodos termométricos para o estudo de macromoléculas em

solução, destacam­se os de calorimetria diferencial de varredura (DSC) e

de calorimetria por titulação isotérmica (ITC).

No DSC, calor é fornecido ou retirado, à mesma taxa, da amostra e

da referência (solvente) colocados em celas gêmeas, e o calor é retirado da

amostra ou fornecido para ela, a fim de manter a amostra e referência à

mesma temperatura. O termograma é registrado em termos da variação do

calor específico da amostra em função da temperatura. Transições de fases

são caracterizados por picos no termograma centrado no valor da

temperatura de transição. A área sob o pico fornece a entalpia associada à
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transição, e a largura do pico é inversamente proporcional à

cooperatividade da transição (VIII, IX).

No ITC, o calor de reação é medido após cada adição (titulação) de

uma solução de macromoléculas (ex., solução de micelas) a um solvente ou

solução de uma segunda macromolécula (ex., micela, vesícula , polímero,

proteína etc.), a fim de investigar a entalpia de reação entre essas

macromoléculas (X, SWANSON­VETHAMUTHU e: al., 1998, FEITOSA

et al., 2001b). O método é excelente para se obter a CMC ou CAC de

surfactantes, respectivamente na ausência e presença de um polímero, além

de verificar se duas espécies tensoativas interagem em solução formando

agregados. A entalpia, a energia livre e a entropia do sistema podem ser

facilmente obtidas por este método.

Fluorescência

Fluorescência de estado estacionário — A razão do primeiro pelo terceiro

picos vibrônicos de um cromóforo (eg. pireno), LIHLI, reflete a

micropolaridade do meio no qual está solubilizado, e pode ser usado para

obter a CMC, número de agregação e polaridade desse meio

(KALYANASUNDARAM, 1987). Abaixo da CMC os cromóforos estão

localizadas no volume aquoso ou em agregados pré­micelares, resultando

em valores elevados de III; na CMC, os cromóforos solubilizam­se no

interior das micelas, reduzindo drasticamente o valor de I/III. Da curva de

III em função da concentração de surfactante obtém­se a CMC.

O número de agregação, N,., de micelas pode ser determinado pelo
método de Turro­Yekta (TURRO e YEKTA, 1978),

[= G
E

onde [M] e [Sn] são, respectivamente, as concentrações molares de micela e

de surfactantes micelizados, relacionados às intensidades de fluorescência
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dos cromóforos, I e Il, na ausência e presença de supressor,

respectivamente, através da equação

ne 2/2 (4)

onde [O] é a concentração molar do supressor. A Eq. 4 é válida

considerando que o cromóforo e o supressor estão no caroço hidrofóbico

micelar e obedecem a distribuição de Poisson, e que o cromóforo fluoresce

apenas na ausência do supressor (KALYANASUNDARAM, 1977). Pireno

e cloreto de cetilpiridino são muito usados, respectivamente como sonda

supressor de fluorescência. À Figura 4 mostra algumas sondas

fluorescentes usadas em nossa pesquisa.

A anisotropia de fluorescência, r, é importante no estudo da polaridade

da região hidrofóbica de micelas e vesículas. Obtém­se r por medidas da

radiação de excitação e emissão vertical e horizontalmente polarizada do

cromóforo. Para uma radiação de excitação verticalmente polarizada, a

emissão vertical (/,) e horizontalmente (/)) polarizada é medida; e para

uma radiação de excitação horizontalmente polarizada, a emissão vertical

(11) e horizontalmente (1,) polarizada é medida. O valor médio da

anisotropia de fluorescência, <r>, é dado pela Eq. 5:

<r>=(I,­ GL )/0,+26G]) (5)

onde G = i/i, é um fator de correção que leva em conta o canal de emissão

simples do espectrofotômetro tipo “L” (LAKOWICZ, 1983).
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(4H4A) (B4A)

Figura 4 ­ Estrutura molecular de algumas sondas fluorescentes trans­
difenilpolienos (t­Dpo).

Fluorescência resolvida no tempo ­ A curva de decaimento de fluorescência

do  cromóforo  (pireno)) na presença de  supressor (3,4­

dimethylbenzophenone, DMBP) é ajustada através do modelo de Infelta­

Tachiya (INFELTA et al., 1974):

F(t) = F(0)exp[­t/1o + <n>texp(­kat) ­ 13] (6)

onde F(r) descreve a evolução temporal da intensidade de fluorescência do

cromóforo e supressor que obedece a distribuição de Poisson. F(0) é a

intensidade de fluorescência no instante inicial; 1,5 é o tempo de vida natural

do cromóforo sem o supressor, <n> é o número médio de supressor nas

micelas, e &, é a constante de reação de primeira ordem do supressor. O
número de agregação, Na, é calculado usando a Eq. 7

IS]N = El 7es EN? [O] O”
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onde [5] e [O] são as concentrações molares do surfactante e supressor nas

micelas. Devido à baixa solubilidade em água, o surpressor solubiliza

preferencialmente no interior hidrofóbico das micelas. Em geral, as

concentrações de surfactante e de supressor livres é desprezível com

relação à concentração total de surfactante na solução, [5] e [0] podem ser
substituídas pela concentração total de surfactante e supressor.

Usamos este método em nossa pesquisa para obter N,, de micelas
catiônicas de Ci;TAS (FEITOSA et al., 2001b) e não­iônicas de CE, (n =

5 e 8) na ausência e presença de PEO (III, IV, V, FEITOSA et al., 2001a).

Tensão superficial

A tensão superficial, y, de líquidos é uma força tangencial atrativa entre

moléculas adjacentes que mantém o líquido unido. Essa força atrativa é a

fonte de condensação do vapor de um líquido e tem origem nas forças de
dispersão, dipolo­dipolo e nas pontes de hidrogênio. No interior do líquido
uma molécula sofre a mesma força atrativa em todas as direções, mas na
região existe uma assimetria nessas forças que resultam na energia de
superfície e se manifesta na tensão superficial que é, portanto, a força de
coesão do líquido.

À temperatura ambiente a água tem uma grande tensão superficial,
72 mN/m, enquanto que y de álcoois é baixo, de 20 a 22 mN/m. Solventes

em geral, y está na faixa de 20 a 30 mN/m. Existem diferentes modos de se

medir a tensão superficial, y, de uma solução. Medidas de y de soluções de
surfactante permitem obter a CMC e a área ocupada por surfactante na
região da interface. No método de du Noiy (método do anel), mede­se a
força F necessária para remover um anel de platina (raio R) e a tensão
superficial y é obtida através da Eq. 8:
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= )

onde à é um fator de correção obtido da medida da tensão superficial da

água (72.0 mN/m at 25ºC). Da curva de tensão superficial contra o

logarítmo da concentração de surfactante obtemos a CMC, que corresponde

ao intercepto das curvas ajustadas e a área por surfactante, a., na interface

de saturação, usando a equação de adsorção de Gibbs (EVANS E

WENNESTRÔM, 1999):

=—l dr. 9)
nkT dinC

onde Tº (mol/área) = 1/Naa, é O excesso de superfície do surfactante na

interface, C é a concentração molar de surfactante, N,. é a constante de

Avogadro, R é a constante dos gases, T é a temperatura absoluta, e n é um

número que leva em conta a valência do contra­íon, n» = 1 para surfactantes

não­iônicos, e n = 2 ou 3 para contra­íons mono ou divalentes,

respectivamente. À Eq. 9 se aplica no limite de C —> cmc.

Usamos este método no estudo de micelas catiônicas de C,;TAB

(SWANSON­VETHAMUTHU et al., 1998) e CiKTAS (FEITOSA et al,
2001b).

Condutividade

É uma técnica muito útil para se obter a CMC e o grau de dissociação de
contra­íons (a) de micelas iônicas. O intercepto das curvas ajustadas dá a

CMC, enquanto que a razão entre as inclinações das curvas acima e abaixo

da CMC á o valor de o (ZANA, 1980). A técnica consiste em medir a

resistência R da solução de micelas, que está relacionada à condutância

específica o = k/R, onde k é a constante da cela (k = 1,0 em", em nosso
caso).
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Monocamadas na interface

A balança de superfície de Lagmuir­Adam (ou cuba de Langmuir) é a mais
usada no estudo de monocamadas na interface água­ar. A monocamada é

formada sobre a superfície de um líquido espalhando uma solução orgânica

do surfactante entre duas barreiras, uma fixa e a outra móvel, e evaporando

o solvente orgânico. A área da monocamada pode variar movendo­se a

barreira móvel. A presença da monocamada de surfactante na superfície

diminui a tensão superficial (y) relativamente à tensão superficial da

superfície “limpa” (7,), sem o surfactante, originando uma pressão

superficial (n) sobre as barreiras na direção da superfície limpa, definida

por

TF =Yo"YV (10)

A pressão superficial pode ser obtida medindo­se a força por unidade de

comprimento sobre a barreira fixa, ou, alternativamente, medindo­se por

métodos convencionais (eg. de Wilhelmy) a tensão superficial na ausência

e presença do surfactante.

A medida do potencial de superfície usando um eletrodo posicionado

acima e próximo à interface e um eletrodo de referência posicionado na

subfase. O potencial entre os eletrodos é medido usando um eletrômetro de

alta impedância, na presença (V) e na ausência da monocamada (V,). O

potencial de superfície, AV, é definido como

AV=VY­Y, (11)

e reflete a polaridade e a orientação dos dipolos da superfície. Para um

dipolo u formando um ângulo 8 com a normal à superfície, AVé dado por
AV = nucosO (12)

De
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onde n é a densidade de moléculas por unidade de área na monocamada, D

é a constante dielétrica do meio e e, é permissividade do vácuo.

Medimos o potencial de superfície e a isoterma pressão­área de

DODAB contendo solução aquosa de diferentes eletrólitos na subfase

(XI).

A equação de Poisson­Boltzmann (EPB)

Na teoria de campo médio, a EPB relaciona o potencial eletrostático médio,

d(r), de um macro­fíon (eg. Micela ou vesícula) em solução eletrolítica,
cujos íons provêm da dissociação do macro­íon ou pela adição de

eletrólitos à solução, à densidade de cargas, p(r), distribuídas radialmente

na dupla camada elétrica de Gouy­Chapman adjacente ao macro­fons,

segundo a EPB:

AQ =­(kT/e)E(noz)exp(­z;e0/kT) (13)

onde A é o operador laplaciano, mn, é a densidade numérica de íons no

ponto de referencia, onde o potencial é nulo (na borda da cela, no modelo

da cela), e = De, é a permissividade do meio, D é a constante dielétrica do

meio, £, é a permissividade do vácuo, z; é a valência do ion 1, e é a carga

elementar, & é a constante de Boltzmann e 7 é a temperatura absoluta. À

EPB (Eq. 13) é uma equação não­linear de 2º ordem e, em geral, não possui

solução analítica simples, podendo em muitos casos ser resolvida

numericamente. Através de condições de contorno apropriadas (II). Na Ref.
II resolvemos numericamente, usando o modelo da cela, a EPB para

vesículas catiônicas de DODAB.
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discussão dos resultados

As propriedades de uma série de colóides de associação foram investigadas
por nós, usando uma variedade de técnicas e métodos discutidos acima.

Uma das maiores contribuições do nosso grupo para a pesquisa das
vesículas catiônicas consiste, a meu ver, na formação e caracterização de

vesículas espontâneas de DODAB e DODAC, obtidas pela mistura simples
desses surfactantes em água. Em baixas concentrações essas vesículas são

grandes e unilamelares. Quando preparadas em solução iso­osmolar de sal

(NaBr ou NaCl) essas vesículas são menores e uni, bi ou trilamelares. As

Figuras 5 a 10 mostram algumas típicas fotos cryo­TEM de vesículas

espontâneas, sonicadas e extrudadas de DODAB e DODAC preparadas em
água ou em solução iso­osmolar de NaBr.

Algumas conclusões podem ser traçadas. As vesículas sonicadas a

banho têm o formato de lentes, semelhantemente às sonicadas com probe

(ANDERSSON et al., 1995), mostrando que esses dois métodos de

sonicação levam à formação de vesículas com a mesma forma e tamanho.

As dispersões de vesículas sonicadas possuem duas populações de

estruturas características de vesículas pequenas e fragmentos, pois o

tamanho destas estruturas não é grande o suficiente para formar vesículas

(VI). O tamanho das vesículas extrudadas depende naturalmente do

diâmetro efetivo do poro da membrana de extrusão, podendo ser menor ou

maior; para é = 200 nm, o diâmetro das vesículas é aproximadamente igual

à, para à menores as vesículas são maiores e, para à maiores, as vesículas

são menores do que à (LOPES er al., 2001). Interessante notar que as

vesículas de DODAC tendem a ser mais esféricas e menores do que as de

DODAB. Além disso, vesículas unilamelares de DODAC se formam a

concentrações muito maiores do que as de DODAB. Quando preparadas
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em solução iso­osmolar de NaCl, p. ex., as vesículas catiônicas têm maior

curvatura e são principalmente uni, bi ou trilamelares Nas Figuras 6 e 10

comparamos as cryo­fotos de duas dispersões espontâneas de DODAB 5.0

mM, de onde vemos claramente que as vesículas na presença de sal são

muito mais definidas. Importante observar que em 5.0 mM as vesículas

espontâneas de DODAB apresentam uma grande fração de agregados,

enquanto que as vesículas de DODAC são mais homogêneas, esféricas e

não formam agregados (Figura 5).

Figura 5 ­ Cryo­TEM de DODAC 5.0 mM em água. Amostra vitrificada
de 25 ºC. Barra = 200 nm.

A T. de DODAB e DODAC exibem o fenômeno de histerese, ou

seja, a 7, é sempre maior quando obtida por aquecimento do que por

resfriamento da amostra, com essa diferença chegando a 6,4 ºC para
DODAC (Figura 11); uma histerese menor, de 4,8 ºC, foi obtida para
DODAB. A razão da histerese ainda não é bem entendida e está sendo

investigada pelo nosso grupo. Um valor similar da 7, de DODAC (47 “C) e
DODAB (45 ºC) também foi obtida por medidas de ressonância
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paramagnética eletrônica, RPE (XI) e turbidez em função da temperatura

(Figura 12). A rápida variação na turbidez na região da 7, mostra que a

transição é cooperativa, resultando no estreito pico no termograma DSC

(Figura 11). Vimos que a 7, de DODAX diminui com o aumento da

curvatura (a extrusão diminui a 7.). À sonicação, no entanto, aumenta a 7,

de DODAX, provavelmente devido a anomalias ou defeitos causada pela

força das ondas ultrassônicas (IX).

Figura 6 ­ Cryo­TEM de dispersão espontânea de DODAB 5.0 mM em
água. Amostra vitrificada de 25ºC,

Figura 7 ­ Cryo­TEM de DODAB 2.0 mM em dispersão aquosa
espontânea. Barra = 100 nm.
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Figura 8 ­ Cryo­TEM de DODAB 1.0 mM em água. Vesículas preparadas
por sonicação a banho (2,5 bh).

Figura 9 ­ Cryo­TEM de vesículas de DODAB | mM extrudadas (6 = 100
nm) em água. Barra = 100 nm.
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Figura 10 ­ Cryo­TEM de dispersão espontânea de DODAB 5.0 mM em
1,2 mM de NaCl. Amostra vitrificada de 25 ºC. Barra = 100 nm.
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varredura AH (kcal/mol) Te (O) Tin (O)
up 10,0 48.8 0.8

down 10,0 42.4 1.3

Figura 11 — Termogramas DSC de dispersão espontânea de DODAC,
obtidos por aquecimento e resfriamento da amostra. Valores de T., Tin e
AH da transição de fase principal são mostrados na Tabela.
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Figura 12 — Efeito da temperatura na turbidez de vesículas espontâneas de
DODAC 1,0 mM em água, de onde se obtém T, = 47 ºC.

Estudos de RPE de spin labels incorporados na bicamada de

vesículas de DODAB espontâneas e sonicadas a banho revelaram que,

abaixo da 7, a dispersão sonicada contém duas fases distintas, uma gel e a

outra tipo líquido­cristalina, enquanto que na dispersão espontânea esta co­

existência de fases só acontece na região da 7. (XI). Observamos também,

através do espectro RPE, a histerese no fenômeno termotrópico de

vesículas de DODAB (XI).

Uma outra característica importante das vesículas catiônicas é que os
surfactantes tendem a formar estruturas multilamelares com o aumento da

concentração. Isso foi observado para brometo de didodecildimetilamônio,

DDAB, (MARQUES, 1993) e DODAX (FEITOSA e AMARAL, 2001). À

Figura 13 mostra as curvas de intensidade de espalhamento de raios­X a

baixo ângulo, SAXS, de dispersões espontâneas de DODAB. O pico de

Bragg característico de estruturas multilamelares aparece para DODAB 5,0
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mM, mas não para 1,0 mM, indicando que uma transição estrutural ocorre

nesta faixa de concentração. O mesmo não foi observado para DODAC até 20

mM, o que torna as vesículas de DODAC interessantes de serem investigadas
no sistema semidiluído.

DODAB

non­sonicated

4 1mM
o 5 mM

v 10mMM

water

0,20
q (A)

Figura 13 — Intensidade SAXS de dispersões espontâneas de DODAB em
água medida à temperatura ambiente. O pico de Bragg começa a aparecer em
torno de 5 mM.

Interação de sal de bile com vesículas de DODAB e DODAC

A Figura 14 mostra o modo como os sais de bile NaC, NaDOC, NaTDC e

NaGC afetam a turbidez da dispersão de vesículas de DODAC preparadas

espontaneamente em água. Vemos que o efeito final independe da natureza do

sal de bile; porém, o modo como esse estado final é alcançado depende da

estrutura molecular do sal de bile. O alto valor final da turbidez, e o aspecto

turvo da dispersão, sugere a formação de estruturas macromoleculares

gigantes, provavelmente não­lamelar, pois os
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termogramas DSC nessas condições não apresentam pico de transição de
fase característico de estruturas lamelares (resultados não mostrados),

podendo ser estruturas micelares alongadas; este assunto está sendo
investigado pelo nosso grupo (ALVES, 2001). Interessante que apenas NaC
e NaGC induzem a formação de micelas mistas (valores baixos de turbidez

na Figura 14) antes de ocorrer a transição para a fase final, turva. Medidas
de DSC (Figura 15) mostram que a adição de NaC na dispersão de
vesículas de DODAC diminui a 7. (ALVES, 2001), alarga o pico da

transição mostrando que a transição ocorre numa faixa de temperatura cada
vez mais larga, tornando­se mais suave (menos cooperativa). O pico
finalmente desaparece na região dos dois patamares para NaC e NaGC
(medidas DSC estão sendo feitas para a mistura de DODAC e DODAB
com NaDOC, NaTDC e NaGC).

T
u

rb
id

e
z

(2
20

nm
)

" vY

SRRAABADASME TRAAA

04 | os o8
Sal de Bile/DODAC

Figura 14 — Efeito da razão de concentração molar R = sal de bile/DODAC
na turbidez (220 nm) da dispersão. Medidas realizadas (25 ºC) por titulação
do sal de bile em dispersão de DODAC 1,0 mM.
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NaC/DODAC AH (kcal/mol) Te (CO) Tin CO)
0 10,0 48,8 0.77

0.1 6,5 46,2 1,28
0.2 5,6 44,9 1.52

Figura 15 — Efeito de colato de sódio (NaC) no termograma DSC de
dispersões espontâneas de DODAC, obtido por aquecimento da amostra,
para três valores de R = NAC/DODAC, 0, 0,1 e 0,2. Valores de AH, T, e Ti
e da transição de fase principal são mostrados na Tabela.

Interação de surfactantes com vesículas de DODAX

Nossos resultados têm mostrado que o efeito de surfactantes não­iônicos,

zwitteriônicos e aniônicos na transição da fase gel para a líquido­cristalina

de DODAX é semelhante ao efeito de surfactante não­iônico em vesículas

de fosfolipídio (EDWARDS «et al., 1989). À Figura 16 mostra o efeito do

surfactante zwitteriônico HPS no termograma DSC de DODAC 1,0 mM.

Analogamente ao efeito de sal de bile (Figura 15), HPS diminui a T. e AH

da transição de fase de DODAC, porém, numa menor taxa (Tabela 1). Em
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todos esses casos a transição vesícula­micela pode ser explicada com base

no modelo de três estados de Lichtenberg (LICHTENBERG, 1985),

conforme proposto por nós nas Refs. X e BARRELEIRO et al., 2001. A

transição vesícula­micela também está sendo investigada para os sistemas
DODAX/CpEn n = 5 a 8 (BONASSI, 1999), para os quais também

obtemos o mesmo comportamento geral do observado para HPS.

C
p

(k
ca

l/m
ol

fC
)

45

temperatura (C)

Figura 16 — Termograma DSC de vesículas espontâneas de DODAC em
água, na presença de HPS, para diferentes razões de concentrações molares,
R. À concentração inicial de DODAB é de 1,0 mM.

Medidas de turbidez da mistura CoE/DODAX têm se mostrado

muito útil na determinação de valores críticos de concentrações críticas nas

quais ocorrem mudanças de estrutura na mistura de surfactantes. Na Figura

17 comparamos as curvas para CpEs/DODAX e CpIpEg/DODAX. Notamos

que n afeta muito pouco a razão crítica de saturação (R = CoEV/DODAX),

Rea, correspondente ao ponto de saturação das vesículas pelo surfactante

não­iônico, mas a razão crítica de solubilização, Rot, na qual a transição
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vesícula­micela se completa, aumenta com o aumento de n, ou seja, com a

diminuição da hidrofobicidade do surfactante. Este resultado é facilmente

previsto pelo princípio de auto­associação dos surfactantes ChnEn. À Tabela

2 resume os valores das razões críticas Rsat E Root.

Tabela 1­ Valores de BH, T. e Ti, de vesículas espontâneas de DODAC
1,0 mM, na ausência e presença de HPS.

HPS/DODAC AH (kcal/mol) Tin T. (O)

0

0,6

1,1

2,6

4,7

7,7

11,3

11,0

10,3

6,9

4,8

1,7

0,7

0,09

0,8

1,5

1,3

1,5

2,1

2,1

4,7

4,1

48,8

48,1

48,2

47,6

46,8

46,3

45,8

45,6

Tabela 2 — Valores das razões molares críticas de saturação e de
solubilização de dispersões espontâneas de DODAX (X = CI' e Br), com
CiEn (n=5 e 8), para diferentes intervalos de tempo A? entre as medidas.

sistema At (min.) Rasa: Raso!
Cr2Eg/DODAB

CrEg/DODAC

CrEg/DODAB

Ci2Eg/DODAC

CrEs/DODAB

CiIEs/DODAC

5

5

15

15

15

15

0,5

0,3

0,3

0,2

0,3

0,3

6,2

5,1

6,2

5,1

3,2

3,2
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Figura 17 — Turbidez de vesículas espontâneas de DODAX (X = CI e Br)
em função da concentração de CrEs (a) e CpoEg (b) medidas em intervalos
de 15 min. Medidas realizadas à temperatura ambiente (22 ºC).
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Interação de polímero com surfactantes não­iônicos

Sistemas de PEO com surfactante de poli(óxido de etileno) (ChEn) são

interessantes de se investigar pelas seguintes razões:

a) são sistemas ainda muito pouco investigados, provavelmente devido à

fraca afinidade entre os componentes,

b)as porções hidrofóbica e hidrofílica do surfactante são facilmente

modificadas podendo­se variar o comprimento dos segmentos apolar

(Cm) e polar (En), permitindo um estudo de variação sistemática das
características hidrofóbicas e hidrofílicas do surfactante; e as

propriedades das micelas formadas são facilmente encontradas na

literatura (DEGIORGIO, 1985),

c) a porção polar do surfactante (CnEn) é ela própria um seguimento de

PEO,

d) PEO modifica a temperatura de turvação (temperatura na qual a solução

torna­se turva) de Ch En.

Nossas conclusões do estudo dos sistemas PEO­CrnE,­água baselam­

se nas medidas de espalhamento de luz e fluorescência de estado

estacionário e resolvida no tempo (III, IV, V, FEITOSA et al., 20012):

1) PEO interage com CrEn;

2) a intensidade de interação é função de porção hidrofílica (cabeça polar)

do surfactante, da massa molar do polímero e da temperatura, e aumenta

com a massa molar do polímero, mas diminui com o aumento do número

de segmentos de PEO da porção hidrofóbica do surfactante,
provavelmente devido à diminuição no tamanho das micelas ou aumento

da temperatura de turvação (Tp);
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3)a intensidade de interação aumenta com a temperatura quando esta se
aproxima de 7.,; a temperaturas bem inferiores à 7., a intensidade
diminui com a temperatura até um valor minimo;

4) para uma dada concentração de PEO, o número de agregação (Nag) das
micelas no complexo é menor, igual ou maior do que das micelas na

ausência do polímero, dependendo da concentração de surfactante. N,,
aumenta com a concentração de surfactante, mas a uma taxa maior na

presença do polímero, de modo que a pequenas concentrações de

surfactante, N., é menor na presença do que na ausência do polímero
(como acontece para o sistema PEO­SDS­água), mas é maior a

concentrações maiores, contrariando a expectativa para sistemas iônicos;

5) a CMC do surfactante é a mesma na ausência e na presença do polímero,

ou seja, CMC = CAC para os sistemas PEO­CrEn­água, sugerindo que

os agregados micelares, e não os monômeros são os principais

responsáveis pela complexação;

Esses resultados são impressionantes quando comparados a sistemas

polímero neutro­surfactante iônico, para os quais a CMC é sempre menor

do que a CMC e N,, é menor na presença do que na ausência de polímero,
propriedades essas comumente usadas como indicadores de complexação e

da intensidade da “driving force”. Polímeros neutros relativamente

hidrofóbicos apesar de interagir com surfactantes não­iônicos também não

alteram a CMC (BRACKMAN e ENGBERTS, 1993).

Questões ainda não respondidas sobre complexos polímero­

surfactante neutros diz respeito ao efeito da temperatura e da concentração

ou da massa molar do polímero no tamanho do complexo. Por exemplo,

uma dada concentração de PEO com diferentes massas molares os

complexos têm tamanhos diferentes? Esses polímeros afetam igualmente a

temperatura de turvação do surfactante? Ou, como levar em conta o efeito
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da temperatura nas propriedades do complexo formado por PEO com
surfactantes da série CE, que tenham T.p distintas? À que temperatura
devemos comparar o tamanho dos agregados desses surfactantes com PEO

de modo que a temperatura exerça o mesmo efeito? Para um dado sistema,

convém escolher uma temperatura T de modo que (T., ­ T)/T.y seja igual
para os sistemas. Pretendemos no futuro monitorar a 7., de surfactantes
CrmEn numa faixa de concentração dos componentes maior das investigadas
nas Refs. III, IV, V e FEITOSA et al., 2001a. Procuraremos também

propor um modelo definitivo para os complexos de PEO­CnE, em solução,
pois, até o momento, apesar do nosso esforço, isso ainda não foi possível.

Apesar da importância dos surfactantes zwitteriônicos, presentes em
abundância nas membranas naturais, são pouquíssimos os trabalhos

publicados em misturas de polímero com surfactante zwitteriônico. Temos

investigado a interação de HPS com PEG (BRAZOLIN, 1999). Medidas de
fluorescência e de tensão superficial mostram que PEO (PM = 12 kDa)

alteram muito pouco a CMC de HPS e CiKIAS (BRAZOLIN, 1999),
embora resultados conclusivos da interação desses sistemas requerem o uso

de outras técnicas, como espalhamento dinâmico de luz e calorimetria por
titulação isotérmica (ITC).

Além dos trabalhos acima descritos de caracterização de vesículas de

DODAB e DODACÇC, das micelas de CigITAB e de CingTAS, das micelas

mistas de SDS/CpEg, e dos sistemas mistos PEO/CigE, (n = 5 e 8),

DODAX/CgEg, incluímos neste trabalho um estudo, através da solução

numérica da equação de Poisson­Boltzmann (EPB), da distribuição de íons

e potencial eletrostático nos compartimentos aquosos interno e externo das

vesículas de DODAX (II). Naturalmente que o método numérico proposto

pode ser aplicado ao estudo de vesículas aniônicas. Investigamos também o

efeito da eletronegatividade de contra­íons na distribuição de potencial e
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pressão de superfície em filmes finos DODAB contendo solução

eletrolítica na subfase (XII).

Efeito de eletrólitos nas vesículas e monocamadas de DODAB

Vimos acima que, em quantidade moderada, eletrólitos simples aumentam
a curvatura de vesículas de DODAB. Numa tentativa de entendermos

melhor esse efeito, investigamos o efeito de eletrólitos no comportamento

termotrópico de fase de dispersões de DODAX (Figura 18) e no potencial

eletrostático de superfície e de pressão interfacial em filmes finos

(monocamadas) de DODAB (XII). A Figura 18a mostra o efeito de NaBr

no termograma DSC das vesículas espontâneas de DODAB, onde vemos

que a intensidade e posição dos picos das transições principais e da pós­

transição variam de modo inverso com a força iônica. Na Figura 18b vemos

que NaCl aumenta a 7, de DODAB e NaBr tende a diminuir, o que é

consistente com o fato da 7, ser maior para DODAC do que para DODAB.

E importante notar que nosso estudo mostra que a 7., das vesículas

de DODAX depende não apenas da força iônica, mas também da

concentração de surfactante e do método de preparação das vesículas (IX).

O surfactante CigTAB, homólogo a DODAB, mas com uma única

cauda, forma micelas aproximadamente esféricas na presença de pequenas

concentrações de NaBr, mas forma bicamada (e não micelas cilíndricas) em

concentrações elevadas de NaBr, eg. 80 mM. A transição micela­bicamada

induzida por NaBr foi por nós observada por medidas de espalhamento
dinâmico de luz, tensão superficial e calorimetria por titulação isotérmica

(SWANSON­VETHAMUTHU et al., 1998). Esse comportamento não
usual se deve à longa cadeia de hidrocarboneto desse surfactante.

FS
AVAVAV

1 2 3 4 5 6 7 unesp ”. 12 13 14 15 16 17 18



E
xc

es
s

H
e
a
t

C
ap

ac
ity

Cm (mM)

Figura 18 — (a) Termogramas DSC de DODAB/NaBr/water nas
concentrações de NaBr: O (1) 1 (11), 5 (ii), 10 (iv) and 20 mM (v). (b) Efeito
de NaCl (O) e NaBr (O) na 7, de DODAB.

O surfactante CigTAB, homólogo a DODAB, mas com uma única

cauda, forma micelas aproximadamente esféricas na presença de pequenas
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concentrações de NaBr, mas forma bicamada (e não micelas cilíndricas) em
concentrações elevadas de NaBr, eg. 80 mM. A transição micela­bicamada

induzida por NaBr foi por nós observada por medidas de espalhamento
dinâmico de luz, tensão superficial e calorimetria por titulação isotérmica
(SWANSON­VETHAMUTHU et al., 1998). Esse comportamento não
usual se deve à longa cadeia de hidrocarboneto desse surfactante.

Medidas da pressão superficial e do potencial de superfície de
monocamadas de DODAB mostraram, através da teoria de Gouy­Chapman
que na interface água/ar, a monocamada de DODAB não está totalmente

ionizada. A densidade superficial de carga efetiva aumenta com a

eletronegatividade do contra­íon na subfase devido à ligação seletiva dos
íons à interface, afetando não apenas o potencial de superfície da

monocamada, mas também a isoterma área­pressão (XII). A monocamada

de DODAB é muito condensada quando a subfase contém I e muito

expandida quando contém F”.

A distribuição de íons nas vizinhanças de micelas e vesículas

determinam as suas propriedades e estabilidade. O potencial de superfície

de colóides de associação iônicos podem ser determinados

experimentalmente, p.ex. através de medidas da mobilidade eletroforética,

ou por sondas espectroscópicas (1), ou teoricamente, resolvendo a equação

de Poisson­Boltzmann, EPB (II), ou por simulação de Monte Carlo

(STEVENS et al., 1996). Resolvemos numericamente a EPB para as

vesículas catiônicas (esféricas) de DODAX, modeladas como uma casca

esférica com carga nas superfícies interna e externa proveniente da

dissociação de contra­fons e da adsorção específica de íons adicionados ao

sistema, e observamos que existe uma assimetria na distribuição radial do

potencial eletrostático e da carga elétrica (II).
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Considerações finais

O trabalho aqui apresentado no campo dos colóides de associação mostra

que existe um amplo campo de pesquisa com aplicação de colóides de

associação em ciência e tecnologia.

Assim, este trabalho constitui um esforço de avanço na investigação

da interação de diferentes macromoléculas com interesses de aplicações

diversas, tais como micelas, vesículas, polímeros naturais e sintéticos e

proteínas. A mistura desses componentes visa caracterizar

fisicoquimicamente os complexos de macromoléculas formados em

misturas dessas espécies, além de investigar a estabilidade das diversas
fases. É por essa razão que procuramos diferentes alternativas de estudo da
estabilidade em sistemas contendo surfactantes, muitos dos quais ainda não

investigados.

O trabalho, claro, não se esgota aqui, mas requer continuidade, na

busca de um entendimento cada vez maior das propriedades das micelas,

vesículas e monocamadas, em sistemas simples ou mistos. A pesquisa está

continuando dentro do mesmo espírito de envolvimento de colaboradores e
alunos interessados no assunto.
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Abstract

In this work we present a series of results obtained in the last ten years by our

research group (Group of Colloid Physics) on association colloids in bulk

solution containing micele­ and vesicle­forming single and mixed surfactants,

in the presence of polymers and electrolytes, and at the air/water interface.

The results discussion is based on the existing ones in the literature (see list of

publications on page 2). The surfactants investigated are cationic single

(Cis TAB) and double­chain (DODAX, X = Br and CJ), anionic single (SDS)
and double­chain (DHP), and non­ionics (ChEn, n = 5 and 8). The chemical

structures of some of these surfactants are shown in Figure 1. Experimental

techniques, such as light scattering, SAXS, fluorescence, calorimetry,

tensiometry, as well as computer methods based on the Poisson­Boltzmann

equation, were used in this study.

This work mainly concerns with the physico­chemical properties of

cationic micelles of CigTAB (SWANSON­VETHAMUTHU et al., 1998) and

CisTAB (FEITOSA et al., 2001b), mixed micelles of SDS/Cx;TAB (VII),

polymer­surfactant complexes of PEO­CpEs (III, IV) and of PEO­CpE;g (V,

FEITOSA et al., 2001), for PEO with high and low molecular weight (Mw =

600 and 12 kDa), and cationic and anionic vesicles of DODAB, DODAC and

DHP prepared by different methods, such as sonication, chloroform injection,

extrusion and spontaneously (I, VI, VIII, IX, X, XI, LOPES et al., 2001,

FEITOSA and BARRELEIRO, 2001, BARRELEIRO et al., 2001, FEITOSA

et al., 2001c). We also investigated by SAXS more concentrated dispersions

of DODAX, DDAB and DHP (FEITOSA and AMARAL, 2001) and the shape

and size of phospholipase A; from snake venom of Crotalus durissus
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terrificus (ABREGO et al., 2001) as a tempt for our group to start

investigating protein­surfactant interactions.

The properties of thin films of DODAB in the presence of electrolytes

with different electronegativity in the subphase were also investigated and the

monolayer condensation were understood on the basis of the Gouy­Chapman

theory (XII), as well as the charge and potential distributions about cationic

vesicle surfaces obtained by numerical integration of the Poisson­Boltzmann

equation.

Warning: We enclose in this Thesis only the published papers

(numbered I through XII), whereas the manuscripts are referred in the
Bibliography section and are available to those who are interested.
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Size, Electrophoretic Mobility, and Ion Dissociation of Vesicles Prepared with Synthetk
Amphiphiles

.

Iolanda Midea Cuccovia,*** Eloi Feitosa,?! Hernan Chaimorvich,? Luis Scpulveda,$! and Wayne Reed!
Departamento de Bioquimica, Instituto de Quimica, Universidade de Sao Paulo, Caixa Postal 20780,
Sao Paulo, SP, Brazil CEP 01498, Departamento de Fisica, UNESP, Rio Preto, Brazil, Departamento de
Quimica, Facultad de Ciencias, Universidad de Chile, Santiago, Chile, and Physics Department, Tulane
University, New Orleans, Louisiana 70118 (RÊceived: July 17, 1989) :

Vesicles prepared with synthetic amphiphiles (dioctadecyidimethylammonium bromide and chloride, dihexadecy! phosphate
and its sodium salt) were obtained by sonication, ethanol injections, and chloroform injections. The hydrodynamic diameter &.
of vesicles (D,), estimated from the diffusivity measured by quasielastic light scattering, ranged from 230 to 3000 À. Tke E
electrophoretic mobility (Un) was measured by free­flow electrophoresis. The zeta potential (6) and the degree of counterian É.
dissociation (e) of the vesicles were calculated from U,, and conductivity data. a decreased with increasing D, of the vesicla, E:
probably due to the decreasing hendgroup area and the increasing counterion association needed to relax the surface electrostatic
potential. The clectrophoretic mobility was also caleulated (U,) according to an impenetrable, nonconducting sphere mode É
with a spherically symmetric charge distribution approximation. Within the limits of the experimental error(s) of the (different) E
methods employed and the assumptions made in the calculations, the fact that the Un /U, ratio ranged from 1.3 to 7.5 was E
considered to be a good agreement between the calculated and the experimental values.

Introduction

Vesicles prepared with both natural and synthetic amphiphiles
are convenient systems for the study of structural and functional
properties of bilayers as well as carriers of drugs and genetic
information into cells.'  Particulariy, synthetic amphiphile vesicies
are extremely efficient catalysts for both ground­ and excited­state
reactions.' The rate of vesicle­modified reactions can be controlled

' by substrate compartmentalization and changes in the composition
of the reaction medium.º? The size of vesicles can be varied from
250 to 5000 À in diameter by use of different preparation
methods.* Several features, such as solubilization and permea­
bility, are strictly related to vesicle size. Not only the association
constants but also the relative positions of bound substrates vary
with vesicle size? These data led us to investigate the degree
of counterion dissociation (a) as a function of vesicle size. This
parameter is essential for the quantitative analysis of kinetic data
using models such as the pseudophase ion exchange. Moreover,
the determination of the parameters needed for the calculation
of a of synthetic amphiphile vesicles of different sizes (e.g., hy­
drodynamic radius, electrophoretic mobility, zeta potential) may
be of relevance for the understanding of the (several) differences
between lipid and synthetic amphíiphile bilayers.

Here we have used free­flow electrophoresis to determine, for
the first time, the degree of ion dissociation from vesicles as a
function of their size (measured by quasielastic light scattering).
The experimental values of electrophoretic mobility of vesicles
were lower than those calculated according to theory,' and this
discrepancy was analyzed. For both positively and negatively
charged amphiphiles the degree of ion dissociation decreased with
increasing size of the vesicle.

Materials and Methods

Dioctadecyldimethylammonium chloride (DODAC) (Ferga
Industrias Quimicas, Rio de Janeiro, Brazil) and dioctadecyldi­
methylammonium bromide (DODAB) (Eastman Kodak) were
purified by recrystallization.º Dihexadecy! phosphate (DHPH)
(Sigma Chemical Co.) was used as received. The sodium salt of
DHPH (DHPNa) was prepared by neutralization of a hexane
solution of DHPH with NaOMe in MeOH. After solvent
stripping the solid was recrystallized from ethanol:acetone. |­

* Address correspondence to this author.
* Universidade de Sao Paulo.
t UNESP.
$ Universidad de Chile.
1 Deceased 1989,
+ Tulane University.

[(2­methylphenyl)azo]­2­naphthol (Orange OT) was obtained
from o­toluidine and 2­naphthol (Aldrich) according to standard £
procedures.º — All other reagents were of analytical grade, E
Deionized, twice­distilled water was used throughout.

Vesicle preparation. (1) Sonication: Enough amphiphile to É
give a final concentration of ca. IO mM was weighed in a soni­
cation tube, water (or aqueous NaCl) was added, and the tube
was maintained for 10 min above the phase transition temperature
(T.) of the (corresponding) bilayer. The mixture was then so­
nicated at the 7, for 1 h (DODAC) or 1.5 h (DODAB) in a bath
sonicator (Branson do Brazil, Sao Paulo, Brazil, MSX­10).
Sonication was also performed with a tip sonificr (Braunsonic
1510) for 20 min (above the T.), and mixtures were later cen­
trifuged at 10000g, for 30 min. (2) Chloroform injection: Large
DODAC and DODAB vesicles were prepared by injection of
chloroform solutions of DODAX (X = CI” or Br) into water or
aqueous salt as previously described.!º (3) Ethanol injection: 1.0
mL of an ethanolic solution of DODAC (0.2 M) was slowly
injected into 19.0 mL of either water or aqueous NaCl maintained
at 50 ºC. ;

Conductivity was determined (30 ºC) in a digital apparatus
(Digimed, Sao Paulo, Brazil) with a cel! constant of 1.00. Ab­
sorbance was measured in a Beckman M25 spectrophotometer
at 495 nm. To minimize light scattering errors, vesicles were
destroyed before absorbance measurements by addition of de­
tergent and incubation at 60 ºC for 5 min. For DODAC or
DODAB we used hexadecyltrimethylammonium bromide
(CTAB), and for DHPIH or DHPNa we used sodium dodecy]l
sulfate (SDS). DODAB and DODAC concentrations were
measured by halide titration,'! and DHPH was determined, after

(1) Fendier, J. H. Membrane Mimetic Chemistry; Wiley­Interscience:
New York, 1982..

(2) Moss, R. A.; Swarup, S.; Zhang, H. J/. Am. Chem. Soc. 1988, 110,
2914.

(3) Cuccovia, 1. M.; Kawamuro, M. K.; Krutman, A. K.; Chaimovich, H.
JJ. Am. Chem. Soc. 1989, 111, 365.

(4) Lasic, D. D. Biochem. J. 1988, 256, L.
(5) Abuin, E; Lissi, E. /. Colloid Interface Sci. 1988, 122, 201.
(6) Quina, F. H.; Chaimovich, H. J. Phys. Chem. 1979, 83, 1844.
(7) Booth, F. Proc. R. Soc. London 1950, 4203, 514.
(8) Cuccovia, 1. M.; Quina, F. H.; Chaimovich, H. Tetrahedron 1982, 36,

917.
(9) Vogel, A. 1. Textbook nf Practical Organic Chemistry, 4th ed.;

Longman Scientific & Technical: London, England, 1978.
(10) Ribeiro, À. M. C.; Yoshida, L. S.; Sesso, A.; Chaimovich, H. 7.

Colloid Interface Sci. 1984, 100, 433.
(11) Schales, O.; Schales, S. S. J. Biol. Chem, 1941, 140, 879.
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Vesicles Prepared with Synthetic Amphiphiles
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DODAC
EtOH injection*?

no salt (0,92) 230 4,47

no salt (8.0) 220 4.47

5 MM NaC]I (9.0) 250 2.83
sonication

no salt (5.0) 530 (484º) 3.32
no salt (1.0) São 3.32
0.93 mM NaCl (5.0) 2.80
2.42 mM NaCl (5.0) 2.35
4.76 mM NaCl (5.0) 380 173
9.27 mM NaCl (5.0) 400 1.40

CHCI; injection
no salt (0.3)
4.4 mM NaCl (0.3)
9.0 mM NaCl (0.3)

2850 (5000,º 3000") 0.61
3500
3500

DODAB
sonication

no salt (5.0) 650 1.64 0.13
CCI, injection (0.3) 2750 0.58 0.043

UHPNa
673 (508) 250 on

DHPII
1162 (500,f 900/) 292

CTAB
NaBr 0.025 M, 30 ºC 61 (64.4") 2.73

SDS
25 ºC Ss 2.52 0,26
30 ºC 2.69 0.24

­* Amphiphile concentrations (mM) in parentheses. *5% (v/)
E:OH. “Reference 28. “Reference 10. “Reference 19. /Reference
29. t Reference 30. * Reference 3). 'Reference 32.

sonication (5.0)

sonication (4.0) 0.06%

0,203

hydrolysis, by measuring inorganic phosphate.!?
Electrophoretic mobility (Un) was determined according to the

procedure described by Hoyer et al.” as modified by Sepulveda
and Cortes."* The agar (2%) bridge contained 0,2 M NaCl.
Labelling was done by adding 20 uL of an acetonitrile solution
of Orange OT (0.025 M) to vesicle preparations to yield 5 x 10
M final dye concentration, Current was measured with a Keithley
197 multimeter. The applied voltage (300 V) was maintained
with a Shandon SAE 2761 source. The silver electrodes (tapes
1 X10X0] em, generous!|y supplied by Degussa S. A. Brasil)
were immersed in NaCl (0.2 M). During electrophoresis the
temperature was maintained at 30.0 + 0.02 ºC with a thermo­
stating­circulating pump (Quimis' Brasil) in a SO L water bath.
Un was calculated from the equation'!?

A
where 4; and 4, are the initial and final absorbances, respectively, ­
of the Orange OT labeled vesicle solution contained in a capillary
of volume (v) = 3.71 cm*; tis the time (in seconds) during which
the current (í, amperes) was measured; À is the conductivity of
the sample (mho per centimeter).

Dynamic light scattering measurements were made at 25 ºC
in an apparatus equipped with a Coherent Innova 90­5 argon ion
laser operating at 488 nm and a Thorn EMI 9863Q­35 phototube
with an APED­H amplifier for single photon detection, connected
to a Brokhaven PI­2030 digital correlator. Vesicle solutions were
passed through nylon filters before quasielastic light scattering
(QELS); for sonicated and ethanolic vesicles the filter cutoff was
2200 À and for chloroformic vesicles it was 8000 À.

H

(12) Houser, G.; Fleischer, S.; Yamamoto, A. Lipids 1970 5, 494.
+(13) Hoyer, H. W.; Mysels, K. J.; Stigler, D. J. Phys. Chem. 1954, 58, 385.

114) (a) Sepulveda, L.; Cortes, J. /. Phys. Chem. 19858, 89, 5322. (b)
Trerniawski, M. Rocz. Chem. 1967, 41, 817.

Um (1)

2 3 4 5 6 7

he Journal of Physical Chemistry, Vol. 94, No. 9, 1990 37123

Results and Discussion

Results are presented in Tables I and 11. Vesicles of various
sizes have been prepared with lipids (for a review see ref 4), and
some of the methods used for lipids have been adapted for synthetic
amphiphiles.º"º In particular, dialkyldimethylammonium
(DODA) amphiphiles form aggregates of different architecture
(c.g., micelles or vesicles) depending not only on the preparation
method but also on the alkyl chain length and counterion type.!*
Size determinations using QELS depend on several assumptions,
including corrections for particle­particle interactions.'* The
reported hydrodynamic diameters (D,) were estimated from the
diffusivity measured by QELS using the Stokes­Einstein relation.!?
We note that for all reported Dy's the polydispersity index, Q,'*
ranged from O.1 to 0.2. In the case of micelles, extrapolation to
the critical micelle concentration (cmc) generaliy affords consistent
sizes from QELS data." The apparent sizes of sonicated vesicles
varicd little with concentration up to 10 MM amphiphile (not
shown). Hence, for the purpose of this work, we elected to report
all Dy's at a single amphiphile concentration (Table 1). The
micellar D, of CTAB was extrapolated to the cmc and agrees with
published data.'ó

Ethanol injection (DODAC) produced aggregates with an D,
of 230 À with or without added salt. Sonicated DODAC vesicles
exhibited a D, of 520 À when prepared in water. Sonication of
DODAC in salt ((5­10) X 10º M) produced smaller vesicles (D,
= 380­400 À). For vesicles obtained by chloroform injection the
presence of salt in the preparation medium led to an increase in
D, from 2850 À (no salt) to 3500 À ((4­9) X 107? M NaCl).
Comparison of the values obtained here for D, with published data
(presented in Table 1) show good agreement for sonicated vesicles.
In the case of large (chloroformic) vesicles the present values are
smaller than those obtained by electron microscopy" but similar
to those obtained by QELS."* Since these vesicles are salt­sen­
sitive,!º jt is probable that the difference in the sizes reflects the
effect of the staining salt used for contrast in electron microscopy.
A limited study of the size of DHPH vesicles was also undertaken
(Table 1). It should be noted that the size of DHPH vesicles was
extremely sensitive to the nature of the counterion. Sonicated
DHPH vesicles exhibited a D, of 1162 À while for DHPNa D,
was 673 À. This difference is probably related to the formation
of intrabilayer hydrogen bonds?º in the DHPH bilayer which could
prevent the formation of sma!l vesicles.

Measured mobilities are sensitive functions of both amphiphile
and salt concentrations.?! Without added salt the values of Ur,
of large vesicles were 30­50% lower than those of small (sonicated)
vesicles irrespective of the natureof the counterion, The mobility
vf positively charged vesicles was similar to those of DHPNa and
DHPH vesicles and to micelles (Table 11). Tn spite of the re­
markable size difference between the amphiphilic structures,
ranging from 40 to 5000 À in diameter, the maximum difference
in U, was ca. 2­fold. The data in Table I suggest that there is
no relationship between particle size and electrophoretic mobility.
This lack of relationship could be expected for particles in which
the size increases weré accompanied by a decrease in ion disso­
ciation, e.g., a decrease in effective surface potential (vide infra).

From the electrophoretic mobility (Un) we estimated the
streaming potential (£) of the particles using a simple Smolu­
chovski model. The £ value calculated by using the (uncorrected)
Smoluchovsky expression is known to yield a minimum estimate
of the streaming potential.??º There are serious doubts that £ values
can be calculated from U,, data even using more rigorous data­

(15) Israelachvili, J. N. Intramolecular and Surface Forces; Academic
Press: London, 1985.

(16) Biresaw, G.; McKenzie, D. C.; Bunton, C., A; Nicolli, D. F. J. Phys.
Chem. 1985, 89, 5144.

(17) Berne, B. J.; Pecora, R. Dynamic Light Scatiering, Wiley: New York,
1976.

.

(18) Reed, C. E,, Li, X.; Reed, W. F. Biopolymers, in press.
(19) Moss, R. A.; Swarup, S. J. Org. Chem. 1988, 53, 5860.
(20) Carmona­Ribeiro, A. M. J. Phys. Chem. 1989, 93, 2630.
(21) Stigter, D.; Mysels, K. ). J. Phys. Chem. 1955, 59, 55.
(22) McLaughlin, S. Curr. Top. Membr. Transp. 1977, 9, 1.
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TABLE ll

Cuccovia eta

Us (X1O0),
methods and conditionsº emº/(V s)

U, ARO),
emº/(Vs)

DODAC
EtOH injection”

no salt (0.92)
no salt (8.04)
5 mM NaCl (9.42)

sonication
no sait (1.0)
no salt (5.0)
0.93 mM NaCl (5.0)

2.42 mM NaCl (5.0)
4.76 mM NaCl (5.0)
9.27 mM NaCl (5.0)

CHCI, injection
no salt (5.0)

sonication
no salt (5.0) 6.7 3.0

CHCI, injection
no salt (5.0) 5.1 2.4

DHPNa
sonication (4­10) 6.6 4.6

DHPH
sonication (4.0) 8.3 2.9

25 mM NaBr (5.0) 5.0 (2.45/
4.755)

25 ºC (16)

78.4

60.4

77.9 (77­127º)

97.3

CTAB
0.94

SDS
4.8 (4.5) 0.8

30 ºC (16) 5.6 0.8

* Amphiphile concentrations (mM) in parentheses. ? Corrected U, values; see text. “Caiculated from Up; see text. “5% v/v ELOH, “Reference
33. SReference 14a. E Reference 14b. * Reference 21.

analysis models. Nevertheless, the calculations were considered
to be illustrative for comparative purposes. £ was calculated by
using the expression? >

Un= (2)
to

where n is the water viscosity (7.975 X 10 (dyn s/cm?)), « the
permissivity of free space (8.857 17 X 107 dyn/V?), and «, the
dielectric constant of water (76.55) at 30 ºC, The calculated £
values (Table 11) ranged from 50 to 90 mV, well within the range
published for similar supramolecular aggregates of this type atlow salt concentration.?

From U,, and conductance data we calculated the relative
counterion dissociation of the supramolecular aggregate (a) using
the relationship

10º da/de
FU, + UM

a ­ O)

where the Faraday constant (F) is equal to 96 500, U, is the
mobility of the counterion, and dA/dc is the slope of the con­
ductance vs total amphiphile concentration plot. For micelles
d)X/dc was taken above the cmc.'* In the case of vesicies dA/de
was corrected for the fraction of amphiphiles residing in the
external surface (/). The dissociation of ions from the internal
surface should not contribute to the measured conductance.*º*
Hence fis 1.0 for miceliles and was taken as 0.7, 0.6, and 0.5 for
vesicle diameters up to 250 À, from 250 to 700 À, and greater
than 700 À, respectively."º* The conductances of solutions of large
vesicles were significantly lower than those containing smaller
structures. In some cases a deviation from linearity in the À vs

(23) Keh, E.; Gavach, C.; Guastalla, J. C. R. Acad, Sci, Paris, Ser. C
1966, 263, 1488.

(24) McNeil, R.: Thomas, J. K. J. Colloid Interface Sci. 1980, 73, 522.
sn

2 3 4 5 6 7

58.9

17 1.4 56.2.
15 1) 66.2

c€ plots was observed. The values of dA/dc are presented in Table
1. Vesicles of DHPNa and DHPH exhibited similar dX/d.,
However, since the specific conductance of H* is larger than that
of Na*, the calculated value of a for DHPH was much lower than
that of DHPNa. Function­dependent changes due to replacement
of H* in DHPH monolayers have been described for intra­ and
interlayer forces.?º

As previously observed for micelles,'* the degree of counterion
dissociation (a) from small DODAX vesicles was larger with Cr
ion than with Br" ion. The difference in a, however, is negligible
when CI" ion and Br” ion are compared in large DODAX vesicles
(Table 1). Ion dissociation from the large vesicles was very small,
and the detection of minor differences in a (between DODAC
and DODAB) in large vesicles would be outside the sensitivity
of the present method. The salt dependence of a, especially in
the small DODAC vesicles, suggests that ion dissociation in vesicles
is affected by ionic strength more strongly than in micelles. lt
is attractive to speculate that the effective size of the ion pair at
the surface! affects both ion dissociation and vesicie size. The
size dependence of a is probably partially due to the difference
in headgroup packing in the bilayer as a function of changing
radius of curvature. Abuin and Lissi? have observed marked
changes in the partition cocfficients of neutral substrates as a
function of vesicle size and interpreted their data in terms of a
lesser monomer packing in the small vesicles. Lesser packing
should reduce the electrostatic repulsion at the surface and permit
a larger extent of ion dissociation as observed. The values of a
presented here were utilized to analyze quantitatively vesicle size
dependent catalytic effects on chemical reactions and resulted in
excellent fits.º? The large differences in a, varying by as much
as a factor of 8 (Table 1), cannot be wholly explained by changes
in headgroup arca. The latter is not expected to exceced a factor
of about 2 in going from a vesicle diameter of 220 À to 2850 À.“

(25) Cuccovia, 1. M.; Kawamuro, M. K.; Chaimovich, H. Submitted for
publication.
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Vesícles Prepared with Synthetic Amphiphiles

The surface potential (Vy) of the vesicle should be roughly pro­
portional to

aR

(1 +xR) J

where «x is the Debye­Húckel inverse screening length and Riis
taken as half of D,. At very low salt concentration the interaction
energy between an jon and the surface would increase with in­
creasing vesicle size to levels well above kT unless some counterions
condense back to the headgroups; i.e., a must decrease with in­
creasing vesicle size in order to maintain the thermal distribution
of bound and free counterions.

Vesicles, because they can be prepared with a number of dif­
ferent monomers in varied sizes and charge distributions, are
interesting systems to test theories for particle movement as well
as particle­particle interactions in solution. Although a completely
satisfactory model for the relationship between electrophoretic
mobility, polyion parameters, and solution parameters does not
exist, the impermeable sphere model should be a better approx­
imation for vesicles and micelles than for polymeric polyelectro­
lytes. In the approximation of an impenetrable, nonconducting
sphere with a spherically symmetric charge distribution, the
leading term for the expression of electrophoretic mobility is given
by

U, = zeX(kR) /[(6xnR)(1 + kR)] (4)

Here k is the Debye­Húckel parameter, R is the radius of the
sphere, and X(kR) is a sigmoidal function which varies from 1.0
to 1.5 over the range of kR from zero to infinity. The hydro­
dynamic radii were used for R in the above equation,

In order to estimate the mobility according to eq 4, it was
necessary to make approximations for the values of z and & in
the cases of no added electrolyte. Two assumptions were used
to estimate z: First, the headgroup area per monomer in all the
vesicles was taken as 75 À?. Literature values for the surface areas
of monomers in bilayers range from 40 to 100 À? for amphiphiles
as different as DODAC to (a number of) naturally occurring
lipids,.? Thus, while headgroup area is expected to decrease with
increasing radius, the (constant) value chosen should not affect
z by more than a factor of 2 in any of the cases. Second, the value
of a was used to compute the net charge via

7.2 a(xD)/75 (5)

where D, is measured in angstroms. This equation implicitly
assumes that only the dissociated headgroups on the external
surface contribute to the vesicles' net charge and mobility,

In the cases of added NaCI] the usual prescription for the inverse
Debye­Húckel screening length was used:

(26) Cadenhead, D. A. In Structures and Properties of Cell Membranes;
Benga, G., Ed.; CRC Press: Boca Raton, FL, 1985; Vol. II, p2l.

(27) Mason, J. T.; Huang, C. Ann. N.Y. Acad. Sci. 1987, 308, 29,
(28) Pileni, M. P. Chem. Phys. Lett. 1980, 71, 317.
(29) Tricot, Y. M.; Furlong, D. N.; Sasse, W. H. F.; Daivis, P.; Snook, 1.;

van Megen, W. J. Colloid Interface Sci. 1984, 97, 380.
(30) Mortara, R. A.; Quina, F. H.; Chaimovich, H. Biochem. Bilophys.Res. Commun, 1978, 81, 1080, :

(31) Dorshow, R.; Briggs, J.; Bunton, C. A.; Nicolli, D. F. J. Phys. Chem.
1982, 86, 2388.

(32) Corti, M.; Degiorgio, V., J/. Phys. Chem. 1981, 85, 711.
(33) Ben Chaabane, T.; Bernas, A.; Grand, D.; Hautecloque, S. J. Phys.

Chem. 1987, 91, 6055,
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k = (1'?/(3.04) (6)

where / is the ionic strength in terms of moles and & has the units
Of inverse angstroms.

In the case where no added salt was present, the value of & was
estimated by assuming the ionic strength to be due to the con­
centration of (external) unassociated counterion, e.g., to af [am­
phiphile]/2. No attempt is made to justify this procedure since
in the absence of added salt the applicability of the assumptions
of Debye­Húckel theory is uncertain, Tt is important to note that
by this estimation even low effective free counterion concentrations,
on the order of 0.1 mM lead to ionic atomsphere radii on the order
of the vesicles' radii and hence to appreciable values for AR in
eq 4.

The shortest interparticle distance (800 À) was calculated for
ethanol­injected vesicles (8 mM DODAC, Table 1), and even in
this case, the screening length (100 À) was lower than the in­
tervesicle distance, As the size of the particle increases, at the
amphiphile concentrations used, the interparticle distances in­
crease. Thus, for the large DODAC vesicles (0.3 mM DODAC,
Table 1) the intervesicle distance was ca. 1.36 X 10º À and the
screening length was 409 À, Itis therefore clear that the as­
sumption of no interparticle repulsions, in the calculation of a,
was adequate.

Table 11 shows the values for the calculated mobilities (U.) and
the ratio U./Um. The latter values range from 1.3 to 7.5. Even
this level of agreement is surprising given the number of ap­
proximations. In the case of all vesicles the U, values are larger ;
than U, values. Booth? carried out the expansion in terms of zeta :
potential to third order for the electrophoretic mobility of im­
penetrable, uniformly charged, nonconducting spheres in sym­
metric electrolytes and found that for potentials above about 40
mV the mobility begins to deviate downward from the linear
relation of eq 4. For a potential of 100 mV the linear fit over­
estimates the mobility by a factor of 2. In light of this correction,
all of the U, values in Table IJ can be revised downward. Table
H shows the values of U./U,, with U, corrected to third order using
Booth's graphical summary.* Since Booth's theory also only
applies in the case of added symmetric electrolyte, it is most
interesting to see the effect of the correction on the case of 5 mM
salt for sonicated DODAC in the Table II, using the associated
estimate for the zeta potential. The revised value was within 10%
of the measured value (Table 11). The good agreement between
measured and calculated values for the micelles is probably due
to the fact that the error inherent in the approximation of & has
a relatively small effect on the value of KR, since the micellar
radius is quite sma!l. The larger deviations for the ethanotlic vesicle
preparations may have to do with differences in dielectric constant
around the vesicles due to the (unknown) distribution of the
ethanol between the bulk and vesicular pseudophases.

Given the good agreement between experiment and theory in
the case of the sonicated DODAC vesicles and added NaCl), it
would be interesting to conduct more extensive tests on vesicles
or liposomes that are stable at high ionic strengths. |
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Integration of the Nonlinear Poisson­Boltzmann Equation
for Charged Vesicles in Electrolytic Solutions
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The Poisson­Boltzmann equation (PBE), with specific ion­surface interactions and a cell model, was
used to calculate the electrostatic properties of aqueous solutions containing vesicles of ionic amphiphiles.
Vesicles are assumed to be water­ and ion­permeable hollow spheres and specific ion adsorption at the
surfaces was calculated using a Volmer isotherm. We solved the PBEnumerically for a range ofamphiphile
and salt concentrations (up to 0.1 M) and calculated co­ion and counterion distributions in the inside and
outside of vesicles as well as the fields and electrical potentials. The calculations yield results that are
consistent with measured values for vesicles of synthetic amphiphiles.

Introduction

In excess water natural amphiphiles, such as phospho­
lipids, associate spontaneously forming a variety of su­
pramolecular aggregates.! Synthetic amphiphiles form
many of the complex structures obtained with phospho­
lipids furnishing, therefore, unique opportunities to study
the relationships between the structure of the monomer
and the architectural and functional properties of the
aggregate(s).!? Wehave been interested in the preparation
and properties of synthetic amphiphile vesicles,2º3 a
general denomination ofclosed spherical particles enclosed
by a single bilayer.! In vesicles, as in other charged
supramolecular or polymeric assemblies, knowing the
charge density is essential information for understanding
structural as well as functional properties.

Electrostatic potential functions, and correspondingion
distributions, have been analyzed using both the linearized
and nonlinearized Poisson­Boltzmann equations (PBE)
in the planar, cylindrical, and spherical symmetries for
polyelectrolytes and different supramolecular aggregates,
including vesicles.!* In a solution containing vesicles,
ions can reside in the intervesicular bulk solution, at the
inner and outer bilayer interfaces and in the internal

* IBILCE/UNESP.
? Universidade de São Paulo.
(1) (a) Fendler, J. H. Membrane Mimetic Chemistry; Wiley: New York,

1982. (b) Israelachvili, J. N. Intramolecular and Surface Forces; Academic
Press: London, 1985.

(2) (a) Bangham, À. D.; Hill, M. W.; Miller, N. G. A. Methods Membr.
Sci. 1974, 1, 1. (b) Kunitake, T.; Okahata, Y.; Tamaki, K.; Kumamuru,
F.; Yakayanagi, M. Chem. Lett. 1977, 387. (c) Mortara, R. A.; Quina, F.
H.; Chaimovich, H. Biochem. Biophys. Res. Commun. 1978, 81, 1080.

(3) (a) Carmona­Ribeiro, À. M.; Yoshida, L.. S.; Sesso, AÀ.; Chaimovich,
H. J. Colloid Interface Sci. 1984, 100, 433. (b) Cuccovia, I. M.; Feitosa,
E.; Chaimovich, H.; Sepulveda, L.; Reed, W. J. Phys. Chem. 1990, 94,
3722. (c) Kawamuro, M. K.; Chaimovich, H.; Abuin, E. B.; Lissi, E.;
Cuccovia, LI. M. J. Phys. Chem. 1991, 95, 1458.

(4) Lampert, M. A.; Martinelli, R. U. Chem. Phys. 1984, 88, 399.
(5) (a) Mille, M.; Vanderkooi, G. J. Colloid Interface Sci. 1977, 59,

211. (b) Mille, M.; Vanderkooi, G. J. Colloid Interface Sci. 1977,61,455.
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413.
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113, 369.
(8) Bell, G.M.; Dunning, A. J. Trans. Faraday Soc. 1970, 66, 500.
(9) Loeb, À. L.; Overbeek, J. T. G.; Wiersema, P. H. The Electrical

Double Layer around a Spherical Colloid Particle; M. 1. T. Press:
Cambridge, MA, 1961.

(10) Wall, F. T.; Berkowitz, J. /. Chem. Phys. 1957, 26, 114.
(11) McLaughlin, S. Curr. Top. Membr. Transp. 1977, 9, 71.
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aqueous compartment. In these compartments the PBE
has to be integrated under conditions where the geometry
ofthe systems affords no analytical solution; hence several
simplifying approximations have been employed to obtain
numerical solutions. The PBE has been integrated for
vesicles under conditions such as (a) no added salt,* (b)
low amphiphile and/or salt concentrations,5 (c) assuming
electroneutrality in the vesicle's inner compartment,” (d)
vesicles with no curvature,6 and (e) hard instead ofhollow
spheres (shells).5!* Bentz has presented approximated
solutions of the PBE for concentric planar, cylindrical,
and spherical surfaces with large inner radius (R,), relative
to the inverse Debye screening length (x), ie. Rax 2 10,
with aqueous electrolyte between the surfaces.!º

Solutions of the PBE for macromolecular assemblies
that do not take into account specific (nonelectrostatic)
ion binding lead to unrealistic high surface potentials.5
Several assumptions can be used to approximate the
calculated to the experimental values including nonelec­
trostatic counterion ion adsorption which partially neu­
tralizes the surface charge of the aggregate, yielding lower
surface potentials and more realistic ion concentrations
at the surface.!S

Here we present a new approach for describing ion
distribution and electrical potential functions inside and
outside vesicles. This description, based on the use of a
cell model, the Poisson equation, and the Boltzmann ion
distribution, is applicable for a wide range of conditions.
The model includes specific (nonelectrostatic) ion­bilayer
interactions using a Volmer isotherm, leading to realistic
values for the electrical potentials and ion concentrations
at the vesicular surfaces.

Theoretical Model

The model developed here applies to systems containing
vehicles prepared with charged amphiphiles, for example,
dioctadecyidimethylammonium halides (DODAX) (where
X=ClorBrion).'! Vesicles aretreated as semipermeable
nonconducting spherical cells, with internal and external
radii R, and Ry, respectively (Scheme). Surface charges

(15) (a) Frahm, J.; Diekman, S. /. Colloid Interface Sci. 1979, 70, 440.
(b) Fernandez, M. M.; Fromherz, P. J. Phys. Chem. 1977, 81, 1755. (c)
Lelievre, J.; Haddad­Fahed, O.; Gaboriaud, R. J. Chem. Soc., Faraday
Trans. 1 1986, 82, 2301. (d) Bunton, C. A.; Moffatt, J. R. J. Phys. Chem.
1986, 90, 538. (e) Bunton, C. A.; Moffatt, J. R. J. Phys. Chem. 1988, 92,
2896. (f) Karpe, P.; Ruckenstein, E. J. Colloid Interface Sci. 1990, 137,
408.
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Integration of the Nonlinear Poisson­Boltzmann Equation

Scheme I. Schematic Representation of a
Dioctadecyldimethylammonium Chloride (DODAC)

Vesicle in a Cell Model*

Ceil Bilayer DODAX

Aeee liar nee—,)
O Rofy c

º A, B, and C indicate the inner, bilayer, and outer compart­
ments, respectively. The inner and outer vesícle and cell radii
are R,, Rv, and R,, respectively.

are assumed to be smeared uniformly on the inner and
outer surfaces. The mobile ions (halide counterions and
added salt) in both the internal and external aqueous
compartments are assumed to be univalent point charges
distributed radially, according to the Boltzmann distri­
bution.!5º Mobileions and water are allowed to freely cross
the bilayer, i.e. the bilayer contains nonselective ion
channels and the ion concentration in the bilayer is
assumed to be negligible. The external compartment is
bounded by a spherical cell wall of radius R. containing
one vesicle (Scheme ]). We have used SLunits throughout.

In the mean field theory, the PBE relates the mean
electrostatic potential v(r) of a (spherical) macroion (e.g.
ionic micelle or vesicle) immersed in electrolytic solution
to the net charge density p(r) of charges (counter­ and
co­ions), radially distributed in the Gouy­Chapman elec­
trochemical double­layer adjacent to the macroion, ac­
cording to!6!

ag = —(kT/0)) (an?) exp(­2,0) (1)

njº is the number concentration of ions (ions per liter) at
the cell boundary, where the potential is zero. 4 is the
Laplace operator. The permittivity of the medium (e) is
related to the permittivity of vacuum (eo) by

e = Ile, (2)

where II is the dielectric constant of the medium. The
charge of the ion à of valence z; is

q; =z2e (3)

where e is the elementary charge. The reduced (unitless)
potential é is expressed as

d=ev/kT (4)
where À is the Boltzmann constant and 7 the absolute
temperature (degrees Kelvin).

Integrating eq 1 over the volume and using the relation
div E = ­div grad v = ­Ay

where E is the radially oriented electric field (V/m) and
Gauss' law of divergence, eq 1 can be written as

eTE = Sants, rºexpl­z,0) dr (r<R,) (5a)
(16) Hill, T. L. Statistical Mechanics; Addison­Wesley: Reading, MA,

1960.
(17) Verwey, E. J. W.; G. Overbeek, J. Th. G. Theory of Stability and

Lyophobic Colloids; Elsevier: Amsterdam, 1948.
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erE = Sant fr? exp(­2,6) dr' + Q,/4me,r”
(R,<r<R, (5b)

erºE, =X qnS"r? expt­z;6) dr' +
Sar exp(z,d) dr'] + (Q, + Q))/drer (R,<r<R)

> (5c)

The charges of the vesicles' head groups (fixed charges)
attheinternal (Q,) and external (Qu) interfaces, containing
N, and Ny monomers, respectively, are

Q, =ePN, and Q,=e00N, (6)

Q, and Q, are taken as positive. The inner ($,) and outer
($y) degrees of iondissociation are expressed as the fraction
of (mobile) counterions not bound specifically to the vesicle
interfaces.!P!7

Specifically bound ions are calculated by a Volmer
isotherm

õ — ­

­

T, = 1­ &, = E) exp( T/(1 r)) [X] ­
1+ô, expcr/1­T1)[X]

T, is the fractional coverage at the inner monolayer and
[X­] is the mean concentration of counterions within an
aqueous layer of thickness « adjacent to the inner surface.
In our calculations « was taken to be 0.25 nm.!5%* An
equivalent expression was used for Tv, the fraction of
coverage at the outer vesicle surface (Ty =1­&$,. Volmer
isotherms have been employed for the PBE description of
ion distributions in micellar solutions of single chain
surfactants with quaternary ammonium head groups
similar to those ofDODAX.!* The parameter ô was taken
as characteristic ofthe counterion­amphiphile interaction.
Here ô is zero for co­ions; ie., no specific coion adsorption
was allowed.

Equations 5a­c give the electrostatic field at any point
from the vesicle center to the cell wall. The potential can
be obtained from the relation

E(r) = ­grad é(r) or é(r) =­[E dr (8)

To integrate these equations we have assumed that the
potential through each interface is continuous and can be
described by the following set of conditions:

n,(SBreno”o nn (7). en,+0“ (9a)
(9b)n,(Sfr )mRço A airPP"

II, and II, are, respectively, the dielectric constants of the
electrolyte solution and the bilayer. The inner (0.) and
outer (07) surface charge densities are

0,=Q/47R; 0o,=Q,/47Rº (10)

Our boundary condition is that the potential, as well as
its grad, is null at the cell boundary:

d.,=0, atr=R, (118)

E.=0, atr=R, (11b)

The choice of a null field at the cell boundary is justified
by the electroneutrality of the whole system. The fact
that, by construction, the cell interior is electroneutral
does not imply, however, that the inner or outer vesicle
compartments are also electroneutral. The field at the
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vesicle center is, by symmetry, null. Within the bilayer
the electrical potential varies with the inverse of the
distance. The field within the bilayer satisfies eq 5b and
is null only when the net sum of ions in the inner
compartmentis equal (and of opposite charge) to the total
net charge in the inner surface, that is, when the vesicle
interior is electrically neutral.

À computer program, appropriate for the numerical
integration of the PBE in the integrated form (eqs 5), was
developed.!? The integral equation was solved using the
cell model (Scheme 1) with each vesicle isolated in a
spherical compartment of radius R. given by*

(4/3)rR] = 10ºN/(LC,) (12)

where L is the Avogadro's constant and C, the total
amphiphile concentration in moles per liter. The number
of monomers in the vesicle (N) is equal to the sum of
monomers in the internal (N,) and external (N,) mono­
layers. N, and Ny were calculated from

N, =47(R//s); Ny, =47(Ry/s) (13)

We have assumed that the area per monomer (s) is 75 À?
in a bilayer of 45 À thickness (/).2º2122a The bilayer
thickness, as well as the area per monomer, were taken as
fixed parameters. In a closed vesicle of finite size the
percentage of monomers in each monolayer are a function
of the diameter of the particle. For R, = 265 À (R, = 220
À), 59.2% of the monomers reside in the outer monolayer.
The cell radius (R.) was calculated using eq 12. The
ampbhiphile, and salt concentrations, were varied from 10*
to 0.10 M. All calculations were done at 298 K.!8

The internal, external, and cell radii, as well as the
amount of added (monovalent) salt, were used as input
data to obtain the potential, field, and ion distribution as
a function of radial distance to the center of the vesicle.

Results and Discussion

The value ofthe dielectric constantwithin alipid bilayer
is uncertain.2º2º3 In our calculations we used Il, = 78.54
(25 ºC) for the bulk solution and different values for the
bilayer dielectric constant: II = 2.5, 15, and 40, (IT is about
2.5 for a hydrocarbon medium).º?º Às expected from our
model, which assumes free ion permeation, changes of the
value of II of the bilayer, did not alter considerably the
calculated potentials. Varying the value of IL in the bilayer
from 2.5 to 40 produced a decrease in y of no more than
0.9%.

(18) The computer program is basically an iterative routine. Initial
values for the field are set arbitrarily at some space point; from this field
an electrostatic potential is build up and so is the mobile ionic charge
distribution. The ion distribution, together with the surface charge
densities, yield another field that builds up another potential and a new
charge distribution and so a new field. The process continues until a
criteria of convergence is obtained. In these calculations, the solution
was said to be attained when the fields of the two last computations
differ, at every point, by a relative value less than 10%, i.e. [|EN1(D) —
Ex(r)IVIEn(r)| < 105, where N is the iteration number. The final results
did not depend on the initial value taken for the field, but the number
ofiterations and CPU time did. Details on the computer calculations can
be found elsewhere.!? All calculations were done in a SparcStation HI
(SUN Microsystems Inc.)

(19) Feitosa, E. Ph.D. Thesis, Departamento de Química Fundamental.
Instituto de Química da Universidade de São Paulo, São Paulo, SP, Brasil,
1990,

(20) Johnson, S. M. Biochim. Biophys. Acta 1973, 307, 27.
(21) Marra, J. J. Phys. Chem. 1986, 90, 2145.
(22) (a) Tanford, C. The Hydrophobic Effect; Wiley: New York, 1973.

(b) Israelachvili, J. N.; Marcelja, S.; Horn, R. G. Q. Reu. Biophys. 1980,
13,121. (c) Jain, M. K. The Bimolecular Lipid Membrane: A System;
van Nostrand Reinhold Co.: New York, 1972; Chapter 4.

(23) Cevc, G.; Marsh, D. Phospholipid Bilavers, Physical Principles
and Models; J. Wiley & Sons: New York, 1987.
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Figure l. Electrical potential (/, V) as a function of the reduced
distance (x = r/R.) from the vesicle center for different values
of the Volmer isotherm parameter (5) in the absence (a) and
presence (b) of added salt (1X 10º M). Curves A through G were
calculated with the following values of 8: 0.0 (A); 1.0 (B); 10º (OC);
10º (D); 10º (E); 10º (F); 10º (G). The parameters used in the
calculations were R, = 220 À, R, = 265 À, R. = 1990 A, s = 75
ÀA?, and C, = 10 X 10º M.

Table I. Electrical Potentials (4, V X 10º) and Ion
Distributions in Vesicle Solutions without Added Salt

Calculated with Different Values of the Volmer Binding
Parameters (6, M!)

Õ Vo Va vv Va = vv Da CM

0.0 148.0 356.7 355.3 1.4 1.0 1.0
1.0 147.7 321.4 328.1 —.7 0.495 — 0.594

10º 146.9 271.8 269.0 2.8 0.179 0196

10% 144.8 218.8 197.1 21.7 0.054 0.057
10º 143.2 189.8 141.7 48.1 0.025 — 0.026
10% 142.0 175.0 107.1 68.6 0.016 — 0.017
10% 141.9 166.5 85.4 81.1 0.012 — 0.012

In the absence of added salt the potential at the vesicle
center (Vo) was not nul! and did not vary sharply with the
value of the Volmer parameter ô (Figure la, Table 1). The
potentials and fields onthe surfaces decreased significantly
with increasing counterion affinity (Figure la). In the
bilayer region, withno mobile ions, thepotential decreased
with the inverse of the distance (r).

The counterions bound electrostatically within a water
layer ofan arbitrary thickness (w = 0.25 nm, see Theoretical
Model)” only contribute significantly to the surface

(24) The value of « should be related to the hydrated size of the ions
adjacent to the inner and outer hydrocarbon­water interfaces.

(25) Romsted, L. S. PhD thesis, Indiana University, Bloomington, IN,
1975.
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coverage when ô approaches to zero or when the vesicles'
curvature increases to dimensions comparable to those of
micelles. When the Volmer specificity parameter (3) is
such (i.e. >10%) that the fraction of coverage (T = 1­ &)
is about 0.80, the contribution of electrostatically bound
ions to the surface charge is negligible (Table 1). The
measured fraction of ion coverage ofDODAC vesicles varies
from 0.8 for sonicated vesicles (R, = 20 nm) to 0.96 for
injected vesicles (Ry = 500 nm).*” Itis unlikely, therefore,
that electrostatically bound ions make any significant
contribution to the surface charge in vesicles.

The potential difference across the bilayer (AV = y.­
vp) inverts with increasing ô, although both surfaces remain
positive (Figure 1, Table 1). The variation of ô from O to
an extreme value of 10% led to significant changes in AV
as well asto higher potentialsin the inner surface, especially
from values of ô > 10º (Tables land II). The value of |Ay]|
maydetermine several vesicle properties, including, among
other, stability and voltage­dependent substrate trans­
port.!1.ºº« Inourcalculations Av, relatively small compared
with the calculated surface potentials, varied from —0.007
to 0.080 V.

The degrees of counterion dissociation ($) for the inner
($£,) and outer (&,) interfaces for a given ô were different,
as expected on the basis of the results for AV presented
in Figure 1 (Table D. €, is smaller than &, and their
difference decreases with ô (except for ô = 0.0). The &$y/D,
ratios were larger than 1.0 (Table I) as had previously
been calculated in a related system.5*?

The zeta potentials (() and the extent of counterion
dissociation of the outer layer (a1) of DODAC vesicles
have been determined** and it was thought instructive to
compare some of our calculations with experimental data.
The value of t characterizes the potential at a shear plane
located at some distance from Rv.º!! Our calculations
explicitly yield values of y at any distance from the vesicle
surface; therefore, the choice of a particular distance for
the purpose of comparing our calculations with values of
tis arbitrary. In some of our calculations a value of ô was
chosen such that &y or the potential at the external surface
(Vp) corresponded to experimental values for the extent
of counterion dissociation of the outer layer (a) or zeta
potentials (9), respectively.??24 For DODAC vesicles, of
comparable radii without added salt, values of 6, measured
by electrophoresis, ranged from 0.050 to 0.100 V, while a,
ranged from 0.2 to 0.35.ºº In the absence of added salt,
no single value of ô gave €&'s or V's comparable to the
measured a, and corresponding |. Using a value of 3
yielding a &, equal to a, furnishes a value of vy, higher
than that described for (. À value of 5 yielding a y,
corresponding to $ results in a value of a, smaller than
that observed. In the absence of salt the calculated
external potentials were, in general, higher than the values
reported for the zeta potentials. Thecalculated potentials
at a distance from the surface likely to correspond to the
$ plane were also higher than the measured values of £
(Figure 1).

The addition of a (very) moderate amount of salt (10º
M added salt with the same total amphiphile concentra­
tion) produces major changes in the calculated values
(Figure 1b, Table II). Even without nonelectrostatic
binding (5 = O), the potential at the surface decreases
markedly and v, falls to values below 0.040 V. The values
of vo with added salt are more sensitive to the value of ô
(Figure 1b, Table ID. The calculated potentials at the
vesicle surface, or at a distance whichis likely to represent
the measured £ (2.5­5 À),?º fall in the 0.100 V range if ô
> 10º and decrease sharpiy with distance (Figure 1b, Table

1 2 3 4 5 6 7
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Figure 2. Electrical potential (/, V) as a function of reduced
distance (x = r/R.) from the vesicle center, for different
amphiphile concentrations in the absence (a) and presence (b)
of added salt (1X 10º M). Curves A through D correspond to
0.1 X 10º (A), 1.0 X 10º (B), 10.0 X 10 (C), and 100 X 10º M
(D) amphiphile, respectively. Corresponding R.'s were 428.7,
199.0, 92.4, and 42.9 nm, respectively. The value of ô was 10º
M". R,. Ru, and s are as in Figure 1.

Table II. Electrical Potentials (y, V x 10º) and Ion
Distributions in Vesicle Solutions with Added 1.0 x 10º M

Salt Calculated with Different Values of the Volmer
Binding Parameter (6, M!)

ô Vo Vs Vp Vaz $, dr

0.0 36.3 244.3 242.9 1.4 1.0 1.0
1.0 36.0 208.9 215.7 6.8 0.495 0.593

10º 34.7 158.9 156.5 24 0.179 0.195
10" 31.0 104.2 89.2 15.0 0.054 0.056
10º 26.0 72.8 51.4 20.9 0.025 0.026

10% 22.0 55.7 35.0 20.7 0.016 0.016
10% 18.8 45.2 26.2 19.0 0.012 0.012

II). The measured values for 5 X 10? M DODAC vesicles
with added 1 X 103 M salt fall in the 0.070­V range.??
Moreover the value of &, (ô = 10%) was 0.195, comparable
with the value of a = 0.2, determined for DODAC at the
same salt concentration (see Table II). Thus this model
reproduces, simultaneously, experimental values of « and
t with added salt when ó is about 10º.

Calculated electrical potentials at the vesicular surfaces
in the absence of added salt are highly concentration
dependent, as expected for ionicamphiphiles contributing
free ions to the bulk solution (Figure 2a).ºº This very high
dependence of the external potential on the vesiícle

(26) Quina, F. H.; Chaimovich, H. J. Phys. Chem, 1979, 83, 1844.
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os Io

Figure3. Salt effects on the electrical potential (4, V) ofvesicles
as a function of the reduced distance (x = r/R.) from the vesicle
center. Amphiphile concentration was 0.015 M. Curves A to J
correspond to O X 103 (A), 0.1 X 103 (B), 0.5 X 103 (C), 1 X 10º
(D), 2 X 10 (E), 5 X 10º (EF), 10 X 10º (G), 20 X 10º (H), 50
X 10º (ID), and 100 X 103 M (J) added salt, respectively. R, and
R, are as in Figure 1,6 = 10º M.

concentration in the absence of added salt may be one of
the sources ofthe differences between our calculated values
and the experimental results obtained with a limited set
of vesicle concentrations. Because of experimental lim­
itations, electrophoretic measurements of the zeta po­
tential of DODAC vesicles in the absence of salt were
obtained only at amphiphile concentrations between (1
and 9) X 10º M.ºº Note that for vesicles of external
diameter of 265 À and s = 75 Àº, the (1­9) X 10º M
concentration range corresponds to a variation in the
vesicle concentration between (0.5 and 4.5) X 107 M.

The addition of 10º M salt nearly eliminates the surface
potential dependence (V, and /1,) on vesicle concentration
below 0.010 M amphiphile (Figure 2b). High values of C,
give small values of R. (eq 12) and the aqueous space is
taken by the mobile ions, leading to a decrease in the
potential (Figure 2).

The effect of monovalent salt on the vesicle potential
is shown in Figure 3. The potential difference AJ = v.­
Vu is always positive, without inversion and approaches
zero as the salt concentration increases. The potential
distance function becomes symmetric at high salt (Figure
3). Itisworth noting that the numerical method ofsolution
of the PBE works very well even at 0.1 M added salt.”?
The value of the €,/$, ratio decreases slightly with salt
concentration (Table IV). A similar effect has been
described previously over a more limited salt concentration
range.»

Co­ion and counterion distributions inside and outside
the vesicle are shownin Figure 4. Above 5X 10 M added
salt the concentrations ofco­ions andcounterions are equal
at the cell boundary. The concentrations of co­ions and
counterions at the vesicle center become equal only for
salt concentration higher than 5.0 X 103 M. The distri­
bution of counterions changes slightly in the inner
compartment; that is not the case for the distribution of
co­ions. The counterion concentration in the vicinity of
both the inner and outer interfaces does not depend on
the salt concentration (Figure 4). The co­ion concentra­
tion, however, varies sharply with added salt at both outer
and inner surfaces (Figure 4). Co­ion variation and

(27) In this range of salt concentrations the radius of the vesicles was
assumed to be constant, although the effect of ionic strength on the vesicles'
size is not well understood.*b!º
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Table III. Effect of Amphiphile Concentration (C, M x
10º) on Electrical Potentials (Vy, V xXx 10º) and Jon

Distributions in Vesicle Solutions without Added Salt (A)
and with Added 1 x 10º M Salt (B)*

Cc R. Vo ta Va=Vr Da dy

A

o1 438.7 300.4 — 335.3 331.0 0.179 — 0195
1.0 199.0 14598 2718 269.6 0.179 — 0.198

10.0 92.4 88.7 213.6 210.8 0.179 — 0.195
100 42.9 10.7 135.6 133.0 0.179 — 0.194

B
0.1 428.7 38.0 159.1 156.4 0.179 — 0194
1.0 199.0 34.7 158.9 156.8 0.179 — 0.196

10.0 92.4 32.6 156.6 154.1 0.179 — 0195
100 42.9 6.0 127.1 124.7 0.179 — 0183

º R. (nm) is the cell radius, the parameters are taken from Figure
2.

Table IV. Effect of Salt Concentration on Electrical
Potentials (v, V x 10º) and Ion Distributions in Vesicle

Solutions"

salt (M x 10%) Vo Va %p Va ho Da

0.0 77.3 2021 1996 2.5 0.179
0.1 67.8 1926 1901 2.5 0.179
1.0 31.3 155.2 1530 2.2 0.179

10.0 0.7 99.4 98.0 14 0.178

100 0.0 46.3 46.3 o 0.173

º Parameters are from Figure 3.

08 00

Figure 4. Co­ion and counterion distribution as a function of
the reduced distance (x = r/R.) from the vesicle center: co­ion
(— =), counterion (——). Added salt concentrations were 0.1 x
10º (E), 0.5 X 10º (D), 1.0 X 10º (C), 2.0 X 10º (B), and 5.0 x
10º M (A), respectively. Amphiphile concentration = 0.015 M.
Ra Ryu, and ó are as in Figure 3.

counterion constancy with added salt have been also
calculated, as well as experimentally measured in micellar
systems.

Figure 5 shows the magnitude and shape of the
electrostatic field in all the vesicle compartments, for three
concentrations of salt ((0.5, 10.0, and 100) X 10º M). The
magnitude of the field near the interfaces is ca. 6.0 x 107
V/m and decreases sharply with the distance. The function
relating field with distance is increasingly symmetric as
the salt concentration increases and it is discontinuous in
the bilayer region.

In addition to considering specific counterion adsorp­
tion, described here by a Volmer isotherm, we also have
varied the vesicular surface charges using a totally different
assumption for obtaining a lower electrical potential. An

(28) Bunton, C. A.; Mahala, M. M.; Moffatt,J.R. JJ. Phys. Chem. 1989,
93, 71851.
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Figure 5. Electric Field (E) as a function of the reduced distance
(x = r/R) from the vesicle center: A, 0.5 X 10%; B, 10 X10%; C,
100 X 10? M salt, respectively. Amphiphile concentration, R,,
Ro, and ô are as in Figure 3.

arbitrary degree of charge neutralization due to specific
(nonelectrostatic) binding of a fixed proportion of ions
may be introduced as an initial value for ionic fractional
coverage (1). This approach has been used, with the added
assumption that the interior of the vesicle was neutral.”
The value of T may be taken to be equal to the fraction
of “bound” ions (6) calculated from the measured extent
of ion dissociation (a) in vesicles or the related micellar
systems.3b­2526 Although some of the results obtained (not
shown) using this assumption aresimilar to those presented
here, this approximation suffers from several problems.
Although 8 and T are certainly related, the experimental
determination of a is method dependent.!º2ºº*?º “The
definition of “free” and “bound” ions relies on the choice
of a certain distance from the surface from which ions
may be said to be either free or bound. Moreover there
are no experimentally determined values for a in the
internal compartment of vesicles. Thus, the use of an
experimentally determined parameter, i.e. ion dissociation
from the external surface (ay), requires the introduction
of an arbitrary value for the extent of ion dissociation
from the internal surface (a,).

The Volmer isotherm approach employed here uses a
single variable parameter (5) for the description of the
specific ion­surface association and relies on a clear
definition of what is considered to be a bound ion. The
assumption that ô is equal in the inner and outer surfaces
is reasonable for the present model. We should point out,
however, that as the size of the vesicle varies, the value of
ô should be different, especially for smaller vesicles. We
have shown that ion dissociation from the outer bilayer
of DODAC decreases with the increase in vesicle dia­
meter.ºº The size dependence of the ion dissociation is
related to the difference in head group packing as a function
of changing radius of curvature.!?º Asthe vesicle diameter
decreases, the radius of curvature of the outer and inner
monolayers increasingly differ; therefore, õs may differ
from ô».. We also note that in biological systems the lipid
composition in the inner and outer leaflets of the bilayer
are generally different.ººe Attention should be given,
therefore, to the fact that ion affinities in the interior and
exterior of (lipid) unsymmetrical vesicles may vary ap­
preciably.
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Other applications of this model, especially in regard to
the electrostatic part of the energy of vesicles, as well as
other models for the description of vesicular properties
are underinvestigation. We are currently using this model
to design experiments to estimate predicted parameters.

Conclusions

We have described a new form of solving Poisson­
Boltzmann equations numerically for a system containing
vesicles in aqueous electrolytic solutions, with specific ion
adsorption described by a Volmer isotherm. The sample
computations shown here are compatible with existing
experimental data for synthetic amphiphile vesicles,
especialiy with added salt. The program calculates
explicitly the ion concentration in the interior and exterior
compartments of the vesicle, as well as the corresponding
degree of counterion dissociation, and can be used to design
experimental conditions in order to measure ion distri­
butions in aqueous ionic solutions containing vesicles.

Glossary

experimentaily determined fraction of ion disso­
cilation

experimentaliy determined fraction of ion coverage= — a)
specificity parameter in the Volmer isotherm
elementary charge (e = 1.602189 X 10º O)
permittivity of the medium
permittivity of vacuum (e, = 8.854188 x 10­12 Cº/

(N m?)))
dielectric constant
fraction of ion dissociation

fraction of ion coverage (T = 1­ &)
electrostatic potential
charge density
concentration of ion i in the bulk solution

Boltzmann constant (k = 1.3880662 X 10­2%J/deg)
absolute temperature
electric field

electric charge
number of monomers

length of a water layer adjacent to the surface
charge density
Avogadro's number
total amphiphile concentration
area/monomer

internal and external radius of a vesicle, respec­
tively

radius of the cell

charge of ion 1
reduced potential
zeta potential
valence of ion t
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Interactions between the Non­ionic Surfactant C12E; and
Poly (ethylene oxide) Studied Using Dynamic Light Scattering
and Fluorescence Quenching
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ABSTRACT: Dynamic light scattering measurements have been made to elucidate changes in the coil
conformation of a high molecular weight poly(ethylene oxide) (PEO) fraction when the non­ionic surfactant
C12Es is present in dilute solutions. The measurements were made at 20 ºC as functions of (a) the Ci2Es
concentration at constant PEO concentration, (b) the PEO concentration at constant C12E; concentration,
and (c) the Ci2EJ/PEO concentration ratio. The influence of temperature on the interactions in terms of
the relaxation time distributions was also examined up to the cloud point. It was found that when the
CeEs/PEO weight ratio was > 2 and when the temperature was > 14 ºC, the correlation functions became
bimodal with well­separated components. The fast mode derives from individual surfactant micelles which
are present in the solution at high number density. The appearance of the slow mode, which dominates
the scattering, is interpreted as resulting from the formation of micellar clusters due to an excluded­
volume effect when the high molar mass (M = 6 x 105) PEO is added to the surfactant solution. Itis
shown that the micellar clusters form within the PEO coils and lead to a progressive swelling of the
latter for steric reasons. The dimensions of the PEO/C12Es complex increase with increasing surfactant
concentration to a value of Ry = 94 nm (& «= 208 nm) at Coe, = 3.5%. Fluorescence quenching
measurements show that the average aggregation number of C,2Es increases significantly on addition of
the high molar mass PEO. With increasing temperature toward the cloud point the clusters increase in
number density and/or become larger. The cloud point is substantially lower than that for C12Es in water
solution and is strongly dependent on the PEO concentration.

Introduction

The interactions between surfactants and polymers
are a subject of great interest which also has important
technological implications; see, for example, recentreviews.'7? Adding a surfactant to a polymer solution
with formation of a surfactant/polymer complex can
substantially alter the physical properties of the starting
polymer, for example, by imparting polyelectroiyte
characteristics to a neutral polymer such as poly­
(ethylene oxide) (PEO) by addition of SDS (see, for
example, refs 4 and 5) or by partial neutralization of
the intrinsic polyelectrolyte charge by adding CTAB of
opposite charge to solutions of sodium polystyrene
sulfonate.6? Pronounced changes in coil conformation
occur in these cases. It is generally accepted!3 that
an ionic surfactant interacts with the polymer chain as
small micellar aggregates, which are first formed at the
critical aggregation concentration (cac); the latter is
substantially lower than the critical micelle concentra­
tion (cmc) of the pure surfactant in solution. The
interactions may involve electrostatic, hydrophobic, and
steric interactions, which together serve to considerably
modify the overall coil conformation of the original
polymer chain. Ricka and co­workersº have illustrated
this in the case of SDS added to solutions of poly(N­
isopropylacrylamide) with considerable modification of
the coil­to­globule transition. Almost all the prior work
has involved addition of a charged surfactant either to
a neutral polymer or to a polyelectrolyte. In general,
there is a much stronger affinity between anionic
surfactants and neutral polymers compared to cationic
surfactants and neutral polymers?.

There is, however, ambiguous and less well­docu­
mented experimental evidence for interactions between

? Permanent address: Departamento de Física, IBILCE/UNESP,
São José do Rio Preto, SP, Brazil.

? Abstract published in Advance ACS Abstracts, February 1,
1996.

0024­9297/96/2229­2169$12.00/0
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the neutral counterparts. According to the review of
Saito,? hydrophilic polymers such as poly (vinyl alcohol!)
(PVA), PEO, and poly (vinylpyrrolidone) (PVP) show no
signs of interaction with the polyethoxylated non­ionic
surfactants, CE, However, the latter type of non­ionic
surfactants was shown to interact weakly with poly­
(carboxylic acids).º Subsequently, a number of com­
munications have appeared detailing interactions be­
tween uncharged polymers and non­ionic surfactants
(see ref 3 for a review). For example, Brackman et al.º
described microcalorimetric measurements on solutions
of poly(propylene oxide) (PPO), M = 1000, containing
the non­ionic surfactant s­octyl thioglucoside micelles
(OTG). Although the cmc was identical with and
without the polymer, the results gave clear evidence for
an endothermic interaction between the components.

Winnik'!º studied the interaction between pyrene­
labeled hydroxypropyl­cellulose and OTG using fluo­
rescence measurements. From measurements of the
ratio of the pyrene monomer emission to the pyrene
excimer emission intensity and its changes with sur­
factant concentration, the author reported the first
unambiguous detection of complex formation between
neutral polymers and neutral surfactants. Cohen­
Addad and di Meglio!! also described foam stabilization
in the C62E;/PEÓ system and again the results were
interpreted in terms of polymer/surfactant interaction.

Thus, although non­ionic surfactants have the same
value for the cmc in the presence of the polymer as in
water, in contrast to the considerably lower cac when
ionic surfactants interact with uncharged polymers, this
need not unequivocally mean the absence of interaction.
It probably does mean, however, that the interactions
do not involve the same type of specificity in the binding
of surfactant micelles to the polymer chain as for
example in the PEO/SDS system mentioned above.
Nevertheless, the solution properties of the polymeric
component may still be strongly changed in the presence

O 1996 American Chemical Society

Fr
AVAVAY

7 unesp ”. 12 13 14 15 16 17 18



2170 Feitosa et al.

of the surfactant since, as pointed out by Winnik,!º
polymer/polymer aggregates are disrupted and the
conformation of the polymer is modified. Since light
scattering measurements provide a non­invasive means
of probing conformational changes we chose to apply
dynamic light scattering (DLS) and fluorescence quench­
ing measurements to elucidate such changes in the
interaction pattern in mixtures of a high molecular
weight fraction of PEO and the non­ionic surfactant
Ci2E5 (which itself contains a PEO segment as the
hydrophilic entity) in aqueous solution. It will be noted
that the binary aqueous solutions of the components are
in themselves not straightforward in terms of their
solution properties. C12Es shows a pronounced tendency
for micellar growth with both temperature and concen­
tration change while high molar mass PEO almost
invariably reveals the presence of clusters in its solu­
tions. As will be discussed below, however, the mixtures
in solution display features that are not present in the
binary solutions.

Experimental Section
Materials. Cp2Es and PEO are from, respectively, Nikko

Chemicals, Tokyo, Japan, and Toya Soda, Ltd. Tokyo, Japan,
and were used without further purification, PEO has M, =
5.94 x 10º and MJ/AM, = 1.04. Solutions were prepared using
purified water (Milli­Q plus) and filtered through 0.22­um
Millipore filters directly into the scattering ampules. The
results are presented in terms of weight percent (1% ww is
equivalent to 2.46 x 107º M for C12Es and 0.23 M in terms of
the PEO monomer). The cmc of Cr12Es is 2.64 x 107% (65 uM)
at 25 ºC."?

Clouding temperatures (7) of the PEO/C12Es mixtures were
measured by slowly heating the sample in a thermostat and
visually observing the sharp demixing at various compositions.

Dynamic Light Scattering. Polarized (VV) DLS mea­
surements, in the seif­beating (homodyne) mode, were made
using a 833 nm He—Ne laser and detector optics employing
an ITTY FW130 photomultiplier, the output of which was
digitized by an ALV­PM­PD amplifier­discriminator. The
signal analyzer was an ALV­5000 digital multiple­tau corr­
elator, Langen GmbH, with 288 exponentially spaced channels.
It has a minimum real­time sampling time of 0.2 us and a
maximum of ­100 s. The intensity autocorrelation function,
£8º(), was measured at different angles. The scattering cells
(10 mL sealed cylindrical ampules) were immersed in a large­
diameter thermostated bath of index­matching liquid (decalin).
The temperature was controlled to within +0,02 ºC.

Data Analysis. The DLS data were analyzed by nonlinear
regression procedures. The function fitted was the intensity
autocorrelation function described as

SF =1=B12"(9? (1)

where f is a nonideality factor accounting for deviation from
ideal correlation. gº(0 can be written as the Laplace trans­
form of the distribution of relaxation rates, G(D):

8º(d = [GM exp(­ra ar (2)

For relaxation times, 7, this is expressed

ZF8= SAM exp(­4o) dint 3

where tis the lag time. rA(t) was obtained by inverse Laplace
transformation (ILT) using a constrained regularization cal­
culation algorithm called REPES as incorporated in the
analysis package GENDIST.!* This algorithm directly mini­
mizes the sum of the squared differences between experimen­
tal and calculated 8º(d functions. It allows the selection of a
smoothing parameter "probability to reject"” (P. The higher
the P, the greater the smoothing.
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The choice of P was optimized for each inversion although
the initial value of P = 0.5 was chosen as standard in the
analyses. Diffusion coefficients are calculated from the ILT
moments as D = (T/g)7­o, where q is the magnitude of the
scattering vector.

Time­Resolved Fluorescence Quenching (TRFQ). Fluo­
rescence decay data were collected with the single­photon­
counting technique. À detailed description of the experimental
technique and equipment used is given elsewhere.º All
measurements were performed in equilibrium with air. Pyrene
and dimethylbenzophenone were used as probe and quencher,
respectively.

The TRFQ data were fitted to the Infelta—­Tachiya equation:
15.16

FI) = A, expl­Azt+ Azsfexp(­A3 — 17) (4)

where FIA describes the time evolution of the fluorescence
intensity. When probe and quencher are stationary in the
micelles during the lifetime of the probe, the parameters A4;—
As can be interpreted as follows: À, = FIO), A: = 1/1o, Ag =
(n), and As = k,. FIO) is the intensity at zero time, to the
natural Lifetime of the probe, (n) the average number of
quenchers in a micelle, and &, the intramicellar quasi­first­
order quenching constant. This interpretation demands a
Poisson distribution of the quencher over the micelles. In the
fitting procedure, the À; parameter was fixed to 1/n6, as
estimated from separate experiments without quencher. The
surfactant aggregation number, N, was calculated from Gm
and Cym, the concentration of surfactant and quencher in
micelles, respectively, and (1) using the relationship

N=(MNCI Cm (5)

At the surfactant concentratons used in this study, the free
concentrations of surfactant and quencher are negligible.
Thus, Gm and Cyn can be replaced by the total concentration
of surfactant and quencher, respectively. The free concentra­
tion of the probe is also completely negligible.

Results and Discussion

Binary Systems (a) Ci2EJ/Water. Figure la shows
a typical correlation function and an ILT relaxation time
distribution for Ci2Es in water at 20 ºC at a concentra­
tion of 0.5% (ww). The correlogram is very close to a
single exponential, although a small­amplitude faster
component is present. The evaluated relaxation rate
(D is linearly dependent on q demonstrating a diffusive
process.

Figure 1b shows the diffusion coefficients for Ci2Es
as a function of concentration at 20 ºC. The strong
initial decrease in the mutual diffusion coefficient Dhas
been described earlier!3!7:!8 and has also been observed
in pulsed­field gradient (PFG) NMR experiments.!7
Similar trends have been also noted for other non­ionic
surfactants (Ci2E; and Cri2Eg) with the depth of the
minimum diminishing as the ethylene oxide moiety
increased in length. Since the mutua!l diffusion coef­
ficient is related to the thermodynamic interaction in
the system, it was proposed in refs 13 and 18 that there
are strong changes in the intermicellar interactions at
concentrations in the vicinity of the minimum D value
and that pronounced micellar shape changes occur with
concentration change. The initial decrease in D sug­
gests strong micellar growth over a narrow range of
concentration starting at c < 1.5%. At concentrations
above the minimum in D where the semidilute concen­
tration range is entered, the long micelles give rise to a
large excluded­volume effect and the slope is strongly
positive.

An approximate value for Ry can be obtained by
extrapolating the curved portion in Figure lb to infinite
dilution. This gives 11.9 nm for the main micellar
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Figure 1. (a, top) Autocorrelation function (27(9) (top) and
ILT relaxation time distribution (bottom) for a 0.5% solution
of CriEs at 20 *C; measurements at 9 = 90º. (b, bottom)
Diffusion coefficients for C.2Es as a function of C in the for
C12E5s solutions; 20 “C.

component (using OD, = 1.8 x 107! m? s! at 20 ºC).
PFG NMR data gave Rh & 7 nm using the data
summarized in Figure 3 of ref 13. The lower value is
probably the result of considerable polydispersity since
D from PFG NMR approximates a number­averaged
quantity and DLS the higher zaveraged quantity. The
DLS value agrees, however, with that previously given
(12 nm) in ref 13. (Extrapolation of the present C12Es
data at 20 ºC to infinite dilution from the linear part of
the curve at the higher concentrations, on the other
hand, would give Ry & 40 nm, a value that is unreal­
istically large for the micellar radius.) Although the
extrapolated value is uncertain, R = 12 nm will be used
for comparisons with the dimensions of the free micelles
in the polymer/surfactant mixed systems. It was con­
cluded in ref 13 that below 10 ºC the C12E5s micelles are
large and rodlike. At —15 ºC, the micelles are substan­
tially smaller than at low temperatures but then grow
with increasing temperature. Thus the minimum in
Figure 1b is displaced to lower concentration with
increasing temperature. Kato et al.'8 also showed that
the correlation length increases with increasing tem­
perature, demonstrating micellar growth.

(b) PEO/Water. Figure 2a shows a typical correla­
tion function for PEO in water at c = 0.5% and the
resulting ILT relaxation time distribution. This is
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Figure 2. (a, top) Autocorrelation function (upper) and (ILT)
distribution (lower) for PEO (M, = 5.9 x 105) at c= 0.5% and
20 ºC; 9 = 90º. (b, middle) Diffusion coefficients for the fast
PEO mode (single coil) as a function of concentration at 20
*C. (c, bottom) Concentration dependence of the slow PEO
mode at 20 “ºC.

bimodal. Both modes are diffusive, as was established
by the linear dependence of the relaxation rate (T) on
F. The slow “cluster” mode has been considered
characteristic of dilute solutions of PEO in both water
and non­aqueous solvents."!º However, recent papers?%2!
have reported that it is possible to prepare aggregate­
free PEO solutions in water by the use of very “tight”
filters, e.g., 0.02­ or 0.05­um pore size, whereas the
usually employed 0.22­um filters do not remove this
component.
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Diffusion coefficients are shown in Figure 2b for the
fast mode.: The D, value corresponds to Rg = 26.3 nm
(20 ºC) obtained using the Stokes— Einstein equation
together with the solvent viscosity. The fast mode is
thus concluded to correspond to the PEO single coil. We
estimate an approximate radius of gyration (RJ) from
the intrinsic viscosity using the well­known Flory—Fox
expression for the intrinsic viscosity of flexible chains
in dilute solution. For this fraction (IlH] = 418 mL gg”!
gives R = 43 nm), R/Ru = 1.74. The latter ratio is
typical of a flexible Gaussian coil,2? which shows that a
single chain is involved. The slow cluster mode shown
in Figure 2c gives a , value that corresponds to a value
of Rg = 112 nm.

Ternary Solutions: C2E;/PEO/Water. Figure 3a
shows a typical correlation function and an ILT relax­
ation time distribution for a solution containing 0.5%
of Ci2Es and PEO at 20 ºC. À bimodal distribution is
first observed above a certain minimum concentration
of surfactant for a given concentration of PEO. The
progressive change in the distributions with increase
of the surfactant concentration is illustrated in Figure
3b for a constant cexo = 0.2%. Above —­0.2% C12Es, the
distributions become bimodal. (It is important to note
that for the binary surfactant solution at this tempera­
ture the relaxation time distributions are unimodal with
no trace of a slower mode present.) The fast mode has
an approximately constant relaxation time while the
slow mode is successively displaced to longer relaxation
times. Both modes are diffusive as shown by the plots
of T versus q, passing through the origin as dipicted in
Figure 3c. Itis also important to note that when C12Es
has been added to a PEO solution at a very low
concentration, the cluster component noted above in the
binary PEO solution is absent (Figure 2a). The muliti­
chain aggregates of PEO probably form owing to re­
sidual hydrophobic impurities in the polymer deriving
from the preparation of the fractions.!' As will be
pointed out below in the discussion of the ternary
systems, addition of the surfactant removes the “cluster”
peak in PEO solutions, probably because these hydro­
phobic impuriíties are incorporated into the micellar
core. Inhibition of polymer cluster formation by sur­
factant was previously noted' for poly(styrene sulfonate)
in the presence of the ionic surfactant CTAB. In this
latter case, however, the surfactant serves to screen the
charge interactions that lead to the aggregate formation,
which is a well­kKnown feature in polyelectrolytic solu­
tions.

Figure 4 shows the diffusion coefficients obtained
from the distributions in Figure 3b as a function of
surfactant concentration at three constant levels of PEO
concentration. The relaxation time of the fast mode is
approximately constant with change in the PEO con­
centration, and the concentration dependence is small.
From the infinite dilution value, it is estimated that
the free micelles thus have an approximate size of Rj
= 12 nm which agrees well with the value for the
surfactant in binary solution These data scatter
strongly, probably owing to poorer resolution due to
partial overlap of the ILT peaks. The relaxation time
for the slower mode increases with increasing Ci2Es.
The intercepts at cce, —* O yield the apparent hydro­
dynamic radii of the slow mode, i.e., the radius at a
given constant value of PEO concentration. The ap­
proximate values estimated by extrapolating to zero
surfactant concentrations are as follows: 0.1% PEO,
25.8 nm; 0.15% PEO, 30.6 nm, and 0.2% PEO, 34.8 nm.
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Figure 3. (a, top) Autocorrelation function (upper) and (ILT)
distribution (lower) for a Ci2Es/PEO mixture in solution at
equal concentrations of 0.5%; measurements at 20 ºC and 9 =
90º. (b, middle) ILT relaxation time distributions for constant
PEO concentration (0.2%) with successive increase of Cr2Es
concentration at 20 ºC. (c, bottom) Dependence of the relax­
ation rate (1) versus the square of the scattering vector (g)
for the ternary system (2.5% C12Es, 0.2% PEO; 20 ºC).

Figure 5 shows analogous relaxation time distribu­
tions for solutions in which the surfactant concentration
is held constant and the PEO concentration is increased.
In Figure 5a, left, with cce, = 0.5%, the ILT distribu­
tions become bimodal above creo = 0.08%. The slow
component again becomes progressively slower in re­
laxation time, whereas the fast component has an
approximately constant value. At Coe, = 3.5% (Figure
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Figure 4. (a, top) Variation of the diffusion coefficients for
the fast mode with increasing surfactant concentration at
constant PEO concentrations of 0.1, 0.15, and 0.2% and 20 ºC.
(b, bottom) Diffusion coefficients for the complex mode as a
function of surfactant concentration at constant PEO concen­
trations at 20 ºC.

Sa, right), splitting into two modes has already occurred
below cprxo = 0.02%. The results reported in the earlier
paper,!? and discussed above with regard to the binary
Cri2Es/water solutions, show that this surfactant has a
strong tendency to micellar growth as functions of both
concentration and temperature. Although, as pointed
out below in the discussion of the temperature depen­
dence, C12Es itself in aqueous solution shows no ten­
dency for micellar cluster formation ail the way up to
the cloud point, it was shown in ref 13 that other non­
ionic micellar systems display a low­intensity compo­
nent with long relaxation time. The relative amplitude
of this cluster peak increases as the cloud point is
approached, indicating a sensitive equilibrium between
the individual micelles and their clusters. The analo­
gous cluster peak is not observed with C12E5s owing to
the proximity of the overlap point (the overlap concen­
tration is low (—1.5%)). Thus it is to be expected that
the addition of high molecular weight PEO with an
associated large excluded volume to the system will
displace such an equilibrium and induce cluster forma­
tion of the micellar component. Coupled with the well­
known weak or negligible energetic interactions between
non­ionic surfactants and neutral polymers, this inter­
pretation means that the effect is primarily entropic. À
plausible interpretation of the data for the slow mode

1 2 3 4 5 6
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Figure 5. (a, top) ILT relaxation time distributions at two
levels of C12Es concentration: left, 0.5%; right 3.5%. The PEO
concentration is changed progressively as shown. The slow
mode corresponds to the PEO/C2Es complex and the fast
component to free C12Es micelles. (b, bottom) Diffusion coef­
ficients for the slow component at different levels of constant
C12Es concentration as shown, plotted versus PEO concentra­
tion in the dilute regime. Surfactant concentrations are (from
top to bottom): 0.5, 1.0, 1.5, 2.5, and 3.5%.

depicted in Figures 4b and 5a is thus that the micelles
are induced to form clusters by the excluded­volume
effect of the large (R = 43 nm) PEO coils. As will be
pointed out below, the clusters are apparently sited
within the PEO coils with formation of a PEO/Crn2E;5s
complex. The scattering from the latter component then
dominates the correlogram and much exceeds that from
the free surfactant micelles at the concentrations used.

The fast mode, which separates above c > 0.2% Ci2Es
in Figure 3b and c > 0.08% PEO in Figure 5a, clearly
corresponds to free Ci2E5 micelles which coexist in the
solution with the PEO/C;2E5s complex as deduced from
the changes in the hydrodynamic radius. Figure 5b
shows diffusion coefficients for the slow mode as a
function of PEO concentration, where the data have
been obtained by holding the surfactant concentration
constant at different levels of Cri2Es between 0.5 and
3.5%. The PEO concentration range was selected so
that c < c*, where the overlap concentration for this
PEO fraction was estimated using c* = 1/[n] = 0.24%.º?

Conventionally, the concentration dependence of the
diffusion coefficient in binary polymeric dilute solutions
is given by

D=D(1+ kct.) (6)

where Ap is related to the second virial coefficient, i.e.,
to the pair interaction potential, by Ap = 2AM — k —
212; kr describes the concentration dependence of the
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Figure 6. (a, top) Apparent hydrodynamic radius obtained
at zero PEO concentration as a function of C12E5 concentration;
20 ºC. (b, bottom) Apparent hydrodynamic radius obtained
at zoC12Es concentration as a function of PEO concentration;20 ºC.

friction factor and 1 is the partial specific volume of
the particle. In the presence of PEQ, however, the
concentration dependences become nonlinear and nega­
tive and, in analogy with binary systems, imply attrac­
tive interactions between the micellar clusters induced
in the system by addition of PEO. This behavior may
be contrasted with the positive value of Aq for the binary
PEO solutions shown in Figure 2b. In binary systems,
a negative concentration dependence would mean that
association or aggregation occurs. Micellar systems are
more complex in that extensive changes in size (molec­
ular weight) and shape can take place, depending on
the system and the location in the phase diagram.
Since, as we shall show below, the PEO/C;2E5 complex
grows with increasing concentration of both the com­
ponents (Figure 6), as well as the temperature, we
conclude even in this case that (i) micellar cluster
formation is favored, (ii) the cluster size probably
increases with increasing concentration, and (iii) the
overall PEO/C12E5 complex as a result also expands with
increasing concentration. The negative concentration
dependence is also consistent with the strongly lowered
cloud point observed for C12Es when PEO is present in
the solutions in comparison with the pure surfactant
at the same concentration—see below. Both c and ky
in eq 6 should refer to the PEO/C12E5s complex, but the
complex concentration is inaccessible in the absence of
quantitative information on the association. For this
reason we do not evaluate Ap. The structure of the
complex is shown to be dependent on the concentration
of both components. Thus, it is necessary to succes­

1 2 3 4 5 6
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sively extrapolate the D values to infinite dilution with
respect to one component, while holding the concentra­
tion of the other constant.

Combination of the approximate infinite dilution
values for the slow­mode diffusion coefficient at a series
of constant C12Es concentrations in Figure 5b with the
solvent viscosity in the Stokes— Einstein equation gives
the Ruy values displayed in Figure 6a. Solvent viscosi­
ties are used to derive Ra since the surfactant micelles
overlap at concentrations above the minimum in Figure
1b. Even allowing for a large uncertainty in the values,
there is a strong increase in (Ru)app With increasing
surfactant concentration to a value of ­94 nm at cce;
= 3.5%. This value of Ry corresponds to roughly 370
micelles per complex, assuming dense packing of spheri­
cal micelles in a cluster of micelles within a given coil,

Figure 6b shows the Ruy values similarly derived from
extrapolation to infinite dilution of diffusion coefficients
for the complex mode in Figure 4 at several constant
concentrations of PEO. Tt is noted that there is a
weaker dependence of (Ri)açy on PEO concentration
than on the C»12Es concentration. The extrapolations
used to obtain the data in Figure 6 are simplified by
the comparatively weak dependencies of the slow mode
on the concentration of each component. Itis important
to note, however, that in both Figure 6a and b Ru starts
from a value equal to the size of the single PEO coil
(—26 nm) rather than the C12E5 micellar radius (12 nm).
This shows that, although the scattering probably
derives mainly from the micellar clusters, the polymer
chain also extends with the increasing size of the
clusters, i.e., there is a progressive uncoiling of the PEO
chain which apparently occurs to accomodate cluster
growth, finally yielding a PEO/C,2Es complex. Presum­
ably, nonspecific interactions between polymer and
micelles lead to a preferred environment for the sur­
factant. This conclusion is substantiated by the increase
in the average aggregation number of the C12Es micelles
in the presence of PEO—see below. Similarly, PPO has
been found to uncoil in the presence of OTG by Brack­
man et al.º Thus, the surfactant micelles apparently
nucleate, forming clusters of micelles within the polymer
coil, with the surfactant micellar cluster surrounded by
a meandering PEO chain, rather than a model in which
relatively compact PEO coils are interspersed by seg­
regated surfactant clusters. The PEO chain used here
has a contour length of the magnitude 2400 nm if a
meander conformation is assumed with the chain twisted
into an expanded helical form and using a dimension
for the ethylene oxide unit of —­1.8 À.33

This “coil/cluster” model for the complex is considered
reasonable since, as is discussed below, fluorescence
quenching measurements show that the average ag­
gregation number increases significantly on adding PEO

Total intensity measurements on the solutions used
to assembie the data in Figure 5b showed that, for the
slow mode depicted, there is excess low­angle scattered
intensity and the concentration dependence of the
reduced scattered intensity is negative and nonlinear.
Estimates of R, from the initial slope of the reciprocal
intensity showed that qR, > 1 for all angles used; i.e.,
the data lie outside of the Guinier range. The Debye
function

PU) = (2/XÔ) [exp(=XA) + XÉ — 1] (7)

with X= qR, was thus used to evaluate R, at each
measurement angle, and the values were extrapolated
to zero angle. The value of 208 nm was obtained for
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Figure 7. Relative amplitudes of the fast and slow modes for
the system at constant surfactant concentration of 3.5% as a
function of PEO concentration; 20 “C.

the sample with 3.5% CriEs;. This confirms by an
independent measurement that the PEO/C,2E5; complex
is large, although there is considerable uncertainty in
determining a precise value of R, in this way.

Figure 7 shows the change in the relative amplitudes
of the two modes with change in PEO concentration at
constant surfactant concentration. The scattering from
the complex dominates the scattering behavior at all but
the lowest concentrations of PEO. The scattering
intensity from the PEO single coil is very low by
comparison with the mixtures.

ILT distributions at constant surfactant/PEO ratio are
shown in Figure 8a to complement the data obtained
by holding the components fixed in succession. Similar
trends are discerned as described above: thus, the ILT
distributions are bimodal above a concentration of 0.2%
and the relative amplitude of the slow­mode peak
increases with increasing concentration. Figure 8b
shows the corresponding fast mode diffusion coefficients
for surfactant/polymer ratios of 2 and 4. The fast­mode
relaxation rate at infinite dilution again corresponds to
the hydrodynamic radius of the free micelles, i.e., Ryu &
12 nm.

Figure 8c illustrates the strong, non­linear, negative
concentration dependence of the cluster mode at the
same ratios as in Figure 8b.

Figure 9 presents ILT relaxation time distributions
as a function of temperature at equal PEO and Ci2Es
concentrations of 0,5% (w/w) (Le, R=1). The broad
single peak at 8— 12 ºC becomes asymmetric above — 12
*C and at 14 *C has split into two modes. The normal­
ized relaxation time for the fast mode (which again
corresponds to Ry & 12 nm for the free micelles) changes
only weakly with temperature, while the relaxation time
for the complex increases more strongly. Itis relevant
to note that this behavior is strikingly different from
that of the binary Cr2Es/water system. For the latter,
with increasing temperature, the relaxation time dis­
tribution remains closely single modal all the way up
to the cloud point in the vicinity of 32 ºC. There is no
indication of the formation of micellar clusters. This
contrasts with the complex formation promoted by the
presence of high molecular weight PEO at the same
ternperature in the ternary systems. However, the
relaxation time of the single micellar peak increases
strongly with temperature. Since the concentration
dependence is small, this shows that the C12E5s micelles
grow and that this growth continues up to the cloud
point due to enhanced attractive interactions. This

1 2 3 4 5 6
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Figure 8. (a, top) ILT relaxation time distributions at three
constant ratios between surfactant and PEO at different PEO
concentrations at 20 ºC. (b, middle) Dependence of fast
diffusion coefficient at constant surfactant/polymer ratios of
2 and 4 on PEO concentration at 20 ºC. (c, bottom) Depen­
dence of the complex diffusion coefficient at constant surfac­
tant/PEO ratios R= 2 and 4 on PEO concentration at 20 ºC.

behavior is illustrated in Figure 10, which shows that
the diffusion coefficients normalized by (1/7) have a
strong dependence on temperature for both the binary
Ciz2E3/water system and the systems in the additional
presence of PEO (a constant ratio surfactant/polymer
R=1 at two total concentrations (0.5 and 1%)). The
trend follows those data earlier presented on Cr12Es in
ref 13, where it was noted that above 15 ºC in the binary
Ci2Es/water system the second virial coefficient from
static light scattering decreases monotonically with
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Figure 9. ILT distributions for C1I2EJ/PEO mixtures, ratio R
= | at a concentration of 0.5% at different temperatures
shown. The distributions are shifted on the log rt axis by
(Tm): 6 = 90º.

Figure 10. Comparison of reduced slow­mode diffusion coef­
ficients (Dn/T7) versus ternperature for pure Ci2Es, c= 1%,
and two C2Ey/PEO mixtures wth R= 1 at c= 0.5 and 1%.

increasing temperature while the weight­average molar
mass simultaneously increases as the temperature
moves toward the cloud point at —­32 “C. (A similar
trend was shown by the other surfactants investi­
gated: Ci2Eg and Cr2E;).

Taken together, the present data establish that the
intermicellar attractive interactions are augmented by
the presence of PEO and increase strongly with both
temperature and concentration. We note here that
Piculel! and co­workers?*! have recently determined the
characteristics of the phase diagram for the Ci2Ey/PEO
system. The two­phase area increases with increasing
temperature. They concluded that the phase behavior
is segregative. Wormuth?$ examined the phase behav­
ior of similar amphiphiles (i.e., ethoxylated alcohols) in
the presence of PEO. They showed that the miscibility
decreases strongly upon increasing the chain lengths
of the segments in the amphiphile and also the molar
mass of the PEO and found that there are similarities
to the phase behavior of two polymers in a solvent.

Figure 11 shows that the scattering intensity of the
PEO/C12E5 complex mode­—calculated by apportioning
the total intensity using the relative amplitudes of the
two modes seen in Figure 9—­also increases strongly
with increasing temperature. This shows that the
mutual interactions between micellar clusters become

Macromolecules, Vol. 29, No. 6, 1996
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Figure 11. Total scattered intensity of the cluster mode
versus temperature corresponding to Figure 10.
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Figure 12. Variation of the aggregation number for Cri2Es
(0.5%) micelles in the presence of increasing amounts of PEO
determined by fluorescence quenching measurements at 20 ºC.

progressively more attractive with increasing temper­
ature and that the clusters within the PEO coil grow,
as was concluded above from the concentration depend­
encies in Figure 6.

Fluorescence quenching measurements have been
made to ascertain possible changes in the aggregation
number (M of C12E5s on addition of PEO to the solutions.
The surfactant concentration and the surfactant­to­
quencher ratio were 0.5% and 200, respectively, in all
three samples. (1) (A3) was estimated to be 1.4, 1.7, and
1.9 at PEÓ concentrations of O, 0.05, and 0.15, respec­
tively. The quality of the fit was acceptable (reduced
1º. 1.1—1.2). The results in Figure 12 show that there
is a significant increase in N with increasing PEO
concentration. The aggregation numbers are quite
large. This is expected for this surfactant at 20 ºC. The
TRFQ data were analyzed with the assumption of no
migration of the quencher (A, fixed). The time window
for the experiment was not enough for the quenched
decays to completely develop into the stationary state
characteristic of quenching in small micelles. We can­
not, therefore, rule out the possibility of migration of
the quencher. An analysis of the data with a model that
allows for migration (A; as a free parameter) gave
somewhat smaller aggregation numbers, but the trend
was the same as in Figure 12. The fluorescence lifetime
for pyrene (solutions in equilibrium with air) was 185
ns at all PEO concentrations used. The quenching rate
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Figure 13. (a, top) Clouding temperature (7:) for pure Ci2Es
and C2Es/PEO mixtures containing, respectively, PEO at c=
0.1, 0.4, and 1.0%. (b, bottom) Dependence of clouding
temperature (7) on PEO concentration at a constant concen­
tration of C12Es, 1%.

constant only changed from 1.4 x 106 to 1.3 x 106 s!
as N increased from 280 to 380. The dependence of ka(A) on N/ is larger in pure surfactant solutions.
However, when the polymer is present, Kk, is generally
smaller for a given Nthan in the absence of polymer.3!*S

Figure 13a shows how the clouding temperature (7:)
for a solution of pure Ci3Es in water varies with
surfactant concentration and compares these data with
the corresponding cloud points for similar solutions
containing O.1, 0.4, and 1% PEO. We find a value of 7.
= 32.5 ºC for pure C,2Es at a concentration of 1%, which
is is good agreement with literature values." The
addition of PEO to a solution of Ci2E5 thus decreases
Te as shown in Figure 13b at an arbitrarily chosen
concentration of 1% Cr2Es. The decrease is a strong
function of the concentration of PEO. C2Es/PEO mix­
tures exhibit a pronounced decrease in 7. as the PEO
concentration is increased at constant surfactant con­
centration. Above a PEO concentration of —1.5%, the
solution clouds at room temperature. For equal con­
centrations of PEO and C12E5 of 1%, T. = 21 ºC; Te then
increases on dilution of the solution. Similar behavior
was noted for Ci2Eg together with PEO?S and also a
hydrophobized PEO sample.º? These observations sup­
port the conclusion of micellar cluster formation within
the PEO coil domains. If there had been the type of
surfactant/polymer interaction which occurs in PEO/
SDS solutions in which small micelles are bound to the
polymer chain, one would anticipate that the cloud point
would have increased. The interactions between neu­
tral polymers and non­ionic surfactants is a subject of

1 2 3 4 5 6
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on­going investigation.

Conclusions

1. Addition of a low concentration of the non­ionic
surfactant C12Es to binary solutions of high molecular
weight PEO inhibits formation of PEO clusters, which
are a well­known feature of aqueous solutions of this
polymer, by incorporating hydrophobic residues into the
micellar core.

2. Above minimum concentrations of C12E5; and PEO,
depending on the temperature, the correlation functions
are bimodal. The fast component is consistent with the
size of the free micelles of surfactant and the slow to
the formation of a complex made up of clusters of C12Es
micelles stabilized within the PEO coil. Since the
micelles are close to their overlap point, the formation
of the latter is promoted by the excluded­volume effect
of the high molar mass PEO.

3. Ru for the PEO/Ci2E5s complex increases strongly
with increasing surfactant concentration from an initial
value corresponding to the value for the PEO coil. Itis
concluded that the polymer chains uncoil progressively
as the micellar clusters grow within the coil domain.
The interactions between PEO and C12E; clearly differ
in kind from those between a neutral polymer and an
ionic surfactant since the interactions are nonspecific,
contrasting with the more well­defined entity formed
in, for example, the PEO/SDS system, where small
charged micelles are disposed along the polymeric
backbone to provide optimal contact between the chain
and the head group regions of the micelles.

4. Fluorescence quenching measurements show that
there is a significant increase in the aggregation number
of the C12Es micelles with increasing PEO concentration.
Thus, larger micelles within the domain of the PEO coil
are stabilized in the form of clusters by the surrounding
polymer segments.

5. As the temperature is increased, the mutual
interaction between C;12E5 micelles becomes more at­
tractive. The cluster number density/size increase
strongly toward the cloud point. The clouding temper­
ature (7) is found to decrease and to be a strong
function of the concentration of added PEO.
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ABSTRACT: The interaction between the nonionic surfactant CE; and a high molar mass (M= 5,94 x
105) poly (ethylene oxide) (PEO) in aqueous solution has been examined as a function of temperature by
dynamic light scattering and fluorescence methods over a broad concentration range. Clusters of smail
surfactant micelles form within the PEO coil, leading to its extension. The hydrodynamic radius of the
complex increases strongly with temperature as well as with the concentrations of surfactant and polymer.
At high concentrations of the surfactant, the coil/micellar cluster complex coexists with free C12Es micelles
in the solution. Fluorescence quenching measurements show a moderate micellar growth from 155 to
203 monomers in PEO­free solutions of C12E5 over a wide concentration range (0.02—2.5%) at 8 ºC. Below
0.25% C12Es, the average aggregation number (NM of the micelles is smaller in the presence of PEO than
in its absence. However, N increases with increasing surfactant concentration up to a plateau value of
about 270 at about 1.2% (ca. 30 MM) Ci2Es. At high surfactant concentrations, Nis larger in the presence
of polymer than in its absence, a finding which is connected to a significant lowering of the clouding
temperature due to the PEO at these compositions. Similar results of increasing aggregation number
followed by a piateau were also found at a fixed concentration of surfactant (2.5%) and varied PEO.

Introduction

There is increasing interest in ternary surfactant/
polymer systems from both theoretical! and experimen­tal“ points of view. PEO is a favored polymer for such
studies due to its unusual solubility properties, but the
extension of the knowledge gained to other surfactant/
polymer systems is not straightforward. Thus, although
the general features of the interactions in various such
systems have been extensively examined, it is difficult
to delineate general rules since the interactions are
strongly system dependent, depending on the hydro­
phobic/hydrophilic and/or structural and charge char­
acteristics of the components.? While neutra! polymers
such as PEO are known to interact comparatively
strongly with anionic surfactants, such as sodium
dodecyl sulfate (SDS),? they interact only weakly with
cationic surfactants such as the alkyltrimethylammo­
nium bromides.”** However, cationic surfactants form
complexes with polymeric acids which are weakly ion­
ized, such as poly(acrylic acid) at low pH.!º The relative
surfactant/polymer composition, and the temperature
influence the interaction between surfactant and poly­
mer. The physical properties of the micellar aggregates,
such as the cloud point, critical micelle concentration
(cmc), and the micellar size (aggregation number)*78
are highly dependent on the relative lengths of the polar
and apolar portions of the surfactant, which also
determine the strength of interaction with polymers.

The nature and extent of the interactions between
neutral polymers and nonionic surfactants have also
been controversial and in some aspects are still ambigu­
ous. In an initial approach to this problem, the earlier
paper!! dealt with the ternary system containing the

! Permanent address: Departamento de Física, IBILCE/UNESP,
São José da Rio Preto, SP, Brazil.

* Permanent address: Institute of Physical Chemistry, Roma­
nian Academy, Spl. Independentei Nr. 202, Bucharest, Romania.

%? Abstract published in Advance ACS Abstracts, September 15,
1996.

nonionic surfactant C12E5s and a PEO fraction of high
molar mass (M= 5.94 x 105). There it was established
that, in contrast to the interactions of this polymer with
SDS, where a complex is formed in which small micelles
are strung along the chain, clusters of small surfactant
micelles form within the PEO coil, leading to its exten­
sion for steric reasons. Thus, the excluded volume effect
resulting on addition of high molar mass polymer to the
system drives formation of nonionic surfactant micellar
clusters.

The role of the system composition was examined!!
and it was found, for example, that on addition of the
high molar mass PEO fraction there is a pronounced
decrease in the cloud point in comparison with the
binary Ci2Es— water system. The relatively low cloud­
ing temperature of C12Es in water (=32 ºC), combined
with the decreasing polarity of PEO with increasing
temperature, makes this system an interesting one for
investigating the influence of temperature on the poiy­
mer­surfactant interactions.

The present work thus extends the measurements
described in the previous paper!! to wider ranges of
concentration and in particular focuses on the role of
temperature change. Dynamic light scattering (DLS)
measurements have been made on the ternary Ci2Es—
PEO­—water system at temperatures varying from 4 ºC
up to the cloud point (7) of the system in two different
ways: (1) maintaining consecutively constant each of
the solution components and varying the other; and (2)
varying the concentration of both the solution compo­
nents but keeping the ratio (À between them constant.

Fluorescence probing methods have also been used
to obtain additional information regarding the polymer—
surfactant interaction, especially on the cmc (or cac) and
the micellar aggregation number to examine the varia­
tion of the micellar size on addition of polymer to the
system. At low concentrations of surfactant, the aver­
age aggregation number of the C,2E5 micelles is found
to decrease on adding PEO, as already described.!!

S0024­9297(96) 00077­0 CCC: $12.00 O 1996 American Chemical Society
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Materials and Methods

CieEs (pentaethylene glycol mono­r+dodecyl ether) was
purchased from Nikko Chemicals, Japan, and PEO (M, = 5.94
x 10ºg/mol; M./M, = 1.03) was from Toyo Soda, Ltd., Japan,
and used without purification. The cmc of Cri2Es is 2.64 x
107% (w/w) (65 uM) at 25 *C.* Concentrations of the surfactant
are expressed either in % (w/w) or moles/liter (M) (1% of Ci2Es
corresponds to 24.6 mM).

Pyrene and 3,4­dimethylbenzophenone 99% (DMBP), from
Aldrich, were recrystallized from ethanol. Probes and quench­
er were transferred from stock solutions to empty flasks and
the solvent evaporated. The surfactant or surfactant­polymer
solutions were then added and the mixtures were magnetically
stirred. Measurements were performed after 24 h to ensure
that equilibrium was attained. The pyrene concentration was
kept below 1076 M to avoid excimer formation. The quencher
concentration was such that it approximated one DMBP
molecule per aggregate and ranged between 107º and 107* M.

Dynamic Light Scattering Measurements. DLS mea­
surements were made using the apparatus described briefly
in ref 12. An ALV wide­band, multi­t, digital autocorrelator
was used for data collection. The measured intensity auto­
correlation function g(0) is related to the field correlation
function g1( by

£() = BU + blg (91

where À is a factor accounting for deviations from ideal
correlation and Bis a baseline term.

For a continuous distribution of relaxation times, corre­
sponding to an infinite range of particle sizes, the inverse
Laplace transform (ILT) may be used:

st= JS, Ame” dr
ILT analysis was performed using a constrained regularization
routine, REPES.!? Although similar to CONTIN,"* the algo­
rithm REPES differs in that it directly minimizes the sum of
the squared differences between the experimental and calcu­
lated intensity=intensity autocorrelation functions g2(t) using
nonlinear programming and allows the selection of the “smooth­
ing parameter" P (probability to reject).!”* Analysis of data
encompassing 288 exponentially spaced grid points and a grid
density of 12 per decade can be rapidly performed on an IBM
AT desk top computer. Representation of the relaxation time
distributions in the form of an rA(r) versus log rt plot, with
TÁ(z) in arbitrary units, provides an equal­area representation.

Fluorescence Measurements. Time­resolved fluores­

cence decay data were collected by means of the single­photon­
counting technique. Fluorescence excitation was achieved by
a Nd­YAG mode­locked laser which pumped a dye laser (DCM
as dye and a KDP crystal for frequency doubling). The
excitation and emission wavelengths, selected by monochro­
mators, were 320 and 395 nm, respectively. The technique
and data analysis are described elsewhere.'*"'8 Fluorescence
steady­state spectra were recorded on a SPEX Fiuorolog 1680
combined with a SPEX Spectroscopy Laboratory Coordinator
DMIB. Measurements were carried out at controlled temper­
atures, in air­equilibrated solutions.

The time­resolved fluorescence quenching method (TRFQ)
in microheterogeneous solutions is well described in the
literature!??! and is based on the equation??

IN[FI/FIO] = = At + AJdlexpl­A9=1 —(D)

where À; = ko + Kk­n/(kq + k­), Az = nkqt/(kq + k)*, and A,
= k+ k, k, standing for the first­order quenching rate
constant, &­ for the exit rate constant of a quencher leaving
the micelle, and n for the average number of quenchers per
micelle.

If &­ is much less than &, and ko, eq À becomes

InLFÚÍA/FIO)] = —Ar+ nlexp(—hÀ = 1] (2)

This is the ideal case for determination of the aggregation
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Figure 1. (a) Relaxation time distributions using ILT for
binary C12Es aqueous solutions at different surfactant con­
centrations and at three temperatures. Data at angle 90º. (b)
Translational diffusion coefficients versus concentration for the
binary Ci2Es/water system at the temperatures indicated. (c)
Hydrodynamic radii for the binary CE; system as a function
of temperature,

number. Fitting the experimental data to eq 2 yields the
values of n and &. The aggregation number (NM is given
by

N= nISIridQlmic 6)

where [S]mic and [O]lm, are the surfactant and quencher
concentrations in the micelles, respectively; [S]mic= [S]. — [S]s,
where [S], is the total surfactant concentration. One usually
considers [S]; = [Sl.mc. Because DMBP has a low solubility in
water, the quencher concentration in the micelles is corrected
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Figure 2. (a) Relaxation time distributions (ILT) for the
binary PEO/water system at the different PEO concentrations
and temperatures indicated. (b) Diffusion coefficients versus
concentration for the binary PEO/water system at the tem­
peratures indicated. (c) Temperature dependence of the hy­
drodynamic radius for the binary PEO/water system as a
function of temperature.

by the equation

[QImie = [QTAp[SImieWAp[Slmic + 1) a)

where [Q], is the total quencher concentration and &p the rate
constant for DMBP distribution between the micelles and the
aqueous phase. The value of ko for DMBP in 1% C12Es was
determined as 2525 M! at 10 ºC by the method described in
ref 23 and used in the analysis.
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Figure 3. (a) ILT relaxation time distributions for the ternary
Cri2Es/PEO/water system at a constant surfactant concentra­
tion of 0.5%. The data are at the PEO concentrations and
temperatures shown. (b) Diffusion coefficients for the ternary
system in (a), at the temperatures shown, plotted versus PEO
concentration.

Results and Discussion

Binary Systems. Figure la shows relaxation time
distributions obtained from the autocorrelation func­
tions by ILT using REPES (see Experimental Section)
for binary C12E5 solutions at three temperatures. The
distributions are close to single exponential at 10 ºC but,
as noted previously!! contain a low­amplitude compo­
nent with short relaxation time at 20 and 30 ºC which
is enhanced in intensity at higher surfactant concentra­
tion. The strongly decreasing value of the translational
diffusion coefficient for the main peak (D=T/4 withT
the relaxation rate = 17! and q the scattering vector) is
shown as a function of surfactant concentration in the
log—lin plot in Figurelb. The strong curvature in the
concentration range below about 0.5%. was earlier
interpreted!!­2425 as deriving from micellar growth/
intermicellar interactions. Approximate values of the
hydrodynamic radii (R;1) were obtained from the esti­
mated zero­concentration value of D at each tempera­
ture using the Stokes— Einstein equation:

Rh = kTI6nnçD, (5)

and this parameter is shown in Figurelc as a function
of temperature. The solvent viscosity at the relevant
temperature, yo, has been used in eq 5. Kato et al. *
found that the correlation length, similarly estimated
but for concentrations above the overiap concentration,
also increases with increasing temperature.
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Figure 4. (a) ILT relaxation time distributions similar to those in Figure 3a, but at a constant surfactant concentration of 3.5%.
The distributions are shown at different PEO concentrations and temperatures as indicated. (b) Diffusion coefficients plotted
versus PEO concentration for a constant surfactant concentration of 3.5% at the temperatures indicated. (c) The intensity of the
slow cluster mode and the fast micellar mode as a function of the PEO concentration at C (surfactant) = 3.5% and 25 ºC. (d)
Variation of the DLS amplitude ratio of slow to fast modes with temperature at the concentrations of surfactant shown in the
insert and concentration PEO of 0.1%. (e) DLS measurements: intensiíties of slow and fast modes as a function of PEO concentration
for surfactant concentration 3.5% at 25 “ºC.

Figure 2a shows examples of ILT relaxation time
distributions for the PEO fraction in dilute solution at
three temperatures. The single­coil diffusion coef­
ficients derived from the peak moments are shown as a
function of concentration in Figure 2b.

Hydrodynamic radii estimated from the intercepts
using eq 5 are shown in Figure 2c as a function of
temperature. Ruy decreases with increasing tempera­
ture in the range 8—­30 ºC. This behavior is well known

1 2 3 4 5 6

for PEO in aqueous solution and is understood to derive
from the more compact conformation adopted by the
oxyethylene chain at elevated temperature due to à
higher population of unfavorable states.?8

Ternary Systems. Figure 3a shows ILT results at
three temperatures for the ternary PEO—­Cn2Es— water
solutions at a constant Ci2E5 concentration of 0.5% and
with increasing PEO concentration. The distributions
are essentially single modal at 8 and 20 ºC and then
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Figure 5. (a) Diffusion coefficients for the coil/cluster complex
in the ternary system as a function of the PEO concentration,
maintaining the surfactant concentration at fixed levels as
indicated. Data are at 25 ºC. (b) Apparent hydrodynamic radii
estimated from the intercepts in (a) showing the dependence
on surfactant concentration at the temperatures shown.

shift progressively to a longer relaxation time with
increasing PEO concentration at 30 “C. At the higher
PEO concentrations and 20º the main peak is asym­
metric owing to overlap with an emerging faster com­
ponent. At 30 ºC a low intensity fast peak accompanies
the main peak. As previously concluded,!! the main
peak most likely derives from clusters of micelles formed
due to the exciuded volume effect of the high molar mass
PEO component present in the solution. These micellar
clusters are stabilized within the PEO coil and lead to
its swelling. The fast mode which is seen most clearly
at 30 ºC, corresponds to free surfactant micelles, as
deduced from the hydrodynamic radius.

Figure 3b depicts the diffusion coefficients corre­
sponding to the main peak in Figure 3a as a function of
PEO concentration at different temperatures. The
points included for zero PEO concentration are data
interpolated at the surfactant concentration of 0.5% in
Figure 1b for the binary surfactant system. [Itis noted
that temperature strongly influences the D­value, while
the approximately constant negative siope suggests a
weak attractive interaction between the complex par­
ticles which is of similar magnitude over the tempera­
ture interval examined.

Figure 4 a shows analogous ILT results to those in
Figure 3a but here they refer to a fixed surfactant
concentration of 3.5%. À similar overall patttern is

Interaction between C,2E; and PEO 6841

L À L.

Figure 6. Hydrodynamic radius of the coil/cluster complex
as a function of temperature at the surfactant concentrations
(bottom to top) 0.5, 1.5, 2.5, and 3.5%.

discernible but the development of the free micellar
mode amplitude with increasing PEO concentration is
more pronounced. Linear relationships (not shown)
between the peak relaxation rate I” and º were obtained
for the two main modes demonstrating diffusive pro­
cesses. The Cr12Es free micellar peak has an essentially
unchanged relaxation time with increasing PEO con­
centration, whereas the slow “micellar cluster” peak
increases in relaxation time with increasing PEO con­
centration at each temperature. The fast satellite peak
of low amplitude becomes increasingly important with
increasing temperature both for the pure surfactant and
in the ternary solutions and also has an unchanged
relaxation time with change in PEQ concentration,

Diffusion coefficients for the slowest mode in Figure
4a are shown as log—lin plots in Figure 4b as a function
of PEO concentration at different temperatures. Fig­
ures 4c,d show how the slow cluster mode becomes
increasingly dominant with change in PEO concentra­
tion and temperature.

The interpretation placed on the above results follows
that advanced in the prior publication.!! There it was
concluded that clusters of surfactant micelles form
within the PEO coil and thereby lead to its expansion:
when the surfactant concentration is reduced, the coil
radius progressively decreases and finally attains the
value found in the absence of surfactant, i.e. that found
in the binary PEOAwater system. Itis important to note
that, while the Ci2Es micelles are observed to grow
strongly forming asymmetric structures with increasing
concentration and temperature in their binary solutions
as is shown in Figure Ilb,c, micellar clusters are not
observed in the binary solutions: this is true at all
temperatures up to the cloud point at about 32 “ºC.
Cluster formation is a phenomenon only found in the
ternary system in the presence of the large PEO coils
which, through the excluded volume effect, drive cluster
formation in the surfactant system. Figure de shows
the enhancement of the absolute intensity of the cluster
mode at different PEO concentrations at a constant
concentration of C,2E; = 3.5%, and this contrasts with
the approximately constant intensity of the free micellar
peak.

Diffusion coefficients at three constant C12Es concen­
trations are extrapolated to infinite dilution PEO in
Figure 5a. From the intercepts, the apparent coil
dimension (Rj) at finite C12E5 concentrations has been
estimated using eq 5. These radii are summarized in
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Figure 7. (a) ILT relaxation time distributions for data obtained at a constant surfactant/polymer ratio R = 7. The polymer
concentration is indicated. (b) Intensity of fast and slow modes in (a) as a function of PEO concentration for constant surfactant/
PEO ratio R = 7 at 8 ºC. (c) Effect of PEO concentration on the ratio between the slow and fast mode amplitudes at constant
surfactant/polymer ratio R = 7 and the temperatures shown. (d) Relaxation time distributions (ILT) at different temperatures
and concentrations of PEO for R = 7. The log(time) axis has been shifted by the factor (7/7) to facilitate comparison. (e) The
variation in the clouding temperature (7;) with surfactant concentration at surfactant/PEO ratio R = 7.

Figure 5b as a function of surfactant concentration at
8, 25, and 30 ºC. These data would indicate that (a)
the coil expands as the surfactant concentration in­
creases and also that (b) the coil expansion is greater
the higher the temperature. Data points at zero sur­
factant concentration are taken from Figure 2c for the
binary PEO system.

Figure 6 shows the corresponding trends in the
apparent Ru for the PEO/micellar cluster complex with

1 2 3 4 5 6

change in temperature for selected concentrations of
Ci2Es. These data demonstrating coil expansion, taken
together, substantiate the earlier interpretation!'! of
micellar clustering within the polymer coil.

Constant Surfactant/Polymer Ratio. Complemen­
tary measurements were also made on the ternary
system at a constant ratio R = CpIpEJ/PEO = 7 as a
function of temperature. Figure 7 a shows ILT results
for various PEO concentrations at three temperatures.
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Figure 8. Fluorescence intensity ratio between the first and third vibronic peaks (71/13) as a function of surfactant concentration
at 22 ºC: (a) in the absence of polymer and in the presence of (b) 0.05%, (c) 0.1%, and (d) 0.2% PEO. The curve in (a) (without the
points) is superimposed for comparison purposes in (b), (c), and (d).

The peak corresponding to free micelles has an ap­
proximately constant relaxation time when the PEO
concentration is increased at each temperature, and the
intensity of this component is independent of the PEO
concentration (Figure 7b). Figure 7c depicts the effect
of temperature on the As/Ar ratio: the higher the
temperature, the more dominant is the complex (slow)
mode.

Figure 7d shows how the relaxation time distributions
change with temperature at three constant PEO con­
centrations at R = 7. The log(time) axis has been
shifted by the factor k = (T/n) to facilitate comparison.
Temperature change affects the relaxation time of the
slow mode more than the fast mode: the relative

amplitude of the fast mode decreases with increasing
temperature. There is a stronger temperature effect
than observed at a Ci2E5 concentration of 3.5% shown
in Figure de.

Measurements of the clouding temperature were
made at constant ratio surfactant/polymer = 7 as a
function of the surfactant concentration. These data are
summarized in Figure 7e. 7. decreases strongly with
increasing Ci2E5s concentration.

Steady­State Fluorescence Measurements. The
fluorescence intensity ratio between the first and third
vibronic peaks (71/13) of excited state monomeric pyrene
emission was determined over a wide range of Cri2Es
concentration (0.004—0.04%) both in the absence of PEO
(Figure 8a) and in the presence of 0.05% PEO (Figure
8b) at 22 ºC. Similar determinations were also made
at 0.1% (Figure 8c) and 0.2%PEO (Figure 8d). The

1 2 3 4 5 6

variations in the vibrational fine structure of pyrene
monomer emission has been widely used as a spectro­
scopic tool to study micellar properties.º! The change
in the characteristic /)/Ia ratio (with and without PEO)
indicates that the surfactant micelles do not interact
directly with the PEO coils. However, the the results
of the static fluorescence measurements show that the
interaction increases with increase in PEO concentra­
tion, although the precise nature of the interaction
remains unclear.

(a) The value of /1/Iz depends on the PEO concentra­
tion. At low surfactant concentrations (below the cmc)
the ratio is lower for the polymer­containing solutions
(lowest for the highest polymer content) than for the
polymer­free samples, suggesting that pyrene “senses”
a less polar medium in the presence of PEO.

(b) After micellization begins, pyrene is increasingly
partitioned into the hydrophobic domains leading to a
sharper decrease in the ///I;g ratio for the polymer­free
case. For polymer­containing solutions, the decrease is
less steep and is dependent on the PEO concentration
(i.e. the concentration interval of the slope increases
with increase in PEO). This behavior reveals the
existence of interactions between PEO and Cr6Es .
Similar results have been observed for interactions with
PEO and cationic surfactant.º Taking the cmc or cac
as the concentration at which the ratio starts to decrease
(as is usual for nonionic surfactants), no significant
dependence of the cac on adding PEO was noted.
However, changes in the slope of the curve above the
emc or cac probably reflect the extent of interaction felt
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by the probe (i.e. progressive changes are slower and
are shifted to higher surfactant concentrations in solu­
tions with PEO.

(o) At higher surfactant concentrations, i.e. above
about 0.004%, the ratio h/I3 is only marginally lower
for the polymer­free solution, showing that the probe
senses an approximately constant hydrophobicity in the
micelles. The decrease in /)y/I3 with increasing surfac­
tant concentration, on the other hand, is stronger for
the higher PEO­containing solutions; i.e. the polymer
increases the hydrophobicity of the pyrene microenvi­
ronment somewhat. One could speculate from these
and the earlier DLS results that the micelles associated
with the coils are probably more compact (compressed)
and have a slightly decreased water content in the
micellar core compared to the micelles in solutions
without polymer. The 7/I3 ratio is found to remain
constant when the surfactant concentration is fixed at
2.5% (w/w) and the polymer concentration varied within
the range 0.01—0.15%(w/w).

Time­Resolved Fluorescence Quenching Mea­
surements. The fluorescence quenching studies were
performed with solutions containing a constant concen­
tration of surfactant (Ci2Es; 2.5%) with varied PEO
(0.01—0.15%) and constant PEO (0.1%) and varied C12Es
(0.027—2.5%) mainly at 8 ºC and in some cases at 15
*C. Complementary DLS measurements were also
performed at 8 ºC on the series of compositions used
for fluorescence studies and the results are shown in
panels A and B of Figure 9a as relaxation time distribu­
tions for comparison.

The fluorescence lifetime of pyrene (ro) in micellar
solutions estimated from the unquenched decay curves
is shown as a function of increasing surfactant concen­
tration both with and without 0.1%PEO at 8 ºC in
Figure 9b Although the data points scatter somewhat,
the results indicate that 1, does not change significantly
on addition of PEO but is only marginally higher for
solutions with PEO (224—230 ns) as opposed to 220—
230 ns for PEO­free samples in line with the slight
decrease in the /1/Ig ratio found in polymer­containing
solutions above the cmc (Figures 8b­d). The smail
increase in lifetime suggests a slightly better shielding
of micelle­solubilized pyrene associated with the PEO
chains. At higher surfactant concentrations (>=1.5%),
Tt, remains nearly constant (228 + 3 ns) in the polymer
and polymer­free solutions showing no particular shield­
ing effects. Increasing the temperature to 15 ºC did not
show significant differences in pyrene lifetime for the
above two cases but instead gave a nearly constant
lifetime of 200 +3 ns (figure not shown). The corre­
sponding 1º for solutions with fixed Ci2E5 (2.5%) and
varied PEQ was found to lie between 230236 ns at 8
*C. The lack of sharp variations in the lifetime data
suggests that pyrene senses a similar micellar micro­
structure and packing within the composition ranges
studied. Typical TRFQ decay curves from micelles with
probes and with different quencher concentrations are
shown in Figurel0a (upper panel, without PEO; right
panel, with PEO). Curve 1 is for micelles with only
probe molecules while in curves 2 and 3, the initial rapid
quenching is from micelles with both probe and quench­
er followed by a linear exponential tail at long times
for micelles with only pyrene present. The decays were
also recorded using a longer time window of 2 us to
check for quenching of excited­state pyrene in quencher­
free micelles by quencher molecules migrating from
neighboring micelles or the bulk phase, but no signifi­
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Figure 9. (a) ILT relaxation time distributions from DLS at
8 ºC, showing the free micellar component and the coil/cluster
complex development with PEO (panel A) and C12Es concen­
tration (panel B), keeping one of the respective components
fixed. (b) Fluorescence liftetime (to) spanning over a wide range
of surfactant concentration in the absence and presence of 0.1%
PEO at 8 “C.

cant migration effects were detected.
The decay curves were fitted to the model of eqs 1

and 2. The results are shown in Figures 10b and 10c
as average aggregation number (MN) versus the surfac­
tant concentration with and without 0.1% PEO and
similarly in Figure 10d for samples with constant Cn2Es
but varied PEO concentration at 7=8"ºC, The results
presented in Figures 10b and 10c can be divided into
two concentration zones for clarity: At low CrEs
concentrations (i.e. between 0.02 and 0.25%), the N of
polymer­associated micelles is smaller than or equal to
those in the corresponding PEO­free samples (i.e. within
the micellar clusters inside or at the interface of the
PEO coils). Similar results were also obtained at 15 ºC
(not shown) and 20 *C!!. The smaller size of the
micelles is due to the relatively stronger polymer—
surfactant interaction at low concentrations arising
mainly from steric effects and restrictions imposed by
the PEO chain configuration in water. The DLS results
shown in Figure 9a show that these samples are from
a region characterized by a unimodail relaxation time
distribution where the slightly more hydrophobic envi­
ronment provided by the PEO coils compared to water
favors association of C,2E5; micelles mainly due to the
excluded volume effect. Initially, the micelles are
smaller in size compared to free micelles but grow with
increasing surfactant to a similar size at 0.25% Cr2Es.
We note that in a parallel study of the ternary system
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Figure 10. (a) Typical fluorescence decay curves for the C,2Es/PEO system at 8 ºC: (left) in the absence of PEO; (right) in the
presence of PEO. (b) Dynamic fluorescence data. Average aggregation number (M as a function of surfactant concentration, with
and without polymer (0.1% PEO), at 8 ºC. (c) Variation of the average aggregation number with surfactant concentration over an
extended range of C12Es concentration; PEO concentration = 0.1% , 8 ºC. (d) Variation of the average aggregation number as a
function of increasing PEO concentration at a fixed surfactant concentration of 2.5% ; data at 8 ºC.

of the cationic surfactant CTAB and essentially neutral
poly (acrylic acid) at low pH,*! a lower N was found in
the presence of the polymer. Figure 10c includes the
variation of Nfor higher concentrations of Ci12E5s (0.3 to
2.5%) where the average N increases rapidly up to a
plateau value of 270 monomers at 1.5% surfactant for
the compositions containing 0.1% PEO at 8 ºC. This
large growth in the PEO­associated micelles (170270)
as opposed to the moderate growth found in polymer­
free samples (155—203) can be connected to a significant
lowering of the clouding temperature (about 3­4 ºC) due
to the presence of 0.1% PEO at surfactant concentra­
tions above 0.25%.!! Furthermore, the DLS results

1 2 3 4 5 6

show that at concentrations above 1% C12Es the broad
relaxation time distribution becomes bimodal; this is
attributed to a distribution of free C,2E; micelles (the
faster mode) and a complex (PEO coils saturated with
C12E5s micelles, slower mode). The micelles grow dra­
matically up to 1.5% Cr2E5, above which the onset of
complex formation and the appearance of the free
micellar peak in DLS (Figure 9a(B)) corresponds to a
plateau value of N i.e. 270 monomers (Figure 10c). The
increase in aggregation number up to a plateau value
is also due to the tendency for new surfactant molecules
to prefer to pack in the environment of near­saturated
PEO chains (both PEO and C12E5 become more hydro­

Fr
AVAVAY

7 unesp ”. 12 13 14 15 16 17 18



6846 Feitosaetal,

phobic as temperature increases; the saturation Ci2Es
concentration lies between 1.0 and 1.5%). A combina­
tion of the above two effects is probably responsible for
the dramatic increase and leveling off of the aggregation
number above 0,3%. Fluorescence studies do not show
two different pyrene lifetimes arising from probe moi­
ecules in different microenvironments (free and polymer­
associated micelles) but instead give a single pyrene
lifetime and an average aggregation number. The
result implies that a similar environment with respect
to packing and microstructure is felt by the solubilized
pyrene molecules at all compositions under study (both
bimodal and unimodal distributions).

Figure 10d gives N for solutions with constant C12Es
concentration of 2.5% (60 mM). Again N initially
increases on addition of PEO and finally attains a
plateau value of about N = 270. Thus the interaction
between PEO and C12E;5 is strongly dependent on the
concentration of both components as observed previ­
ousiy.!! With 2.5% C12Es and different PEO concentra­
tions, the micelles are more polydisperse and Ndepends
on the quencher concentration used. For this particular
result, N varies with an uncertainty range of 10—15%.
The variation in N has been considered at a constant
surfactant/quencher concentration ratio throughout.
From DLS (Figure 9a, panel A) for the samples with
fixed 2.5% C12Es, the distribution is unimodal and broad
up to 0.01% PEO, above which a second slower mode is
observed at 0.03% PEO. At PEO concentrations of
0.05% and above, the distribution is clearly bimodal as
it is above 1.5% C12Es with fixed PEO (panel B).

Concerning the values of the first order quenching
rate constant (ky), it is known?! that &q is inversely
proportional to N for spherical micelles. The present
experiments show that &, varies from 7.5 x 106 to 4.0
x 108º s! for polymer­free samples as the surfactant
concentration increases from 0.1% to 2.5% at 8 “C.
However, in the presence of PEO, & is practically
constant: 8.4 x 106 s"! to 7.6 x 10º s"!, up to 0.25%
C12E5 at the same temperature. Above 0.3% C12Es, the
PEO­containing solutions show a small decrease in the
k, value compared to the PEO­free case, in agreement
with the increase in N found in this range and with
the behavior found for other surfactant—polymer
systems.27730

Conclusions

The present results from DLS and fluorescence mea­
surements at different temperatures and concentrations
of the components confirm the model for neutral poly­
mer­surfactant interaction proposed in the previous
communication:!! i.e. micellar clusters are formed within
the large PEO coils, leading to coil expansion. The
overall hydrodynamic size of the coil/micellar cluster
complex increases strongly with increasing temperature
up to the clouding point and also with increasing
concentration of each component. Above the saturation
concentration, the complex co­exists with free micelles
in solution.

From the fluorescence measurements, we conclude
the following: In dilute solution, high molar mass PEO
interacts with polar moieties of the surfactant molecule.
The cmc or cac of the surfactant remains unchanged
with increase in PEO concentration. At low surfactant
concentrations, the aggregation number (M of the C12Es
micelles within the clusters is smaller than in the

polymer­free solution in the temperature range from 8
to 15 ºC due to steric factors. Nincreases with increas­
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ing surfactant concentration in the presence of constant
PEO concentration, to a plateau value of about 270. N
also increases in a similar way with PEO concentration
at constant surfactant concentration to approximately
the same value. Nfor the micelles forming the clusters
may be smaller or larger than that of the polymer­free
micelles depending on the 7. of the system.
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Interaction of the Nonionic Surfactant C12E; with High
Molar Mass Poly(ethylene oxide) Studied by Dynamic

Light Scattering and Fluorescence Quenching Methods
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Dynamic light scattering has been used to investigate ternary aqueous solutions of r­dodecyl
octaoxyethylene glycol monoether (Cr2Es) with high molar mass poly(ethylene oxide) (PEO). The
measurements were made at 20 ºC, always below the cioud point temperature (7) of the mixed solutions.
The relaxation time distributions are bimodal at higher PEO and surfactant concentrations, owing to the
presence of free surfactant micelles, which coexist with the slower component, representing the polymer
coil/micellar cluster complex. Às the surfactant concentration is increased, the apparent hydrodynamic
radius (Ryu) of the coil becomes progressively larger. It is suggested that the complex structure consists
of clusters of micelles sited within the polymer coil, as previously concluded for the PEO—­C,2Es— water
system. However, C12Eg interacts less strongly than C12E5 with PEO; at low concentrations of surfactant
the complex does not contribute significantly to the total scattered intensity. The perturbation of the PEO
coil radius withCi2Egis also smaller than thatin the Ci2Es system. The addition ofPEO strongly decreases
the clouding temperature of the system, as previously observed for C12Es/PEO mixtures in solution. Addition
of PEO up to 0.2% to C12Es (10 wt %) solutions does not alter the aggregation number (Nagg) of the micelles
probably because the surfactant monomers are equally partitioned as bound and unbound micelles. The
critical micelle concentration (cmc), obtained from the f/h ratio (a measure of the dependence of the
vibronic band intensities on the pyrene probe environment), does not change when PEO is added, suggesting
that for neutral polymer/surfactant systems the trends in Nag and the cmc do not unambiguously reflect
the strength of interaction.

Introduction

Ternarysystems consisting of polymers and surfactants
in aqueous solution are interesting since their properties
usually differ substantially from those of the binary
solutions of the pure components. Moreover, the rich
variety of such systems encompasses many of biological
and technological interest. The driving forces which lead
to complex formation between polymer and surfactant
are, however, still poorly understood, owing to the highly
system­dependent nature of the interactions. The fact
that anionic surfactants interact more strongliy than
cationic surfactants with neutral polymers cannot be
explained only by competing electrostatic and hydrophobic
forces: the size and nature of the surfactant head­group
are aiso important in the interaction. The generality of
such observations in addition to the common view that
neutral polymers do not interact significantly with non­
ionic surfactants illustrates the complexity ofthe situation.
For a recent review seeref 1. The investigations described
in the literature deal moreover with a very limited range
of systems.

Anthony and Zana? have recently determined the
aggregation number (!V.23) of nonionic C2Eg micelles in
the presence and absence of the neutral polymer poiy­
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(ethylene oxide) (PEO, M, = 20 000) by fluorescence
measurements up to 60 ºC. For fixed surfactant and
polymer concentrations, respectively of0.3% (=:5 mM) and
3.0%, they found that the aggregation number of C2Esz
micelles in the presence of PEO is unchanged up to 60 ºC
and they concluded that PEO does not interact with Ci2Es.
Furthermore, no evidence for interaction was found for
this system over a range of surfactant concentrations up
to 2.6 wt % at a constant concentration of 0.5 wt % PEO
(M = 20 000) according to recent light­scattering mea­
surements.? The situation is apparently different with a
high molar mass PEO.

This paper describes results ofdynamic light­scattering
measurements and fluorescence methods on the ternary
PEO/C;2Eg/water system where the PEO has a high MW
(here 5.94 x 105). The results are compared with those
froma parallel investigation on the same polymer fraction
with the surfactant C2Es.º

Materials and Methods

C12Eg (Nikko Chemicals, Japan) and PEO (Toya Soda, Ltd.,
Japan) were used as purchased. The critical micelle concentra­
tion (cmo) of Ci2Eg is 3.8 x 1073 wt % (71 uM) at 25ºC. ThePEO
has M, = 5.94 x 105 and M/M, = 1.03.6 All the concentrations
are expressed in wt % units, where 1 wt % PEO or CrEr
corresponds to 1.69 x 107º M or 18.56 mM, respectively.
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Dynamic light scattering (DLS) measurements have been made
using the apparatus described earlier.ºº An ALV wide­band,
multi­r, digital autocorrelator has been used for assembling the
data. For polydisperse solutions the experimentally measured
autocorrelation function of the scattered intensity, &(d,is related
tothe field correlation function (g1 (4) by the Siegert relationship:

8.) = BI + Bla (9 (1)

HereBis aconstant reflecting the deviation from ideal correlation
and Bis a baseline. For an infinite range of particle sizes in a
continuous distribution, the inverse Laplace transform (ILT) is
used:?

aid = f.TA(r) exp(—d7) din t (2

where rt is the relaxation time which is obtained together with
the corresponding relative amplitude using the inversion algo­
ritim REPES.º The relaxation time distribution is plotted as
TÁ(r) versus log r to provide an equal arearepresentation.º Unlike
CONTIN,"º REPES directly minimizes the sum of the squared
difference between the experimental and fitted intensity cor­
relation functions using a nonlinear algorithm which allows the
choice of the “smoothing”" (probability to reject) parameter." Mean
diffusion coefficients are obtained from the mornents of the
distributions, D=T/g in the limit of zero angle. Here gis the
scatteringvector: 9= (4/4) sin(60/2), with nthe refractive index,
À the wavelength, and 6 the scattering angle. T = 1"' is the
relaxation rate.

The experimental details and method of analysis for time­
resolved fluorescence quenching (TRFOQ) decay data have been
described earlier (ref 4). All measurements were performed in
equilibrium with air at 20 ºC using pyrene and dimethylben­
zophenone as probe and quencher, respectively. The TRFQ data
were fitted to the Infelta­Tachiya equations (see the previous
paper**):

FW) = A, expl­Ast + Asfexp(­A,8 — 117] (3)

FI) describes the time evolution of the fluorescence intensity.
The parameters A,—­A, are given as follows: À, = FIO), the
fluorescence intensity at time zero; A; = 1/16, where th is the
narurail lifetime of pyrene determined from separate experiments
without quencher; A3 = (n) and A, = kq, where (11) is the average
number ofquenchers in a micelle and K is the psuedo­first­order
quenching constant, This interpretation is valid if the micelles
are small and monodisperse, if the probe and quenchers are
stationary in the micelles during the lifetime of the probe, and
if the quenchers are distributed Poisson­like over the micelles.

The surfactant aggregation number, Nagg. was calculated from
(1) with the known values for the concentration of surfactant
(Sn) and quenchers (Q) in the micelles.

NEXA
oa

(4)

The quencher has a low solubility in water and preferentially
solubilizes into the hydrophobic environment provided by the
micelle. The quencher molecules are very few compared to the
surfactant monomers and have a Poisson distribution in the
micelles, validating the use of eq 4. At the surfactant concentra­
tions used in this study (10 wt %), the free concentrations of
surfactant and quencher are negligible, so Sn and Qn may be

(7) Chu, B. Laser Light Scartering, 2nd ed.; Academic Press, New
York, 1991.

(8) Schillén, K.; Brown, W.; Johnsen, R. M. Macromolecules 1994,
27, 4825.

(9) Johnnsen, R. M.; Brown, W. In Laser light scattering, Harding, S.
E., Sartelle, D. B., Bloomfield, V. A., Eds.; Royal Society of Chemistry:
London, 1992: p 77.

(10) Jakes, J. Czech. J. Phvs. 1988, B38, 1305.
(11) Provencher, S. W. Makromol. Chem. 1979, 180, 201.
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Figure 1. Intensity correlation function (top) and the corre­
sponding relaxation time distribution (bottom) for (a) CiEs
and (b) PEO at concentrations of 10% and 0.5%, respectively,
and (c) for a ternary Ci2Ey/PEO mixture (10 wt %/0.25%) in
aqueous solution; 7 = 20 ºC and 6 = 90º.

replaced by the total concentration of surfactant and quencher,
respectively.

Results and Discussion

Typical normalized intensity correlation functions and
the corresponding relaxation time distributions for the
ternary PEO C,2Eg water system as well as the individual
components are shown in Figure 1 at 20 ºC. Upto at least
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Figure 2. Relaxation time distribution (a) and the corre­
sponding diffusion coefficients (b) for pure Ci2Es in water as a
function of surfactant concentration; T = 20 ºC and 6 = 90º,

C = 10% the relaxation time distribution for Cr2E;g is
unimodal (Figure la) as is that for PEO (Figure 1b). In
the ternary mixture, however, the distributionis bimodai
(Figure lc). The aim of this article is to provide confir­
matory evidence that, for the ternary mixture PEO/C 2Ez/
water, the fast and slow modes derive, respectively, from
free micelles and clusters of C,7Eg micelles which are sited
within the PEOcoils, as wasconcluded for the PEO/C2E3/
watersystem.* Itwill be noted that the scattered intensity
from the pure PEO is very weak compared to that from
the micelles: only when a high relative concentration of
Cr2Eg is present is the complex formed in a significant
amount, as is seen by comparing the effect of increasing
surfactant concentration at, for example, a PEO concen­
tration of0.1% in Figures 4 and 5a, below. The changes
which result on varying the concentrations of the com­
ponents are discussed in the following sections.

Figure 2a shows relaxation time distributions for pure
Cr2Eg in water, measured at 20 ºC and at concentrations
upto 10 wt%. Thedistributions are close to monodisperse.
The mean hydrodynamic radius (RJ) of the Ci2Eg micelles
at 20 ºC was obtained from the diffusion coefficient at
infinite dilution using the Stokes— Einstein relation
together with the viscosity of water and gives Rh = 3.3
nm. The uncertainty in this valueis estimated to be +O.1
nm. This valueis closeto that earlier obtained by Nilsson
et al."? (3.1 nm) and Brown et al.'º (2.9 nm) using PFG­

(12) Nilsson, P. G.; Wennerstrôm, H., Lindman, B. J. Phys. Chem.
1983, 87, 1377.

(13) Brown, W.; Zhou, P.; Rymdén, R. /. Phys. Chem. 1988, 92, 6086.
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Figure 3. Angle dependence of the relaxation time distribu­
tions (a) and the relaxation rate (b) for the fast and slow modes
for a mixture with 10% Cu2Es and 0.25% PEO; T = 20 ºC.

NMR and 3.8 nm using DLS. The linear dependence of
Don Cy2Eg concentration over a wide range contrasts with
the strongly nonlinear behavior noted for C12E;s in solution
at concentrations below about 1% at the same tempera­
ture. The behavior in the latter case is due to intermicellar
interactions/size and shape changes with change in
concentration which occur due to the relatively lowervalue
of Te. At 20 ºC Ci2Es has substantially greater micellar
dimensions (Ry 212 nm)! deriving from the closeness to
Te

Figure 3a shows relaxation time distributions for the
ternary system containing 0.25% PEO and 10% CE; as
a function of the measuring angle. The linear relation­
ships between the relaxation rate I and 2shownin Figure
3b for both peaks demonstrate diffusive processes.

Figure 4 shows the changes in the relaxation time
distributions for the PEO/CiEg/water system at four
surfactant concentrations between 1 and 15% as the
concentration of PEO is progressively increased. At a
given surfactant concentration above 1%, the relative
amplitude of the slow mode associated with the PEO/
C12Esg clusters increases significantly as the PEO con­
centrationis increased. Itis noted that the peak ascribed
to the complex at low surfactant concentrations has a
relaxation time similar to that for the pure PEO (Figure
1b). The complex relaxation time then increases as the

(14) Kalashnikov, V. N.; Kudin, A. M. Nature 1973, 23, 63.
(15) Devanand, K.; Selser, J. C. Nature 1990, 343, 739.
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Figure 4. Relaxation time distributions for the PEO/C2Ezy/
water system at different surfactant concentrations with
progressive increase in the PEO concentration as shown; T=
20 ºC and 8 = 90º: (a) 1% Ci2Es: (b) 5% Ci2Es: (o) 10% CrEs:
(d) 15% Ci2Fa.

Ci2Eg concentration is increased at a constant level of
PEO. But, clearly, the interaction between the surfactant
and the polymer increases with the increasing concentra­
tion of both components. Similar behavior was observed
for the C1I2Es/PEO mixtures.1

Figure 5a illustrates the effect on the ratio of the slow
to fast mode amplitudes AJA; of increasing the PEO
concentration at different C12Eg concentrations; the effect
is strongest at high surfactant concentration. Figure 5b
shows the fast and slow mode scattering intensities at
two C12Eg concentrations (5 and 10 wt %); the fast mode
intensity is essentially independent of the PEO and
surfactantconcentrationswhereas theslow mode intensity
increases more strongly with the polymer concentration.
It is assumed here that, at the highest surfactant
concentration, the coil is saturated with surfactant and
the surplus surfactant molecules aggregate as free mi­
celles.

The dependence of the fast mode diffusion coefficient
on the surfactant concentration at several constant PEO
concentrations is shown in Figure 6a. At a given PEO
concentration, the diffusion coefficient of the fast mode
increases linearly with the C,2Eg concentration. Witha
changeinthe PEO concentration the slope increases while
the intercept decreases. The hydrodynamic radius of the
free CE; micelles (obtained from the fast diffusion
coefficient at infinite dilution of surfactant using Figure
6a) is shown as a function of the PEO concentration in
Figure 6b. Assuming for simplicity, a constant interaction
with change in PEO concentration, the results would
suggest that Ruy increases and approaches a limiting value

1 2 3 4 5 6
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Figure 5. (a) Ratio between the relative amplitudes of the
slow and fast modes as a function of PEO concentration at
different Ci2Eg concentrations; 7 = 20 ºC and 6 = 90º. (b)
Influence of PEO concentration on the scattered intensity of
the fast and slow modes at two concentrations ofCi2Es, as shown;
T=20"ºC and 6 = 90º.

of about 4.5 nm at high PEO concentration; i.e., there is
an apparent micellar growth on adding the polymer. This
behavior, which could be further elucidated using neutron­
scattering experiments, stands in contrast to that found
for the anionic surfactant SDS together with PEO, where
the polymer chain apparently stabilizes smaller SDS
micelles at a lower cac.'? Neither was a similar apparent
growth of the free micelles observed in the PEO/C1E;s
system,* over the range of PEO concentration examined
(Creo < 0.3 wt %). However, both the size and the
intermicellar interactions may change in the presence of
PEO, and it will then not be possible in the ternary system
to unambiguously distinguish between changes in size
and interactions using the present approach.

Data for the slow mode are depicted in Figure 7a. The
diffusion coefficient at infinite dilution PEO decreases, as
do the slopes with increasing surfactant concentration.
Figure 7b shows the variation in apparent Ru for the PEO
coil (data at zero concentration PEO from Figure 7a) as
the C12Ez (respectively, C12E5) concentration is increased
(the curve for Ci2E; has been taken from ref 4a). Here
again, there is unavoidable ambiguity, owing to possible
concurrent changes in dimensions and interactions. Itis
also possible that the draining characteristics of the PEO
coil change in the presence of surfactant clusters within
the coil. It is important to note that in Figure 7b Ray
increases, starting from the value found in the binary
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Figure 6. (a) Dependence of the fast mode diffusion coefficient
on surfactant concentration for the PEO/C;2Eg water system at
different PEO concentrations; 7 = 20 “C and 6 = 90º. (b)
Dependence of the apparent hydrodynamic radius (obtained at
zero surfactant concentration) of the free micelles (fast mode)
on PEO concentration­ data using the intercepts in part a.

PEO/water system with both surfactants. Assuming, for
argument, similarity in their interaction patterns, the
major difference with C,2Eg compared to the C,2E; system
would be that the PEO coil expansion with C,2Eg is much
less pronounced. A lower level of interaction with Ci2Es
is supported by the observation that, at a similar
composition (ie. a similar ratio of components) and
temperature, the relative amplitude of the slow complex
mode is always much smaller in the Cr.Fa system
compared to Ci2Es. This behavior is in agreement with
the lower 7: value for Ci2Es. As would be anticipated, the
tendency to form micellar clusters driven by the excluded
volume of the added polymer is much lower with the small
C12Eg micelles in comparison with bulky C12Es micelles.

Figure 8 shows changes in the relaxation time distribu­
tions on increasing the C,2Eg concentration at two PEO
levels (0.1 and 0.2%). Therelative amplitude of the more
slowly relaxing PEO/C2Esg complex increases as the
surfactant concentration is increased. The trend is
analogous to the effect of adding PEO at constant
surfactant concentration (Figure 4). Similar trends were
observed for the PEO/C,2E;s system.*

Figure 9a shows the relaxation time distributions for
three R= Cr Eg/PEO concentration ratios with increasing
PEO concentration. At R=2.0 the distributions are close
to single exponential, whereas at R= 10 and R=15 the
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Figure 7. (a) Dependence of the slow mode diffusion coefficient
on the PEO concentration for the PEO/C,2Eg/water system at
different surfactant concentrations as shown; 7 = 20 ºC and
9 = 90º. (b) Dependence of the apparent hydrodynamic radius
of the coil/micellar cluster complex (slow mode) on the Cri2Es
concentration; (data in part a extrapolated to zero PEO
concentration). For comparison, data for the C,2Ey/PEO system
taken from ref 4 are included

al. b
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Figure 8. Relaxation time distribution for the PEO/CEzy/
water system at two PEO concentrations with progressive
increase of the surfactant concentration, as shown; 7=20 ºC
and 9 = 90º, (a) 0.1%P EO; (b) 0.2% PEO.

PEO/micellar cluster complex is present together withan
even slower component; see also Figure 4a and b. The
presence of the slowest component in the relaxation time
distribution was recognized in earlier studies (ref 4) and

o
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Figure 59. (a) Relaxation time distributions for the PEO/C,2Eg3/
water system at different C1I2ER/PEO concentration ratios with
a progressive increase in the PEO concentration as shown: T
= 20 ºC and 6 = 90º: (left) R=2; (center) R= 10; (right) R=
15. (b) Dependence of the apparent hydrodynamic radius of the
free micelles (fast mode) on the PEO/C,2Eg concentration ratio.
Measurements at 20 ºC and 6 = 90º,

possibly derives from C,2Es clusters existing outside the
PEO coils. The approximate size of the latter is in the
range 240­750 nm.

As discussed above, the amplitude of the complex mode
increases with both the polymer concentration and the
value of the ratio R.

The effect of the PEO/Cn2Eg ratio (R) on the apparent
hydrodynamic radius of the free micelles of C Egis shown

in Figure 9b. Ruy increases approximately linearly with
R 1, which is similar to the dependence of Rh on PEO
concentration at zero surfactant concentration shown in
Figure 6b.

As in the CIÇEy/PEO/water system,* the clouding
temperature of the CXEg/PEO/water system decreases
strongly on increasing the concentration of each compo­
nent.

Figure 10 illustrates the change in 7: on adding PEO
while holding constant the surfactant concentration at
15%. The higher the C12Eg concentration at a given PEO
concentration, the lower is 7.

Fluorescence quenching measurements were used to
monitor possible changes in aggregation number (NV)
on addition of high molecular weight PEO to 10 wt %
C12Eg solutions at 20 ºC. The results are summarized in
Figure 11, which shows that, within the limits of experi­
mental error, no significant change in Ni, is found on
incorporation ofup to 0.2% PEO. The fluorescence lifetime

Feitosa er al.
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Figure 10. Clouding temperature as a function of the PEO
concentration at 15% CiEg.

120

1107

oAtA
e—N o rt

aos uv

T T " + 180

0.0 0.050 0.10 0.15 0.20 0.25

PEO %

Figure 11. Aggregation number,gg, and fluorescence lifetime
of pyrene, to, for C/2E;g micelies at 10% w/w as a function of high
molecular weight PEO concentration at 20 ºC.

of monomeric pyrene also remains nearly constant at 195
ns over the same concentration interval, showing that
the presence of PEO does not significantly alter the
microenvironment. These results are in agreement with
the results of Anthony and Zana? using low molecular
weight PEO.

Conclusions

This article describes the results of dynamic light
scattering (DLS) and fluorescence probing measurements
on the ternary PEO/C,Es/watersystem with a high molar
mass polymer (M, = 5.94 x 105), over a range of
concentrations of the components at a temperature of 20
ºC. The results provide clear evidence for interaction
between PEO and Ci2Eg. At low surfactant concentrations
the main feature of the relaxation time distributions is
the relaxation mode for simple micelles of the surfactant.
At higher surfactant concentrations, however, a more
slowly relaxing component is observed which is ascribed
to the polymer/micellar cluster complex. Thus, the results
are also in broad agreement with those of refs 2 and 3,
which also indicated no interaction between a low MW
PEO and C,2E;s at low concentrations of the components.
The main difference between the present system and those
of refs 2 and 3 is the high molar mass of the present
polymer. Our results suggest that the higher the polymer
molar mass, the greater its interaction with nonionic
surfactants. This behavioris qualitatively similar to that
earlier observed for the PEO/C2Es/water system.* We
conclude that the underlying mechanism is that micellar
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clusters form within the PEO coils, driven by the excluded
volume of the polymeric component. Thus, generalizing
for the system PEO/C,E//water, the strength of the
interaction should be found to decrease with increasing
n following the change in size of the micelles.

Although drawn from limited data, the main conclusions
are as follows:

(1) The higher the MW of the PEO, the stronger is the
interaction. Comparing the data with those earlier
obtained on the C2Es/PEO system,* one concludes that
the longer the ethylene oxide moiety in the surfactant,
the weaker is the interaction.

(2) Interpreting the changes in diffusion coefficients as
reflecting size change only, on decreasing the surfactant
concentration, the hydrodynamic radius of the complex
tends to the value found in the binary polymer solution,
suggesting that a similar mechanismis involved with both
Ci2Es and Ci2Eg with formation of a coil/cluster complex
with PEO. The smaller size of the Ci2Eg micelles leads,
however, to a smaller perturbation of the PEO coil on

1 2 3 4 5 6
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formation of the coil/cluster complex in comparison with
the case for Ci2Es.

(3) As in the PEO/C 2E;/water system, addition of PEO
strongly decreases the cloud point of Ci2Eg.

(4) The aggregation number, Ng. and cmc (or cac) of
the Ci2Eg micelles do not change when PEO is added.

(5) For the PEO/Cn2Es system Nagg does not change
relative to that of the pure surfactant while, for the PEO/
C12Es system, /N.gg may be either smaller or larger than
the value in the surfactant/solvent system depending on
the concentration of surfactant at a given PEO concentra­
tion.
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Dynamic light scattering has been used to investigate sonicated aqueous dispersions of dioctadecyldim­
ethylammonium bromide (DODAB). The hydrodynamic radius (Ay) of the scattering particles and the
meanscattering intensity () have been monitored as functions of the DODAB concentration and temperature
(DN). Inthedilute regime, the relaxation time distribution of the sonicated dispersion of DODAB is bimodal
with the slow mode dominating the distribution. The slow and fast modes are respectively characteristic
of vesicles and bilayer fragments with Ri values of 22 and 8.5 nm (25 ºC) and 20 and 6 nm (50 “C),
respectively. The total scattered intensity initially decreased with temperature up to 45 ºC (72), above
which it was constant; identical behavior was observed for the slow mode intensity, but the fast mode
intensity was constant with temperature change, showing that 7. is a property of the vesicles and not of
the bilayer fragments. At Te the slow vesicle mode becomes narrower whereas the fast fragment mode
shows no change. On aging, the dispersion showed a slow transition from bimodal to a rather broad
single­modal relaxation time distribution. The corresponding Ry was 33.8 nm when measured 10 months
after preparation. These results suggest that aqueous sonicated dispersions of DODAB are metastable.

Introduction

The function ofvesicles or liposomes derived either from
natural or synthetic amphiphiles, such as phospholipids
or detergents, as models for biological membranes,!
carriersofdrugs,? ormodifiers oftherates and mechanisms
ofchemical reactions? requires knowledge of thestructural
properties of these systems. Unlike phospholipid vesicles,*
synthetic amphiphile vesicles are unstable in the presence
of salts.5 Such instability greatly limits the applicability
of these aggregates. The water insolubility of long doubie­
chained amphiphiles has led to the development of a
number of methods ofpreparation ofvesicle structures8º
possessing quite different physical properties, such assize,
permeability, osmotic behavior, stability, capability for
entrapping solutes, and so on.

Since the first use of dialkylated quaternary ammonium
salts in the preparation of closed bilayer­like structures!!!
called vesicles, in 1977, many researchgroups havesought
improved methods for preparing vesicles which are stable
and monodisperse. The success of vesicles as membrane
model systems depends on these features. Useful ve­

* IBILCE/UNESP.
* University of Uppsala.
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sicular systems should be long­lived and have narrow size
distributions. In spite of many investigations, these
aspects, as well as the vesicle size itself, are difficult to
control. Recently two groups have emphasized the inef­
ficiency of the probe sonication method for preparing
vesicles from two widely­used amphiphiles: dioctade­
cyldimethylammonium chloride (DODAC)'2!3 and di­
hexadecyl phosphate (DHP).!! They found that probe­
sonicated dispersions consist mainly of bilayer fragments
rather than closed vesicle structures. The present article
shows that bath­sonicated dispersions of dioctadecyldi­
methylammonium bromide (DODAB;) are metastable in
the sense that they evolve slowly to a more polydisperse
distribution and consist of a mixture of fragments and
vesicle structures.

Different sizes of DODAX (XK = Cl, Br) vesicles are
described in the literature, measured either by dynamic
light scattering or electron microscopy.'5"ºº Such dis­
crepancies are understandable, since differing physical
conditions may be used during sample preparation, which
influences the final properties of the dispersions. Fur­
thermore in these references, either probe­ or bath­type
sonication methods have been used, which may yield
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Sonicated Dispersions ofDODAB

Table 1. Ru Values from the Literature for Small
Unilamellar Vesicles of DODAX in Water Prepared by

Ultrasonic Irradiation Procedures

sonication

method Runm ref

probe 24.2 17
bath 26.5 19

probe 39.6 15

probe 80.0 12b
DODAB bath 32.5 19

bath 22.0 this work

surfactant

DODAC

vesicles with quite different sizes and polydispersities.
Table 1 summarizes some Ruy values from the literature
for small unilamellar vesicles of DODAX prepared by
either the tip­ or bath­sonification procedures. Different
preparations may give significantly differentvesicle sizes
if a particular procedure for vesicle preparation is not
followed rigorously. This constitutes a major difficulty of
the sonication methods. Among the key conditions are
the temperature, power, time and type of sonication,
amphiphile concentration, volume of solution, filtering
procedure (such as centrifugation or gel and membrane
filtrations), type and pore size of the filtering membrane,
purity of monomers, solvent quality, or even the flask
geornetry in the bath­sonication procedure. Itis not well
understood how or whether all of these conditions affect
the vesicle structure. Concerning polydispersity and
stability, there are references to mono­*! and polydis­
perse,!? stable 1*­2? metastable,?* and unstable???* vesicles.
Attempts to improve vesicie stability include the use of
aqueous or organic additives (e.g., cholesterol, sucrose,
etc.), buffer solutions, and also polymerized monomers.!

Light­scattering techniques are suitable for the inves­
tigation of supramolecular aggregates in suspension, e.g.,
micelles,?S microemuisions,? or vesicles.!4:186.18.18.27 Tnverse
Laplace transform (ILT) analysis of the intensity time
correlation function may be used to obtain the relaxation
time distribution for simple unimodal and more complex
multicomponent systems, for example polydisperse mac­
romolecular solutions.º?º This method has been applied
in the study of complex association between ionic and
nonionic micelle­forming surfactants and charged or
neutral water­soluble polymers or block copolymers.293!
Herewe report ILT analysis ofbath­sonicated dispersions
of DODAB in water. The results show that the dispersions
are intrinsicaliy polydisperse and that the main structure
is vesicular. The degree of polydispersity represented by
the number, relative amplitude, and width of the modes
of the relaxation time distributionis a function of physical
variables, such as the amphiphile concentration, ionic

(21) Talmon, Y.; Evans, D.; Ninham, B. Science 1983, 2271, 1047.
(22) Carmona­Ribeiro, À. M. J. Phys. Chem. 1993, 97, 11843.
(23) Brady, J. E.; Evans, D. F.; Kachar, B.; Ninham, B. W. J/. Am.

Chem. Soc. 1984, 106, 4279.
(24) Carmona­Ribeiro, À. M. Chem. Soc. Rev. 18982, 27, 209.
(25) There is an extensive list of papers on the application of light­

scattering techniques to micelles in solution. See, for example, the recent
review: Magid, L. In Dynamic Light Scattering. TheMethodandSome
Applications; Brown, W, Ed.; Clarendon Press: Oxford, 1993: Chapter
13

(26) Dichrisna, T.; Roux, D.; Bellocqg, À. M.; Bothorel, P. J. Phys.
Chem. 1985, 89. 1433.

(27) Ostrowsky, N.; Sornette, D. In Light Scattering in Liquids and
Macromolecular Solutions, Degiorgio, V., Corti, M., Giglio, M., Eds.;
Plenum Press: New York, 1980; p 125.

(28) Johnsen, R. M.; Brown, W. ln Laser Light Scattering in
Biochemistry. Harding, S. E., Sattele, D. B., Bioomfield, V. A., Eds.:
Royal Society of Chemistry: Herts, U.K., 1992: p 77.

(29) Schillén, K.; Brown, W.; Johnsen, R. M. Macromolecules 1994,
27, 4825.

E Feitosa, E.; Brown, W.: Hansson, P. Macromolecules 1996, 29(6), 2169.
(31) Brown, W., Ed.DynamicLight Scatteríng. TheMethodand Some

Applications; Clarendon Press: Oxford, 1993.
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strength, temperature, and vesicle age. For many pur­
poses, however, sonicated vesicles under conditions of low
surfactant concentration, low ionic strength, or high
temperature (above the 73) are close to monodisperse and
stable for several months.

Materials and Methods

Dioctadecyldimethylammonium bromide (DODAB) was used
as purchased from Sigma without further purification; NaC]
(Merck, Germany) was analytical grade. High­purity (MilliQ­
plus) water was used for vesicle preparations. À volume (V) of
DODAB solution (Ca molar) was prepared bymagnetically stirring
the dispersion (until complete dissolution of the crystais) at a
temperature above the 7. of the surfactant. The solution was
placed in a bath­type ultrasonic radiation apparatus (model Decon
FS100, Ultrasonics Ltd., England) for time t and temperature
above 7: (about 55 ºC). Since the efficiency of sonication varies
with time, we chose the sonication time needed to obtain a clear
solution. À sonication time of 2.5 h and a temperature of 55 ºC
were used. The volume and concentration of the sonicated
dispersion were, respectively, 10 mL and 10 mM. We have
compared the efficiency of two different glass flasks, a round­
bottomed cylinder (2 cm x 18 cm) and an Erlenmeyer­type flask.
The cylindrical flask proved much more efficient, requiring a
considerablyshortertime ofsonication. After sonication thestock
solution wascooled and storedat room temperature. Thesamples
were prepared by dilution of a stock solution and then filtered
through 0.45 um Millipore membranes; 0.20 um pore­size
membranes were also used for comparison. The nonsonicated
dispersions were filtered using a 0.45 um filter above T..

Surface tension (y) measurements were done by the drop­
volume technique.*º A volume ofsolution was gradually extruded
through a capillary by a step­motor connected to an oscillator
which generates constant pulses. The drops were formed at the
rate 100 Hz. The volume of a drop, V= R*P, is obtained from
the measured pulse number per drop (A), where Ris the rate of
drop formation (1.64 x 107" mi/pulse). The surface tension (y)
is given by

y = PApgitalo(n7 VP)? (1)

where Apis the difference in densities of the two phases, gis the
local gravity acceleration, ris the tip's radius (1.75 x 10º m),
and $;$(7V5 is a correction factor which accounts for the
nonsphericity of the drop.**º

Dynamic light­scattering measurements were made using
a 633 nm He/Ne laser as light source, and the detector system
consists ofan ITT FW 130 photomultiplier connected to an AL V­
Langen Co. multibit, multitau autocorrelator through a digi­
talized! Nuclear Enteprises ampiifier/discriminator system.
Details of the experimental arrangement may be found else­
where.

The ILT analysis of the measured intensity time correlation
function, g2(d, was performed using the algorithm REPES?* to
obtain the relaxation time distribution, A(t). The method consists
in minimizing the squared difference between the experimental
and calculated g2() values, which for polydisperse solutions of
particles with a infinite range of size are related to A(t) through
a Laplace relation:

PAGES SAM exp(—tr) d Int 2)

whereris the relaxation time, g£1(2 is the first­order electric field
time correlation function, related to g2(À according to 2( — 1
= Blg(Dl2, and Bis a factor which accounts for deviations from
ideal correlation. The relaxation time distribution is presented
as a tA(r) versus logio t profile, with rÃ(r) in arbitrary units to
provide an equal area representation.º?º The relaxation rates
are obtained from the second moment of each mode, T = lr,
where Fis the relaxation rate. The diffusion coefficient for each
mode is calculated from the relation D=T/g, in the limit of zero
scattering angle 9, where q= (47n7/4) sin(0/2) is the scattering

(32) Tornberg, E. JJ. Colloid Interface Sci. 1977, 60, 50.
(33) (a) Silkinson, M. C. JJ. Collold Interface Sci. 1972, 40, 14. (b

Jakes, J. Czech. J. Phys. 1988, B38, 1305.
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Figure 1. Surface tension versus DODAB concentration for
the sonicated dispersion in aqueous solution, before and after
2.5 h of bath sonication at 25 ºC (a, top) and 40 ºC (b, bottom)
in 5 mM NaBr.

vector, À is the wavelength of the incident light, and 16 is the
solvent refractive index. The diffusion coefficlent for small
particles was shown to be independent of gandis related linearly
to the particle concentration (O),

D=D(1+kCt.) G)

where Ap is the hydrodynamic “virial” coefficient. /h is the
diffusion coefficient at infinite dilution, which is related to the
hydrodynamic radius (Ry through the Stokes— Einstein equation,

Dy = kg TI6Tnm Ry (4)

where kg is the Boltzmann constant, Tis the absolute temper­
ature, and 75 is the solvent viscosity.

Results and Discussion

In spite of being much less powerful compared to the
probe­sonication method, bath sonication has some distinct
advantages. Thus, the latter allows better control of
sample temperature and sonication power and also
eliminates the risk ofcontamination with organic solvents
andtitanium microparticles, The properties of the vesicles
formed in this way have as yet not been extensively
examined, however. Figure 1 depicts the surface tension
(y) of DODAB dispersions before and after 2.5 h of bath
sonication in the presence and absence ofmonovalent salt
(NaCl, 5 MM), as a function ofthe surfactant concentration,
measured at 22 ºC. Addition of DODAB up to 10 mM

1 2 3 4 5 6
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2 3

gain) oguít/ns)

Figure 2. Relaxation time distributions and intensity cor­
relation functions for a 0.1 mM DODAB dispersion in pure
water after 2.5 h ofsonication (a) and before sonication (b). For
the nonsonicated dispersion the measurement was made 2 min
after preparation, and the sonicated dispersion, 24 h after
preparation. Measurements were made at 25 ºC and 6 = 90º.

does not change the surface tension of the pure solvent
(12.5 mN m'). The independence of y on DODAB
concentration and the ultrasonic irradiation time (Figure
1) reflects either a low surface activity of the DODAB
molecules or a low sensitivity of the drop­volume tech­
nique, providing a rapid method but unsuitable for
detection of the relatively slow migration of DODAB
molecules from the bulk phase to the air/water interface.
Recent measurements of y using a wire loop dipping
technique** show a decrease of no more than 6% of y for
pure water as DODAB was added up to a concentration
of 1 mM, suggesting that usual techniques for determining
the cmc of micelle­forming surfactants may be unsuitable
fordetermination of the cmc ofvesicle­forming surfactants.
Above Te, DODAB molecules in aqueous solution self­
assemble into bilayer structures. The latter aggregated
structures persist when the solution is cooled to room
temperature. DODAB molecules thus exhibit a critical
aggregation concentration (or critical vesicle concentra­
tion, cvc) close to zero, prohibiting measurements using
a technique such as tensiometry. It has been shown**
that, as for the micelle­forming surfactants, there is a
linear relationship between log(cvc) and the number of
carbon atoms in the dialkyl chain (1), te. log(cvc) = 3.495
— 0.6625n. Accordingly, the cvc for DODAB (n=18) is
extremely low, 3.7 x 107º M.º** Figure 1b compares the
DODAB solution surface tension versus concentration
curve with that for the homologous octadecyltrimethy­
lammonium bromide (CigTAB) at 40 ºC (above the Krafft
point of C,;sTAB and close to the 7; of DODAB), for which
cmc = 0.25 mM from the break point of the curve taken
from ref 36.

Figure 2 shows typical normalized intensity correlation
functions, g2( — 1, and the corresponding relaxation time
distributions, tÁA(r), at 25 ºC, for a 0.1 mnM DODAB
dispersion in water after 2.5 h of sonication (curves a)
and, for comparison, before sonication (curve b). Both
distributions are bimodal. The peaks for the nonsonicated
dispersion have about the same relative amplitude and
show that the solution contains large aggregates. The
structures present in the nonsonicated dispersion are still
being studied; the phase diagram of the DODAC/water

(34) Benatti, C. R.; Feitosa, E. In preparation.
(35) (a) Klevens, H. B. /. Am. Oil Chem. Soc. 1953, 30,74. (b) Svitova,

T. F.; Smirnova, Y. P.; Pisarev, S. A.: Berezina, N. A. Colloids Surf. A
1895, 98, 107.

(36) Swanson­Vathamuthu, M.; Feitosa, E.; Brown, W. Langmuir,
submitted.
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40

Figure 3. Relaxation rates of the fast and slow modes of the
relaxation time distribution of a 1.0 mM sonicated dispersion
of DODAB, as a function of the squared scattering vector. T=
35 “C.

mixture suggests the formation of hydrated crystals at
the concentration and temperature of the present experi­
ment.º” Ultrasound breaks down the large structures.
After 2.5 h of bath sonication (55 ºC), the distribution is
still bimodal but the modes are then characteristic ofmuch

smaller particles. The slow and fast peaksofthe sonicated
dispersion probably correspond, respectively, to DODAB
vesicles and bilayer fragment structures.

The relaxation rates, T, for the sonicated DODAB
dispersion are linear functions of the squared scattering
vector, & (Figure 3), showing diffusive processes for both
modes at the highest surfactant concentration used in
this work (1.0 mM).

Large (sometimes visible) aggregates or flocs may be
present in the dispersion after sonication; membrane­type
filters are commonty used to eliminate these aggregates
as well as dust particles which disrupt scattering mea­
surements. Nylon or Millipore filters are mostly used.
However, the latter are inadequate for dispersions of
cationic surfactants, since they retain considerable
amounts of material and also may destroy the vesicle
structure. We have compared the effects of filtering the
sonicated dispersion ofDODAB through two different pore
sizes of Millipore membranes (0.20 and 0.45 um) (Figure
4). Itis observed that the smaller pore size retains much
more material than the larger one, since the mean
scattered intensity is about 60% smaller than when the
0.45 um filter is used (results not shown). The loss of
material, however, preserves the number of peaks and
the relative sizes of the populations (Figure 4). Since the
0.45 um membrane filter retains less material, we used
this filter for all the samples. Filtering is important for
preparing floc­free vesicle dispersions using the bath­
sonication process. Figure 4 also compares the distribu­
tions immediately after (A) and 18 h after (B) vesicle
preparation; the change in the distributions probably
arises because some time is required for the dispersion to
attain thermodynamic and mechanical equilibrium after
sonication (annealing effect). There is no clear relation­
ship between the apparent Ruy or polydispersity and the
membrane pore size. The third (fastest mode in Figure
4) peak is probably due to the high DODAB concentration
(1.0 mM), which favors the formation of new structures
in solution, as will be discussed below.

The contributions of the slow and fast modes in the
relaxation time distributions for the scattered intensity

(37) Kunieda, H.; Shimoda, K. /. Phvs. Chem. 1978, 82, 1710.
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logy(Uns) log íVvus)
Figure 4. Relaxation time distributions for a 1lMM DODAB
sonicated dispersion immediately after (A) and 18 h after (B)
preparation, showing the effect of two sizes of Millipore
membrane filters, as shown.

10000
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[DODABLmM

Figure 5. Effect of DODAB concentration on the total, slow,
and fast mode scattered intensities of a 2.5 h bath­sonicated
dispersion. 7 = 25 ºC and 6 = 90º,

of the DODAB sonicated dispersion, measured at 25 ºC,
are depicted in Figure 5 as a function of the DODAB
concentration. The latter shows that the main contribu­
tion to the total scattered intensity comes from the slow
mode associated with the vesicle structures.

Parts a and b of Figure 6 show, respectively, the effect
of DODAB concentration on the diffusion coefficients of
the fast and slow modes of the ILT distributions shown
in Figure 6c for the sonicated dispersions in water, at 25
and 50 ºC, i.e, below and above 7... At infinite dilution
the following mean Ru values were obtained using the
Stokes— Einstein relation (eq 4) for the slow and fast
modes: 22.2 and 8.5 nm (25 “C) and 19.8 and 6.2 nm (50
ºC), respectively. The Ruy values obtained for the slow
and fast modes are compatible, respectively, with the
anticipated sizes of the vesicle and fragment structures.
Ru for the fast mode is too small for vesicle structures
which are defined by a minimum (critical) radius for the
monomers to pack into closed bilayer structures.* The
latter probably derives from two bilayer fragments of
DODAB. Above 7. the effective Rh values of both the
vesicles and the fragments are slightly smaller than those
at room temperature (below 7:). Below 7. the relaxation

(38) Israelachvili, J. N. Intermolecular and Surface Forces, 2nd ed.;
Academic Press: London, 1992.
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Figure 6. Slow and fast modediffusion coefficients asa function
ofDODAB concentration at 25 “C (a, top) and 50 ºC (b, middle).
89 = 90º. (c, bottom) Relaxation time distributions for a DODAB
bath­sonicated dispersion at 25 and 50 ºC and progressive
increase of DODAB concentration, as shown. 9 = 90º,

time distribution is only bimodal within the dilute regime,
1.e., below ca. 1.0 mM; above this concentration a third
(faster) peak appears (Figure 6c). Above 7. the distribu­
tion is essentially bimodal with the relative amplitude of
the fast mode increasing with the surfactant concentration.

Figure 7a depicts the effect of temperature on the
relaxation time distributions of the 2.5 h sonicated
dispersion at the DODAB concentration of 1.0 mM. The
distributions are shifted on the logt axis by (7/7) to account
for the solvent viscosity change with temperature. At

1 2 3 4 5 6
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logul(THkyVns]
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Figure 7. (a, top) Relaxation time distributions for a 1.0 mM
bath­sonicated dispersion of DODAB, normalized for the
temperature and viscosity, at increasing temperature, as shown.
(b, middle) Effect of the temperature on the apparent hydro­
dynamic radius of the vesicies and fragments obtained,
respectively, from the slow and fast modes of the distributions.
9 = 90º. (c, bottom) Effect of temperature on the total scattered
intensity for a 1.0 mM bath­sonicated dispersion ofDODAB (A)
and on the slow (vesicle) and fast (fragment) mode scattered
intensities (B).

each temperature the distribution is bimodal andthe peaks
are broadened below about 45 ºC (7). The corresponding
apparent R;y obtained from the moments of the siow and
fast modes (Figure 7b) shows no significant dependence
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oguit'us) log iV/us)
Figure 8. Intensity correlation functions (A) and relaxation
time distributions (B) for a 1.0 mM bath­sonicated dispersion
ofDODAB in water: (a) immediately after preparation; (b) the
same sample 17 days later; (c) a new sample 17 days after
preparation. The samples were prepared by dilution of the 10
MM stock solution and then filtration (0.45 um). T=25"*C and
8 = 90º.

on temperature, despite the decreasing intensity of the
total scattered intensity (Figure 7c) as the temperature
approaches 7.. The slow mode scattered intensity also
shows the same behavior whereas the fast mode intensity
is roughly constant with temperature. The total intensity
curve resembles that obtained by turbidity measurements
for both the bath­*º and probe­sonicated!! DODAC disper­
sions. The value for 7. (45 ºC) is in good agreement with
that for the nonsonicated DODAB dispersion measured
by differential scanning calorimetry,*º although some
discrepancies have been referred to in the literature."?
Such discrepancies are not well understood but may be
related to existing pretransition temperatures, surfactant
impurities, differences in methods of determining 7, or
the time required for the system to reach equilibrium after
a change in temperature. Also, since the relative am­
plitude of the peaks and their relaxation rates are
temperature­dependent and equilibrium is decisive for
this kindof investigation, we waited about 30 min between
each measurement.

The sharp decrease of the scattered intensity of the
vesicular solutions as the temperature approaches 7; is
not related to changes in size of the vesicles, as already
pointed out for liposome systems.** For liposomes the
decrease in the scattered intensity (or turbidity) is
attributed to changes in the refractive index of the
solution.*!!? Here we see that at 7. the vesicle mode
becomes visibly narrower, suggesting that at the melting
temperature of DODAB the vesicle population becomes
more monodisperse due to a better organization of the
monomers into closed vesicular structures. This change
in the vesicle structure probably influences the solute
polarizability.

Figure 8 shows the correlation functions and ILT
distributions for the same 1.0 mM DODAB sonicated
dispersion measured immediately and 17 days after
sonication (curves a and b, respectively). Curve c corre­
sponds to the dispersion stored at the stock concentration
(10 mM), diluted to 1.0 mM 17 days after preparation,
and then filtered (0.45 um) before the measurement. The

(39) Feitosa, E. Ph.D. Thesis, University of São Paulo, Brazil, 1990.
(40) Blandamer, M. J.; Briggs, B.; Cullis, P. M.; Green, J. A.; Waters,

M.; Soldi, G.; Engberts, J. B. F. N.; Hoekstra, D. J. Cher. Soc., Faraday
Trans. 1992, 85, 3431.

(41) Yi, P. N.; McDonald, R. C. Chem. Phys. Lípids 1973, 11, 114.
(42) Disalvo, E. À. Chem. Phys. Lipids 1991, 59, 199,
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Figure 9. (a, top) Relaxation time distribution for a 10­month
aged bath­sonicated dispersion ofDODAB at the concentrations
shown. 7=25"ºC and 9 = 90º. (b, bottom) Diffusion coefficient
for the 10­month aged vesicles as a function of the DODAB
concentration obtained from the moments of the distributions
in part a.

slow (vesicle) mode shifts to a somewhat lower relaxation
rate (larger apparent size) probably due to the metasta­
bility of the system, which may be stronger the higher the
surfactant storage concentration.

After storing the stock solution for 10 months the
relaxation time distribution becomes single­modal and
rather broad (Figure 9a). Figure 9b shows a positive
dependence of the diffusion coefficient on the DODAB
concentration obtained from the moments of the peaks in
Figure 9a. An Ru of 33.8 nm was obtained for the 10­
month aged dispersion from the diffusion coefficient at
infinite dilution. This higher value of R;y relative to that
of fresh vesicles together with the single­modal distribu­
tion (contrasting with the bimodal distribution of the fresh
suspensions) suggests thatslow vesicle aggregation occurs.
The unfavorable energetic condition of the fragments,
owing to the exposure of the hydrocarbon tails to water,
contributes as well to the aggregation process.

Conclusions

According to the surface tension measurements, DOD­
AB molecuiles self­assemble, above 7., into giant bilayer
structures, giving rise to bimodal relaxation time distri­
butions with rather slow relaxation times (large apparent
hydrodynamic radii). Às a result, the surfactant does not
significantly reduce the surface tension of the pure solvent,
as is usual with miceile­forming surfactants. Under
sonication the vesicle structures become smaller although
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the relaxation time distribution is still bimodal but the
relaxation times are shorter. The effective Ruy corre­
sponding to each population suggests that the bath­
sonicated dispersion consists of vesicles and bilayer
structures, Temperature change over the range 20­50
ºC does not significantly affect Ryu for the vesicles and
fragments. Above the melting temperature (T. = 45 "ºC,
according to the scattered intensity versus temperature
curve) the vesicle slow mode becomes narrower, owing to
a more monodisperse population. The metastability of
the dispersion is suggested by a low rate of vesicle
aggregation and consequently an increase in the vesicle
size and polydispersity. Ten months after vesicle prepa­

1 2 3 4 5 6

Feitosa and Brown

ration the relaxation time distribution is unimodal and
broad and the corresponding effective Ru (33.8 nm)
suggests that the vesicular structure is preserved. Bath­
sonication and probe­sonication methods yield small
unilamellar vesicles of similar average size.
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Dynamic light scattering, surface tension, and clouding temperature have been monitored to elucidate
the solution properties of mixed micelles formed between the anionic surfactant sodium dodecyl sulfate
(SDS) and the nonionic surfactant pentaethylene glycol mono­n­dodecyl ether (C12Es) over a wide range
of surfactant concentration and temperature. Addition of 0.1 M NaCl shifts the relaxational modes to
higher frequency and lowers the clouding temperature (7) of the nonionic surfactant solution by about
1 ºC compared to the salt­free system. 7. for the mixed surfactant solutions is higher than that of the
binary C12Es solutions and depends sensitively on the concentration of the two surfactants but increases
only slightly when the total surfactant concentrationis increased at a given molar C12EySDS concentration
ratio. With Ci2EJySDS = 5.7, for example, Tc. is 46.0 and 47.5 ºC, respectively, at 5 and 70 mM of CoEs.
The mixed solutions are homogeneous and stable and contain nonspherical micelles, which are close to
monodisperse over a range of surfactant concentrations and temperature. The mixed system has a lower
Krafíft point than binary SDS solutions and shows an approximately ideal behavior in contrast to the
binary C12Es solution. The hydrodynamic radius (Rh) of the mixed micelle increases with temperature
as do C12Es micelles in the binary solutions and also with increasing Ci2Ey/SDS ratio. At 25 ºC, the critical
micelle concentration of the mixed solution lies between those of the individual surfactants and decreases
as the C12Ey/SDS ratio is increased.

Introduction

There is considerable interest in micellar structures
and the solution behavior ofsurfactants having different
hydrophobic/hydrophilic structures and/or charge. The
so­called mixed micelles possess well­defined physical
properties that typically are intermediate between those
of the individual surfactants. Mixed micelles of surfac­
tants having differing lengths of the alkyl chain and/or
polarity of the headgroup have been extensively inves­
tigated.! Ionic/ionic, ionic/nonionic, or nonionic/nonionic
surfactant mixtures have been studied by experimental??
and theoretical" approaches. This workis concerned with
mixed micelles of an anionic (SDS) and a nonionic
surfactant (C/­Es) in solution.

Hydrated salts of sodium dodecyl sulfate (SDS,
CiaH25SO, Na“) self­assemble above the critical micelle
concentration teme) ofthe surfactant into small negatively
charged micelles. The latter have been extensively
investigated at different temperatures and concentrations
of the surfactant and supporting electrolytes?º as well as

* Departamento de Física, IBILCE/UNESP.
t University of Uppsala.
(1) For a review, see: Ogino, K., Abe, M. Eds. Mixed Surfactant

Systems; Marcel Dekker: New York, 1993.
(2) Penfold, JJ. Staples, E.; Thompson, L.; Tucker, [.; Hines, J.;

Thomas, R. K.; Lu, J. R. Langmuir 1995, 11, 2496.
(3) McDonald, J. A.; Rennie, À. Langmuir 1995, 11, 1493.
(4) Douglas, C. B.; Kaler, E. W. Langmuir 1994, 10, 1075.
(5) Hobson, R.; Grieser, F.; Healy, T. W. /. Phys. Chem. 1994, 98,

274.
16) Lusvardi, K. M.: Full, A. P.; Kaler, E. W. Langmuir 1995, 11,487.
(7) Furuva, H.; Moroi, Y.; Sugihama, G. Langmuir 1995, 11, 774.
(8) (à) Macda, HH; Tsunoda, M.; Ikeda, S. Z. Phys. Chem. 1974, 75,

1086. (b) Rubingh, D. N. In Solution Chemistry ofSurfactants; Mittal,
K. L.., Ed.; Plenum Press: New York, 1979; Vol. 1, p 337. (c) Hoffmann,
H.; Possnecker. G. Langmuir 1994, 10, 381. (d) Maeda, H. Jd. Colloid
Interface Sei. 1995, 172, 98.
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mixed with other surfactants,!º polymers,!! or proteins.!?
At low electrolyte and surfactant concentrations, SDS
micelles are spherical in aqueous solution but become
rodlike at high ionic strengths or high surfactant con­
centrationsº although these changes have not as yet been
well­characterized. Above the Krafft point (ca. 18 ºCin
salt­free solution)! there is no pronounced effect of
temperature on the SDS micellar size or geometry.

Cr2Esis a nonionic surfactant ofthe poly(ethylene oxide)
monoether (C,E,, CnHom+1(OCoH4]),OH) series with a
relatively low cloud point (Tc = 32.5 ºC within the isotropic
phase), which forms large nonspherical micelles when
dissolved in water.!*!5 Owing to the low Tc, CrEs
solutions are strongly nonideal even in the dilute regime
at temperatures well below T.(T — Tc > 20 ºC)! Such

(9) (a) Mazer, N. A.; Benedek, G. B.; Carey, M. C. J. Phys. Chem,
1976, 80, 1075. (b) Missel, P. J.; Mazer, N. A.; Benedek, G. B.; Carey,
M. C. /. Phys. Chem. 1983, 87, 1264. (c) Young, C. Y.; Missel, P. J.;
Mazer, N. A.; Benedek, G. B.; Carey, M. C. J. Phys. Chem. 1978, 82,
1375. (d) Corti, M.; Degiorgio, V. J. Phys. Chem. 1881 ,85,711.(e) Mishic,
J. R.; Fisch, M. R. /. Chem. Phys. 1990, 92, 3222.

(10) Abe, M.; Ogino, K. In MixedSurfactant Systems; Ogino, K,, Abe,
M., Eds.; Marcel Dekker: New York, 1993; p 1.

(11) van Stam, J.; Brown, W.; Fundin, J.; Aimgren, M.; Lindblad, C.
In Colloid­Polymer Interactions; Dubin, P., Tong, P., Eds.; ACS
Symposium Series 532; American Chemical Society: Washinghton, DC,
1993.

(12) Brown, W.; Gimel, J.­C, J. Chem. Phys. 1996, 104, 8112.
(13) Lindman, B.; Wennerstrom, H. Topics in Current Chemistry;

Springer­Verlag: Berlin, 1980; Vol. 87.
(14) (a) Brown, W.; Zhou, P.; Rymdén, R. J. Phys. Chem. 1988, 92,

6086. (b) Kato, T.; Anzai, S.; Seimiya,T. d. Phys. Chem. 1987, 91, 4655;
1990, 94, 7255.

(151 (a) Feitosa, E.; Brown. W.; Hansson, P. Macromolecules 1996,
29, 2169. (b) Feitosa, E.; Brown, W.; Vasilescu, M.; Swanson­Vetha­
muthu, M. Macromolecules 1996, 29, 6837.

(16) Degiorgio, V. In Phystes ofAmphiphiles. Micelles, Vesictes and
Miudroemulsions; Corti, M., Ed.; North­Holland: Amsterdam, 1985; p
303.
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nonideality, with accompanying polydispersity, compli­
cates investigations of C12Es micellar properties in solu­
tion, for example, when determining the molecular weight
or the hydrodynamicradius using light scattering. Unlike
SDS, the micellar size of CpEs is highly sensitive to
temperature but not to ionic strength.*”6 !

Depending on the ratio of the two surfactants, the total
concentration, and the presence or otherwise of simple
salt, one anticipates changes in the micellar size/shape as
the interaction patternis changed. Mixed micelles ofSDS
and surfactants of the CrE, series have already been
studied using a number of techniques, including light
scatteringand NMR.!º!' Abe et al.ºº found no relationship
between the macro­ and the microscopic viscosities ofthe
mixed surfactant solutions and also that the microscopic
viscosity is larger and the polarity is smaller in the interior

. of the mixed micelles compared to the single­surfactant
micelles."º Guéring et al.” studied the salt­free systems
as a function of added SDS up to a total surfactant
concentration of 50 wt %. They observed that the
correlation functions were bimodal at different C12Ey/SDS
ratios (up to 50 wt %) in DO and, by comparison with
NMR data, identified the slow mode as the self­diffusion
coefficient for the mixed micelles. They interpreted the
fast decay as a collective diffusion coefficient arising from
unscreened electrostatic interactions.

The aim of this work was to further elucidate the
dynamic behavior of mixed micelles, and we have applied
dynamic light scattering (DLS) to the CxEy/SDS/water
system in 0.1 M NaCl over a range of temperatures and
a wider range of relative surfactant concentrations than
hitherto. We show the effect of surfactant concentration
on the cloud point and surface tension ofthe mixed micellar
system. The work was motivated by some unresolved
questions about the properties of the binary surfactant
systems that influence the utility of the mixed micellar
solutions.. These concern the effects of the relatively low
Krafft point of SDS (around 18 ºC)? and the low cloud
point (ca. 32.5 ºC in the isotropic phase) of the binary
C1oEs solution, which make the solutions rather nonideal."
Mixtures ofSDS and C12Es are also relevant in conjunction
with polyelectrolyte utilization since the lower (and
controlled) surface charge density of the mixed micelles
can inhibit polyelectrolyte precipitation.!º

Materials and Methods

Sodium dodecy! sulfate (SDS) and pentaethylene glycol mono­
n­dodecyl ether (C12Es) were used as purchased, respectively,
from BDH, England, and Nikko Chemicals, Japan. NaCl (Merck,
Germany) was analytical grade. The solutions were prepared
with (Milli­Q plus) ultrapure water. The cmce's of SDS and Ci2Es
in pure water are respectively 8.1 mM and 65 uM at 25 ºC,154
In the presence of 0.1 M NaCl, the cme of SDS decreases to 0.43
mM,” whereas the cmc of C12Es is almost insensitive to the ionic
strength."

Tc was measured by slowly increasing the temperature
and visually observing the temperature at which the solution
clouds. The surface tension (y) measurements were made using
the drop volume technique.?º The cmce was obtained as the break
point ofthe y vs surfactant concentration curve (see, for example,
Figure 1).

Dynamic Light Scattering. The light scattering setup
consists, as described previously,!*!5 ofa6383 nm He­Ne laser

(17) (a) Guéring, P.; Nilsson, P.­G.; Lindman, B. J. Colloid Interface
Sci. 1985, 105, 41. (b) Nilsson, P.­G.; Lindman, B.J.Phys. Chem. 1984,
88, 5391.

(18) (a) Dubin, P. L.; Rigsbee, D. R.; McQuigg, D. W. J. Colloid
Interface Sci. 1985, 105, 509. (b) Bergfeldt, K.; Piculell, L. J. Phys.
Chem. 1996, 100, 5935.

(10) Rmoraenn, M. F.; Holteor, H. 4. PhAve Chem. 19067, 71, 1698.
(20) Tornberg, E. JJ. Colloid Interface Sci. 1977, 60, 50.
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Figure 1. (a) Surface tension, y, as a function of the total
surfactant concentration at the C1i2Ey/SDS molar ratios shown
(25 ºC). (b) Critical micelle concentration (cmc) as a function
of the CisEySDS molar ratio for the mixed surfactant solution
in 0.1 M NaCl (25 ºC).

light source and the detector optics with an ITT FW 130
photomultiplier and ALV­PM­PD amplifier­discriminator con­
nected to an ALV­5000 autocorrelator/computer. The cylindrical
scattering cells were sealed after filtration through 0.22 um
Millipore filters and immersedin a large­diameter thermostated
bath containing Decalin placed at the axis of a goniometer.
Measurements were made at different angles, sample concen­
trations, and temperatures.

Analysis of the data was performed by fitting the experimen­
tally measured g2(t), the normalized intensity autocorrelation
function, which is related to the electrical field correlation
function, g1(t), by the Siegert relation?!

g2a(t) — 1 = Blg (0? (1)

whereBis a factor accounting for deviation from ideal correlation.
For polydisperse samples, g1(t!) can be written as the inverse
Laplace transform (ILT) ofthe relaxation time distribution, rA(1)2

g(= fia exp(­tirddilnrt (2)

where tis the lag time. The relaxation time distribution, rÃ(r),
is obtained by performing the inverse Laplace transform (ILT)
wth the aid ofa constrained regularization algorithm (REPES),”*

(21) Schillén, K.; Brown, W.; Johnsen R. M. Macromotecules 1988,
27, 4825.

(22) Chu, B. Laser Light Scattering, 2nd ed.; Academic Press: New
Yark, 1991.

(23) Jakes, J. Czech. J. Phys. 1988, B38, 1305.
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which minimizes the sum ofthe squared differences between the
experimental and calculated g2(t). The mean diffusion coefficient
(D) is calculated from the second moments of the peaks as D =
Mqº, whereg =(47nJ/1) sin 0/2is the magnitude of the scattering
vector and I = Lt is the relaxation rate. Here 9is the scattering
angle, no. the refractive index ofpure solvent, andA the wavelength
of the incident light.

Within the dilute regime, D varies linearly with the surfactan
concentration (C), that is :

D=D(1+kpC+.) (3)

where D, is the diffusion coefficient at infinite dilution and kp
is the hydrodynamic “virial” coefficient related to the solute—
golute and solute—solvent interactions. The Stokes— Einstein
equation relates the infinite dilution diffusion coefficient to the
hydrodynamic radius (Ru)

D, = kgT/6nnRyu (4)

where kpTis the thermal energy factor and n. is the temperature­
dependent viscosity of the solvent.

Static light scattering measurements were made using à
Hamamatsu photon­counting device, witha 3 mW He­Ne laser.
Toluene was used as the reference (Rituene = 13.59 x 107­* m?!
at 633 nm). dn/de was measured in a differential refractometer
with Rayleigh optics at 25 ºC. At Ci2Ey/SDS molar ratio 0.43,
dn/de was 0.116 mLg' and at ratio 2.33 dn/de = 0.126 mLgL.

Results and Discussion

A value ofRyu = 2.7 nm at 25 ºC for the SDS micelle in
0.1 M NaCl obtained previously in our laboratory"! is used
here for comparisons. The strong increase in the hydro­
dynamic radius (Ru) of SDS micelles on increasing the
ionic strength has been attributed to a sphere to rod
transition and/or changesin the intermicellar interactions
due to electrostatic screening effects.º It is also known
that the radius of SDS micelles decreases on increasing
the temperature.º*?

Light scattering measurements on C1i2Es micelles in
aqueous solution are, on the other hand, complicated by
the nonideal behavior of the solutions specially at tem­
peratures close to the cloud point (Tc) of the surfactant.
We have previously estimated Ryu = 12 nm at 20 ºC. In
this work we have also determined Ryu=12 nm in0.1M
NaCl (see below). It was shown that, after an initial
decrease, Ru for Ci2Es increases strongly as the temper­
ature increases up to Tc."º The increase in Ruy as well as
the increase in the scattered intensity with the temper­
ature may be attributed either to changes in size and/or
asymmetric growth possibly into branched cylinder net­
works at high concentrations and/or to changes in the
intermicellar interactions (critical concentration fluctua­
tions).*

The cmc values of the Ci2E/SDS mixtures in 0.1 M
NaCl were estimated as 0.31 and 0.16 mM for CREySDS
mixtures at the molar concentration ratios of 0.47 and
2.3, respectively (25 ºC), using surface tension measure­
ments (Figure la). These values lie between those of the
binary component solutions SDS (0.43 mMin the presence
of 0.1 M NaCl) and C12Es (65 uM) as predicted by theory
and also as experimentally observed for similar mixed
micellar systems.ºº The surface tension curves have about
the same slope within the concentration range im­
mediately below the cme, suggesting that the area per
headgroup of the monomer (or the surface excess) does
not change with the C2EySDS ratio, according to the
Gibbs adsorption equation.º** Figure 1b shows that the

Feitosa and Brown
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Figure 2. (a) Intensity correlation function (top) and the
corresponding relaxation time distribution (bottom) for a binary
solution of C12Es (100 mM) at 25 ºC, in the absence (dotted) and
presence (full) of 0.1 M NaCl; 6 = 90º. (b) Same as Figure 2a,but for the mixture of CiEySDS = 7/3 (total surfactant
concentration 100 mM) in 0.1 M NaCl.

cme decreases with increasing ratio from that ofpure SDS
toward that for pure C12Es.

Figure 2a shows a typical intensity correlation function,
g2a(t) — 1, together with the correspondingrelaxation time
distribution for a binary Ci2Es micellar solution in the
absence (dotted line) and in the presence (full line) of 0.1
M NaCl, at 25 ºC. The bimodal distributions for pure
C12Es are always dominated by the slow mode. Further­
more, above about 10 ºC, there is always a faster, low
intensity, component present at all CiEySDS ratios.** In
contrast, binary SDS micellar solutions invariably have
unimodal ILT distributions, as already shown previously.”
The relaxation time distributions for mixed C1i2EsSDS
solutions in 0.1 M NaCl are, perhaps surprisingly, also
unimodal over a wide range of surfactant concentrations
and temperatures (Figure 2b) with an average relaxation
time intermediate between those for the fast and slow
modes observed in pure C14Es solutions. Thus we conclude
that the mixed micelles are a homogeneous and well­
defined species and that the system does not simply
contain a mixture ofthe ionic and nonionic species. Figure
2b shows an example of a correlation function and the

. P. G.; Wennerstrom, H.;: Lindman, B. J. Phvs. Chem.
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(25) Hunter, R. J. Foundations ofColloid Science; Clarendon Press:
Oxford, 1987; Vol. 1, p 250.
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Figure 3. Relaxation rate, 1”, as a function of the squared
scattering vector, qº, for the mixed micellar system with CuREsy/
SDS molar ratio = 7/3 in 0.1 M NaCl at 25 ºC.

ss

75

Figure 4. Clouding temperature for C12Ey/SDS mixtures in
0.1 M NaCl as a function of the SDS concentration at constant
total surfactant concentration of 100 mM.

corresponding relaxation time distribution for the mixture
containing 70 and 30 mM ofCE; and SDS, respectively,
in 0.1 M NaCl solution at 25 ºC. As seen in Figure 3,
thereis a linear relationship between the mean relaxation
rate (1) of this single mode and the squared scattering
vector (4º) showing a diffusive process.

The clouding temperature (7) for C12EJy/SDS mixtures
in 0.1 M NaCl increases considerably when the relative
concentration ofSDS is increased maintaining a constant
total surfactant concentration of 100 mM as shown in
Figure 4. The added salt screens the charge effects
deriving from the surfactant and which were shown to
complicate the behavior of surfactant mixtures in Ds;O in
the absence ofadded salt."* The measured 7,ofpure C12Es
(C=0.1M)is33.1ºCin water and 32.0 ºCin the presence
of 0.1 Mof NaCl. 7. for Ci2Es was found to be strongly
lowered on addition of poly(ethylene oxide) (PEO) owing
to micellar cluster formation.!*!5 A decrease in 7, for the
CiEJ/PEO/water system was also observed both when
the surfactant/polymer concentration ratio was increased
and when the total surfactant concentration was increased
at a constant surfactant/polymer concentration ratio.
Similar behavior has been observed on addition ofa high?
or low"" molar mass PEO to the surfactant Ci2Es.

(26) Feitosa, E.; Brown, W.; Swanson­Vethamuthu, M. Langmuir
1996, 12, 5985.

(17) Feitosa, E; Brown, W.; Wang, K. In preparation.
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Figure 5. (a) Relaxation time distributions for the mixed
micelles CiEySDS in 0.1 M NaCl at different temperatures
and different relative surfactant concentrations at a total .
surfactant concentration of 100 mM, as shown; 9 = 90º. (b)
Total scattered intensity as a function of C12Es concentration
for the CiI2EySDS mixture at total surfactant concentration
100 mM; T = 25 ºC, 6 = 90º,

However, the T. of the C12Ey/SDS mixtures changes only
slightly when the total concentrationis changed, holding
the CioEJSDS ratio constant; for example, at CRpEJ/SDS
= 85/15 (mM) (ratio 5.7), T< = 47.5 ºC, which decreases
only slightly to 46.0 ºC on dilution of the solution to 5.1/
0.9 mM. The stronger dependence ofT. on the C12Ey/SDS
ratio rather than on the total surfactant concentration at
a given surfactant ratio suggests that the structure of the
mixed micelle aggregates in solution is preserved when
varying the total surfactant concentration at constant
surfactant concentration ratio.

In 0.1 M NaCl, 7. for the mixture of 320 mM SDS with
TO MM C1E;s (i.e., CoEySDS = 7/3) is about 100 ºC. At
this ratio, or higher ones, the relaxation time distribution
is close to unimodal over the range of temperature
investigated (8—45 ºC) but then broadens and eventualliy
becomes bimodal at higher relative concentrations ofC12Es
(Figure 5a). Thischangeis probably related to a clustering
of the micelles in solution as T. is approached, eventually
leading to critical scattering. In these experiments all
the concentrations were kept above the cmc of the
surfactants and the total surfactant concentration was
held constant at 100 mM.

Figure 5b shows the effect of the CEs concentration
on the total scattered intensity (25 ºC) for Ci2EsSDS
mixtures in 0.1 M NaCl ata total surfactant concentration
of 100 mM, showing that 100 mM C1Es scatters much
more than the same concentration of SDS. A progressive
increase in the scattered intensity is found for the mixtures
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Figure 6. (a) Relaxation time distributions for the mixed C12Ey/
SDS micelles in 0.1 M NaCl at constant Ci2ES5/SDS molar ratio
= 7/3 and at the surfactant concentrations and temperatures
shown; 6 = 90º. (b) Dependence of the reduced diffusion
coefficient (DnJ/T) on the total surfactant concentration for
C1uEySDS = 7/3 and the temperatures shown. Data corre­
spond to the distributionsin Figure 6a. (c) Effect of temperatureon the hydrodynamic radius derived from the intercepts in
Figure 6b.

as the CEsX/SDS concentration ratio is raised at a fixed
total surfactant concentration (100 mM), showing that
larger, possibly branched, structures progressively form.

Figure 6a shows relaxation time distributions obtained
on increasing the total surfactant concentration at the
fixed CLEJSDS molar concentration ratio of 7/3 at three
different temperatures: 8, 25, and 45 ºC. The peak
position changes little with change in surfactant concen­
tration, as is also observed in Figure 6b for the corre­
sponding normalized diffusion coefficients. Unlike the
Ci2EJySDS mixtures, SDS molecules are insolublein water
below ca. 18 ºC (the Krafft point of pure SDS), whereas
C2Es binary solutions first cloud at about 31.5 “C. The
mixed mícelloas have both à higher solubility and higher

Feitosa and Brown

cloud points than the SDS or C12Es binary solutions taken
individually (see Figure 4). Withinthis range ofsurfactant
concentration and temperature up to 45 ºC the distribu­
tions are predominantly unimodal; that is, the particle
size distributions in the mixed micellar solutions are
homogeneous in size.

To remove the effect of intermicellar interactions, the
curvesin Figure 6b have been extrapolated, although with
some uncertainty, to zero concentration andtheintercepts
usedineg4. Thereis a clear trend for Ru for the mixed
CioEySDS micelles to increasein size, probably becoming
progressively more elongated as the temperature is
increased (Figure 6c). Since SDS micelles are known to
decrease in size with increasing temperature? while, as
has been demonstrated by pulsed field gradient (PFG)
NMR measurements,?* C12Es micelles grow strongly in
the opposite sense and become more flexible," it is clear
that the C1aEs component dominates the size of the mixed
micelles.À Enhanced micellar extension is anticipated
through headgroup repulsion on introducing charges into
the nonionic surfactant micelles, which are already highly
extended structures.

Figure 7a shows the effect of mixing C12Es and SDS on
the concentration dependence of the diffusion coefficient,
which indicates that the mixed system becomes morê ideal
as the C1ioEySDS ratio is decreased. The characteristic
shallow minimum in the SDS­free data has been discussed
earlier. Itis due to micellar growth at low concentra­
tions, which eventually leads to overlap with a subsequent
increasein the cooperative diffusion coefficient. Thedata
at R = 2.33 thus are seen to represent intermediate
behavior between the SDS­rich system at R = 0.43 and
the SDS­free system.

The influence of the C12Es content is also seen in static
light scattering measurements in 0.1 M NaCl (Figure 7b).
Both atR = 0.43 and 2.33 the reduced scattered intensity
KclR.is angle­independent over the range 20­150º at all
concentrations, as anticipated for compact particles of
radius < 20 nm. At R = 0.43 (Figure T7b(upper)) the
apparent molecular weight (RyWKc)s=0) = 1VM,, that is,
the value obtained at each total surfactant concentration,
is concentration­independent with a molecular weight at
infinite dilution of 47 x 10º. Ruy = 2.7 nm from the
relaxation rate at infinite dilution in Figure 7a, and this
is close to the Ru value for the pure SDS micelle. At R
= 92,33 (Figure 7b(lower)), however, M,.­apparent decreases
from 500 x 10º atc = 27 mM to 120 x 10º at 100 mM. By
plotting log M. versus concentration, an approximate
value of 900 x 10º is obtained at infinite dilution. The
data are consistent with the trend in D in Figure 7a at
this ratio. The strong curvature shows that the interac­
tions at R = 2.33 are strongly dependent on the total
surfactant concentrationinthisrange. Atinfinite dilution
the value of Rg = 11 nm.

The addition of Ci2Es to an SDS solution increases the
cloud point and increases the micellar size (Figure 7c)
since CioEs dominates the size of the mixed micelle. We
note that the effect of added salt is also important. The
measurements ofGuéring et al." show thatin the absence
of salt, the hydrodynamic radius of mixed micelles is less
sensitive to the C12Es content and also, as expected, that
the micelles are larger (Rá * 12 nm at 50% (ww) SDS
compared with Ruy *& 5 nm in 0.1 M NaCl at the same
ratio). Figure 7d compares relaxation time distributions
for the binary C14Es solution and the ternary mixture at
the CEXySDS ratio 3/7; that is, the mixed system is
unimodal like the binary SDS solution, whereas the binary
CE; solution is bimodal.
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Figure 7. (a) Effect of the total surfactant concentration on the diffusion coefficient for the selected Ci2EySDS molar ratios shown.
Measurements at 90 and 25 ºC in 0.1 M NaCl. (b) Static light scattering data (apparent molecular weight, (Ry/Kc)s=0) as a function
of total surfactant concentration at (a) R = 0.43 and (b) R = 2.33. (c) Hydrodynamic radius as a function of the C2EySDS molar
ratio obtained from data in Figure 7a. (d) Relaxation time distributions for the binary C1.Es and ternary Ci2EySDS solutions at
the selected concentrations of the surfactants shown.

Conclusions

Itis shown that mixtures of anionic SDS and nonionic
CrpEs surfactants self­assemble above the eme of the
surfactant mixture over a broad range of temperatures to
form mixed micelles ofhomogeneous size as demonstrated
by the single­moda!l relaxation time distributions for the
ternary system. The eme of the mixed surfactants lies
between the values of the individual compounds and
decreases as the ratio CÇREJ/SDS is increased. The
clouding temperatures of the mixed micellar systems are
higher than those of the binary C14Es solutions. At the
C1i2Ey/SDS molar concentration ratio of 2.33, Ruy for the
mixed micelles increases linearly with temperature over
the range investigated (8­45 ºC). Ruy also increases as
the CirEy/SDSratioincreases. The mixed micelle solutions
become more ideal as the Cy EySDS ratio is decreased
whereas the binary solutions of Ci2Es become less ideal

cem 1 2 3 4 5 6 7

as the temperature is increased up to the clouding point.
At the CioEJy/SDS molar ratio of 2.33, the relaxation time
distribution for mixed micellar solutions is unimodal in
contrast to binary C12Es solutions, which are bimodal.
Relative to the SDS micelles the mixed micelles show a
lower Krafft point and a higher cloud point relative to
C12E; micelles
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Abstract

The understanding of biological membranes may be improved by investigating physical properties of vesicles from natural
or synthetic amphiphiles. The application of vesicles as mimetic agents depends on the knowledgment of their structure and
properties. Vesicles having different curvature and size may be obtained using different preparation protocols. We have used
differential scanning calorimetry (DSC) and steady­state fluorescence to investigate the gel to liquid­crystal phase transition of
vesicles prepared by sonication (SUV) and non­sonication (GUV) of the synthetic dioctadecyldimethylammonium bromide
(DODAB) in aqueous solution. DSC thermograms for a non­sonicated dispersion show a well­defined pre­ and main transition
corresponding to two narrow peaks at 36 and 45ºC in the first upscan, while in a second upscan, only the main peak was
observed. The sharpness of the peaks indicate a cooperative phase behavior for GUV. For a sonicated DODAB dispersion, the
first upscan shows a third peak at 40.3ºC, whereas for the second upscan the peaks are not well­defined, indicating a less
cooperative phase behavior. Alternatively, the fluorescence quantum yield ($p) and the anisotropy (r) of trans, trans, trans­1­
[4­(3­carboxypropyl)­pheny1]­6­[4­butylpheny]1]­1,3,5­hexatriene (4H4A) and the ratio 77/13 of the first to the third vibronic
peaks of the pyrene emission spectrum as function of temperature are used as well to describe the phase behavior of DODAB
sonicated and non­sonicated dispersions. It is in good agreement with the DSC results that the cooperativity of the
thermotropic process is diminished under sonication of the DODAB dispersion, meaning that sonication changes from
homogeneous to heterogeneous populations of the amphiphile aggregates. The pre­ and main transitions obtained from these
techniques are in fairly good accord with results from the literature. (& 1999 Elsevier Science B.V. All rights reserved.

Keywords: Differential scanning calorimetry; Steady­state fluorescence; Melting temperature; Thermotropic phase behavior;
Synthetic amphiphile vesicles

1. Introduction

Vesicles or liposomes consist of closed bilayers
formed from hydrated natural or synthetic amphi­

*Corresponding author. Tel:. +55­17­221­22­40; fax: +55­17­
224­86­92; e­mail: eloi Gdf.ibilce.unesp.br

'Presented at the IUPAC International Symposium on Calori­
metry and Chemical Thermodynamics, April 5­9, 1998, Campinas,
Brazil.

philes. Small, large or giant unilamellar vesicles are
easily obtained using appropriate methods such as
sonication or extrusion [1]. The vesicle structure
depends on the preparation protocol, as well as on
the amount and nature of the amphiphiles and additives
[1].

DODAX (dioctadecyldimethylammonium halide)
molecules are double, long­chained, synthetic vesi­
cle­forming amphiphiles, widely used in studies of

0040­603 1/99/$ — see front matter (& 1999 Elsevier Science B.V. All rights reserved.
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association colloid systems [2­9]. In the presence of
water, they assemble as small (SUV) or large vesicles
(LUV) when treated, respectively, with sonication or
chloroform­injection [2]. Recently, we reported that
within the diluted regime, DODAB molecules self­
assembie spontaneously as a bipopulation of large and
giant unilamellar vesicles (GUV) [3,4]. At higher
concentrations, however, the vesicle structure
becomes multilamellar [5]. The mean hydrodynamic
radii of SUV, LUV and GUV measured by dynamic
light scattering are, respectively, 22­33 [4], 275 [6]
and 337 nm [3].

The thermotropic phase behavior of DODAB
vesicles is not well understood. Different values for

the melting temperature of DODAB (or derivatives)
in water solution are found in the literature [4,710]
and, in addition, pre­transition temperatures are not
usually detected for these vesicular systems [8,9].
Fluorescence [10­12], light scattering [3,4], EPR
[7] and calorimetry [8,9] are the most commonily
used methods for these type of studies. In general,
the melting temperature (Tm), around which the gel
to liquid­crystal phase transition occurs, depends
on the particular experimental method used to
determine it. Typical Tm, values for DODAB vesicles
are 36 and 45ºC for the pre­ and main transition,
respectively.

We have used differential scanning calorimetry
(DSC) and steady­state fluorescence methods to
investigate the thermotropic phase behavior in vesicle
systems prepared by sonication or by simply mixing
(non­sonication) of DODAB­vwater dispersions above
the amphiphile Tm. Using these techniques, pre­ and
main transitions of about 36 and 45ºC were detected

and the cooperativity of the phase behavior is
dependent on the vesicle curvature or preparation
protocol.

2. Materials and methods

2.1. Chemicals

DODAB (Eastman Kodak), pyrene (Sigma) and
trans, trans, trans­1,6­dipheny1­1,3,5­hexatriene (DPH)
(Aldrich) were recrystallized twice from acetone.
Trans, trans, trans­l1­[4­(3­carboxypropyl)­phenyl]­
6­[4­butyIpheny1]­1,3,5­hexatriene (4H4A) was pre­

1 2 3 4 5 6 7

pared as reported previously [11,12]. The chemical
structures of DPH and 4H4A are shown below.

2.2. Vesicle preparation

Giant unilamellar vesicles (GUV) from DODAB
were prepared by mixing the DODAB­water mixture
at 5S5ºC (above Tu) till the amphiphile present at low
concentration (up to ca. 1L.LOmM) was completely
dissolved. To prepare small unilamellar vesicles
(DODAB), the non­sonicated DODAB dispersion
was sonicated at 5S5ºC until it became optically clear.
A bath­type cell disrupter (Microsonic, SX­10) was
used in the sonication process. After preparation the
DODAB stock, dispersions were cooled to room
temperature and stored at it for the experiments.
The vesicles so prepared are stable for months
[3,4]. The properties of giant and small DODAB
vesicles are described elsewhere [3,4,6]. The term
“glant' is used here to distinguish the non­sonicated
vesicles from those large ones obtained by chloroform
injection [6].

2.3. Probed vesicle preparation

À small amount of 1.0 mM 4H4A/CHCIl;, or pyrene/
CHCI; solution was placed on the bottom of a cylind­
rical glass flask and the chloroform evaporated under a
constant N, flux. The sonicated or non­sonicated
sample was than added to the flask and the solution was
stirred for about 24 h in a light protected container.

24. Differential Scanning Calorimetry (DSC)

The DSC measurements were made in a high
sensitive differential microcalorimeter (Microcal,
MC­2) using twin 1.2 ml total­fill cells to heat the
sample and the reference (water) simultaneously and
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independently. At a phase transition, heat is applied to
the DODAB sample (endothermic process) to main­
tain the same temperature in both the sample and
reference. The samples were scanned at the rate of
1ºC/min. The collection and analysis of the data were
made with the ORIGIN" (version 2.9) software supplied
by the manufacturer.
2.5. Fluorescence

All measurements were performed using a Hitachi
4500 fluorescence spectrofluorimeter. The tempera­
ture of the water­jacketed cell holder was controlled
with a circulating bath and monitored by a thermistor
probe. The fluorescence quantum yield was deter­
mined using DPH in cyclohexane as reference
(DPrrren = 0.80) [12]. The reference solution was pre­
pared with the same optical density as the probe­
containing vesicle dispersion anditsintegratedemission
band compared at the same wavelength region [11].

The fluorescence anisotropy results were deter­
mined using a polarization accessory (right­angle
geometry) through the relationship [13]:

— 16h (1)"On +26Gh
where G = i| /iy is an instrumental correction factor
for the equipment set up, and the fluorescence inten­
sity parameters (i and /) account for the ordinary
polarization of the excitation and emission light.
The subscript symbols || and 1. refer to the position
of the polarizers, whether parallel or perpendicular,
respectively, to the plane of polarization of the excita­
tion or emission light.

We have obtained the ratio between the intensities

of the first and the third vibronic peaks of the emission
spectrum of pyrene ([//I3), which is highly sensitive to
the polarity of the probe microenvironment [13], to
monitor the DODAB vesicle bilayer core. Pyrene was
excited at 310 nm and the emission spectra detected at
a right angle to the excitation radiation.

3. Results and discussion

3.1. DSC results

All the DSC and fluorescence measurements were

made at least 24h after the sample preparation to
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Fig. 1. Change in excess heat capacity with increasing temperature
of LOmMM DODAB non­sonicated vesicles in water. (A) First
upscan, and (B) second upscan. The scan rate was 1ºC/min.

ensure the kinetic and mechanical equilibrium of the
vesicle suspensions. Fig. 1 (A) shows, after a first
scan, the effect of increasing temperature on the heat
excess capacity (ACp) of the DODAB (1.0 mM) non­
sonicated vesicle sample within the range of 25­55ºC.
It shows two main peaks, one at 36 and the other at
45ºC, corresponding respectively to the pre­ and main
transition, in good agreement with DSC results from
the literature [8,9]. After the first upscan, the sample
was quickly cooled and then heated again. The second
DSC heating thermogram made about 1.5 h after the
first scan shows only the main transition at 45ºC
(Fig. 1 (B)), suggesting that the first peak in Fig. 1
(A) corresponds to a pre­transition which is a kineti­
cally slow process.
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The origin of the pre­transition either in lipid or
synthetic amphiphile vesicles is not clear. It has been
attributed either to changes in the chain conformations
[14] or to structural transformations within the amphi­
phile head groups [15]. Blandamer et al. [8,9], on the
other hand, using DSC reported that the addition of
ionic surfactants to a non­sonicated DODAB vesicle

dispersion eliminates the pre­transition peak and
linked it to intervesicular interactions. In this work,
the time (1.5 h) to cooling and reheat the sample was
not enough for the vesicles to attain the kinetic
equilibrium, since the second upscan does not reveal
the pre­transition peak.

After 60 min sonication of the non­sonicated

DODAB dispersion, the DSC thermograms change
considerably in comparison to those obtained before
sonication (Fig. 2 (A) and Fig. 2 (B)). The pre­transi­
tion peak at 36ºC is considerably weakened and the
main transition temperature is lowered by about one
degree (Tm = 44.4ºC) relative to the non­sonicated
sample (Fig. 2 (A)). The sonicated dispersion presents
a third intermediate peak at 40.3ºC probably due to the
co­existing populations of structurally different aggre­
gates, such as bilayer fragments and vesicles as
already reported in a previous communication [4].
A second upscan reveals a broad peak which dom­
inates the thermogram indicating that the gel to liquid­
crystalline phase transition is not well­defined (Fig. 2
(B)). The mixture of two populations of DODAB
supramolecular aggregates having different structures
(fragments and vesicles) for the sonicated dispersionis
probably responsible for the loss of cooperativity
relative to the non­sonicated dispersion which consist
not only of two populations but also of vesicle struc­
ture with differing size [3].

3.2. Fluorescence results

The fluorescence results corroborate the calori­
metric ones shown above. 4H4A is a very sensitive
amphiphile­like probe suitable to investigate the prop­
erties of natural or synthetic amphiphile like micelles
or vesicles [11,12]. Fig. 3 shows the effect of increas­
ing the temperature on the fluorescence quantum yield
(Dp for 4H4A solubilized in a small (sonicated) and
giant (non­sonicated) DODAB unilameliar vesicle in
water. The curve for non­sonicated vesicles have two

break points, at about 35 and 42ºC, suggesting that
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Fig. 2. Change in excess heat capacity with increasing temperature
of 1.0 mM 90 min sonicated DODAB vesicles in water. (A) First
upscan and (B) second upscan. The scan rate was 1ºC/min.

both a pre­ and main transitions can be detected from
the Ds curve for 4H4A. Sonicated vesicles, on the
other hand, show a single less defined break point
around 43ºC, characteristic of a non­cooperative
phase transition as observed from the DSC experi­
ments. Assuming that the 4H4A is solubilized inside
the vesicle bilayer because of the amphiphilic char­
acteristics of the prove, as already observed for phos­
pholipid vesicles [11], the existence of intervesicular
interactions could slightly change the packing state of
the DODAB bilayer causing the appearance of the first
(pre­transition) break point in non­sonicated vesicles.

Fig. 4 illustrates typical emission spectra for pyrene
in water and in a 1.O MM DODAB dispersion showing
the vibronic peaks. For comparison, it also shows the
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TCO |
Fig. 3. Dependence of the fluarescence quantum yield for 4H4A
(2.2 uM) on the sample heating temperature for 1.0 mM DODAB
90 min. sonicated (Q&) and non­sonicated (IN) dispersions. The
arrows indicate the phase transitions.

420

4 (nm)

Fig. 4. Emission spectra for pyrene in (A) pure water, (B) 1.0 mM
DODAB and (C)NaBr solutions showing the first (1) and third (ITD)
vibronic peaks.

spectrum for a 1.0 mM NaBr aqueous solution. Note
that 1.0 mM NaBr does not change the pyrene 1y/l;
(==1.85, from Fig. 4) in pure water but it has a stronger
quenching effect than the same amount of DODAB
molecules because only the bound Br” counterions
(ca. 80% of the whole amount of the amphiphile)
quench the fluorescence signal. Pyrene incorporated
either in sonicated or non­sonicated vesicles decreases

&$r relative to that in pure water and slightly shifts the
vibronic peaks to a higher wavelength. Such a beha­

1 2 3 4 5 6 7

T(*O)

Fig. 5. Dependence of the pyrene ///I3 ratio on the sample heating
temperature for (A) 1.0 mM DODAB non­sonicated and (B) bath­
sonicated dispersions. [pyrene] = 1.0uM.

vior is expected, owing to the fluorescence quenching
effect of the bromide counterions bound and close to

the vesicle interfaces. This conclusion is based as well

on the very small pyrene concentration used and the
absence of the pyrene excimer emission band (Fig. 4).

Fig. 5 (A) and Fig. 5 (B) show changes in the ratio
II; of the intensities of the first and third vibronic
peaks of the pyrene fluorescence emission spectra
for increasing temperature. The /,/I; value at 20ºC
(11/17 == 1.4) is similar to that for the micelle­forming
cationic surfactants like hexadecyltrimethylammo­
nium bromide (CTAB) or dodecyltrimethylammo­
nium chloride (DTAC) [16], indicating that pyrene
is placed near the interface where water molecules are
present to some extent. The ratio ////3 as a function of
temperature gives a slightly lower TwWá value (ca.
40.3ºC) for non­sonicated vesicles (Fig. 5 (A)). The
sharpness of the curve around Tm, indicates a coop­
erative process for the non­sonicated but not for the
sonicated DODAB vesicles (Fig. 5 (B)). Fig. 5 (B)
also stresses that Tm for sonicated DODAB vesicles is
not well defined and a value of about 43ºC is obtained,
corroborating the DSC and &r results.

Fig. 6 shows the effect of heating and cooling the
sonicated DODAB vesicle on the fluorescence aniso­
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Fig. 6. Dependence of the 4H4A probe fluorescence anisotropy on
sample temperature for 90 min. sonicated DODAB aqueous
dispersion under heating (O) and cooling (À), as shown.
[4H4A] = 2.5UM.

tropy (r­). The overlapping of these curves shows that
the transition is fully reversible. A mean value for TMw
of about 38.2ºC is obtained from these curves. Since

the curves show no sharp change around Tu, the
transition is non­cooperative in good accord with
the the DSC, Dr; and 7///3 results shown above. À
more cooperative transition was observed from the
anisotropy versus temperature curve for non­sonicated
DODAB dispersions without changing considerably
Tm, às shown in another communication [10].

4. Conclusions

Different experimental methods show that soni­
cated and non­sonicated DODAB vesicles have dif­

ferent thermotropic phase behavior. The gel to liquid
crystal phase transition is cooperative for giant (non­
sonicated) vesicles and non­cooperative for small
(sonicated) vesicles as the sonicated dispersions con­
sist of mixed aggregate structures in suspensions,
whereas the non­sonicated dispersions contain only
vesicle structures. For kinetically equilibrated giant
DODAB vesicles in water, the DSC thermograms
reveal a pre­ and a main transition, whereas pyrene
fluorescence shows only the main transition corre­
sponding to the melting temperature (T1W). Quantum

1 2 3 4 5 6 7

yield measurements for 4H4A, on the other hand,
detected both the pre­ and main transitions. For small
sonicated DODAB vesicles, a third peak was detected
between the pre­ and main transitions and the peaks
are not well­defined, showing a less cooperative phase
behavior which is in good agreement with fluores­
cence measurements which shows that the coopera­
tivity of the phase behavior decreases as the vesicle
curvature increases.
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Abstract

The gel to liquid crystalline phase transition of the double­chained cationic dioctadecyldimethylammonium chloride
and bromide (DODAX, X = Cl" or Br) in aqueous vesicle dispersions prepared by non­sonication, sonication and
extrusion has been investigated using high­sensitivity differential scanning calorimetry (DSC). The transition
temperature (7,) is a function of the preparation method, amphiphile concentration, vesicle curvature and nature of
the counterion, DSC thermograms for DODAB and DODAC non­sonicated vesicle dispersions exhibit a single
endothermic peak at 7, roughly independent of concentration up to 10 mM. Extrusion broadens the transition peak
and shifts T., downwards. Sonication, however, broadens slightly the transition peak and tends to shift T., upwards
suggesting that extrusion and sonication form vesicles with different characteristics. DODAC always exhibits higher
Tm than DODAB irrespective of the preparation method. 7, changes as follows: T., (sonicated) > T,, (non­soni­
cated)> T., (extruded). Hysteresis of about 7ºC was observed for DODAB vesicle dispersions. O 2000 Elsevier
Science Ireland Ltd. All rights reserved.

Keywords: Differential scanning calorimetry; Transition temperature; Sonicated vesicles; Non­sonicated vesicles; Extruded vesicles

1. Introduction

The assembling of hydrated synthetic or natural
amphiphiles into vesicle structures offers unique

Abbreviations: DODA*, dioctadecyldimethytammonium
ion; DODAB, dioctadecyldimethylammonium bromide; DO­
DAÇC, dioctadecyldimethylammonium chloride; DSC, differen­
tial scanning calorimetry; GUV, giant unilametlar vesiícies;
LUV, large unilamellar vesicles; SUV, small unilameliar vesi­
cles; 7, transition temperature.

* Corresponding author. Tel.: + 55­17­2212240; fax: + 55­
17­2248692.

E­mail address: eloicadf.ibilce.unesp.br (E. Feitosa)

opportunities to mimic complex biomembranes
and to develop artificial drug carriers. The knowl­
edge of the structure and properties will be essen­
tial for the application of vesicles as mimetic
agents or drug delivery vehicles (e.g. gene ther­
apy). For example, it is necessary that vesicles
have a narrow size distribution and long term
stability (Fendler, 1982).

0009­3084/00/S$ ­ see front matter O 2000 Elsevier Science Ireland Ltd. All rights reserved.
PII: S0009­3084(00)00127­4
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In spite of being one of the most investigated
vesicle­forming cationic synthetic amphiphiles, the
structure and properties of dioctadecyldimethy­
lammonium bromide (DODAB) and chloride
(DODAC) vesicles are still not fully understood.
Overall, vesicle size, polydispersity, thermotropic
phase behavior, surface potential, degree of ion­
ization, permeability and physical stability depend
on the preparation protocol and physical condi­
tions of the bulk solution, such as temperature or
ionic strength (Szoka and Papahadjopoulos, 1980;
Fendler, 1982; Lasic, 1993). Bath­ or probe­type
sonication (Kunitake and Okahata, 1977; Car­
mona­Ribeiro and Chaimovich, 1983; Cuccovia et
al., 1990) and chloroform slow injection (Car­
mona­Ribeiro and Chaimovich, 1983; Nascimento
et al., 1998) are by far the most commonly used
methods to prepare small and large unilamelliar
vesicles, respectively, of DODAXY (XK=Cl" or
Br) and other synthetic amphiphiles. Chloro­
form slow injection gives large and (meta)stable
unilamellar vesicles whereas ethanol quick injec­
tion gives small and unstable unilamellar vesicles
(Cuccovia et al, 1979) More recently,
dichloromethane injection was used to prepare
stable large unilameliar vesicles (LUVs) from DO­
DAC with the advantage that the boiling temper­
ature of CH,Cl, is lower than that of CHCI,
(Cuccovia et al., 1997). Above the main transition
temperature (T,) DODAX molecules self­assem­
ble in aqueous solution into stable giant unilamel­
lar vesicles (GUVs) (Feitosa and Brown, 1997;
Feitosa et al., manuscript submitted for publica­
tion) whereas extrusion yields vesicles with size
controlled by the pore size of the membrane filter
(Cuccovia et al., 1997; Lopes et al., unpublished
data). However, the relatively high T, of DO­
DAX has limited the applicability of extrusion to
prepare vesicles of these synthetic amphiphiles. In
spite of the extrusion method being ordinarily
used in the preparation of phospholipid liposomes
(Hunter and Frisken, 1998), to our knowledge
properties like size or transition temperature of
extruded DODAB or DODAC vesicles have been
only poorly investigated.

Calorimetry (Blandamer et al, 1992, 1994,
1995; Benatti et al., 1999), light scattering (Feitosa
and Brown, 1997), turbidity (Carmona­Ribeiro

1 2 3 4 5 6 7

and Chaimovich, 1983, 1986), fluorescence (Sarpal
and Durocher, 1994; Benatti et al., 1999), surface
tension (Guegliotti et al., 1998), and electron spin
resonance (Lan et al., 1992) are the most often
used techniques to determine T,, of natural or
synthetic amphiphiles in vesicle dispersions. Since
different methods may explore different physical
phenomena related to the change in conformation
of the amphiphilic chains within the vesicle bi­
layer, it is not surprising that different or even
conflicting values of T, for analogous am­
phiphilic systems have been reported. Table 1
summarizes values of T,, reported in the literature
for DODAX vesicles prepared by different meth­
ods under different solvent conditions. 7, also
depends on the source of the amphiphiles which,
depending on the degree of purity (e.g. chain
length distribution), may or may not yield a pre­
transition (Ladbrooke and Chapman, 1969).

Differential scanning calorimetry (DSO) is a
useful tool to investigate the thermotropic phase
behavior and determine T, of amphiphiles in
vesicle and liquid­crystal systems (Ladbrooke
and Chapman, 1969; Kodama et al., 1981, 1990;
Linseisen et al., 1996; Schulz et al., 1998). The
major advantage of DSC is that it does not
require the addition of spectroscopic probes to the
system. T,, values for DODAB (Blandamer et al,,
1992, 1994, 1995; Schulz et al., 1998; Benatti et
al., 1999), and DODAC (Kodama et al., 1981,
1990; Linseisen et al., 1996) in water obtained by
DSC have been reported. However, detailed in­
vestigations of T, for DODAX vesicle systems
within the dilute and semi­dilute concentration
regimes as a function of the preparation method is
scarce in the literature. Blandamer et al. (1992,
1994, 1995) used DSC to investigate T, of
DODASB in the presence and absence of micelle­
forming cationic and anionic surfactants. These
authors, however, limited their investigations to a
fixed concentration of the amphiphile and the
vesicles were prepared using the non­sonication
and ethanol injection protocols. More recently,
Gupgliotti et al. (1998) reported T., values from
surface pressure measurements for DODAC
which are lower (37.5ºC) than those obtained by
DSC shown here and in previous communications
(Blandamer et al., 1992, 1994, 1995; Linseisen et
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al., 1996; Benatti et al., 1999). Lan et al. (1992)
used electron spin resonance (ESR) and pyrene
excimer formation and obtained 7, values of 38
and 40ºC, respectively, for DODAB. Kodama et
al. (1981, 1990) and Schulz et al. (1998) reported
Tm values for DODAX obtained by DSC at
higher concentrations of the amphiphile in the
crystalline phase. Our results on T., of DODAX
from DSC measurements are in very good agree­
ment with those measured previously by the same
technique (Blandamer et al., 1992, 1994, 1995;
Linseisen et al., 1996; Benatti et al., 1999). Since
T, indicates the vesicle stability and permeability
(Lasic, 1993) it is perhaps, besides the size and
surface electrostatic potentials, the most charac­
teristic property which can be used to characterize
the dispersions. The aim of this work is to use
DSC to investigate how the vesicle preparation
protocol, size, nature of counterion and am­
phiphile concentration influence the transition
temperature of DODAX in vesicle dispersions.

Values of T., reported here for DODAX vesi­
cles prepared by different protocols may be useful
to those who make practical or scientific use of
these synthetic vesicles in particular and of am­
phiphilic vesicles in general. We also hope that
our findings may stimulate further investigations
on the phase behavior in this kind of vesicle
systems.

2. Materials and methods

2.1. Reagents

High purity DODAB from Avanti Polar Lipids
(purity better than 99%) was used as purchased;
recrystallized DODAC, obtained by counterion
exchange from DODAB (Eastman Kodak, purity
99,5%) as described elsewhere (Cuccovia et al,,
1997), was kindly supplied by Dr L.M. Cuccecovia
to whom we are indebted. Ultra pure water of

Table 1

Values of T,, found in the literature for DODAX vesicles and the preparation methods used

­ O = *Amphiphile Solvent Protocol T, CO Methodology

DODAC
DODAC
DODAC
DODAC
DODAC
DODAC
DODAC
DODAC
DODAB
DODAB
DODAB
DODAB
DODAB
DODAB
DODAB

DODAB
DODAB
DODAB
DODAB

NaCl 5.0 mM
NaCl 42 mM
Water

Water
Water

Water
Water

Water

HEPES 50 mM pH =7
Water
Water
Water
Water
Water
Water

Water
Water
Water
Water

Tip­sonication 37.5 Surface pressure
Tip­sonication 38.6 Turbidity
Tip­sonication 38.0 ESR

Tip­sonication 40.0 Pyrene excimer
Tip­sonication 37.5 34.8)" Turbidity
CHCI,;­injection 38.6 (34.4)" Turbidity
CHCL,­injection 47.5 (42.0)" Turbidity
Non­sonication 46º” DSC

Non­sonication 47.8 DSC
Bath­sonication 45.0 Light scattering
Tip­sonication 36.0 Fluorescence

Tip­sonication 36.0 Anisotropy
Sonication 43.0 Quantum yield
Bath­sonication 44.4 DSC

Non­sonication 42.0 Quantum yield
Non­sonication 45.2 DSC

Non­sonication 44.8 DSC

CHCl;­injection 43.5(39.0ºC)* Turbidity
Tip­sonication 35.0 Anisotropy
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* Measurement made under cooling the sample.
* Value of T,, obtained at 14.3 wt.% (—­0.24 M) DODAC.
*c=Gugliotti et ai. (1998); d = Carmona­Ribeiro and Chaimovich (1986); e=Lan et al. (1992); f = Carmona­Ribeiro and

Chaimovich (1983); g = Nascimento et al. (1998); h = Schuiz et al. (1998); i = Linseisen et al. (1996); j = Feitosa and Brown (1997);
k = Sarpal and Durocher (1994); 1 = Andersson et al. (1995); m = Benatti et al. (1999); n = Blandamer et al. (1992); o = Guillame et
al. (1991).
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MIlli­Q­Plus quality was used to prepare the
samples.

2.2. Preparation of vesicles

Giant unilamellar vesicles (GUVs) were pre­
pared by simply mixing DODAX and water to a
desired final concentration (usually below 5 mM)
and warming the mixture to 60ºC (above T,) to
obtain a homogeneous solution (Feitosa and
Brown, 1997; Feitosa et al., manuscript submitted
for publication). Small unilamellar vesicles (SUVs)
were prepared using a bath­type sonicator (Star­
sonic 90, Liarre) with a temperature controlled
water bath. The dispersion was placed in a sealed
cylindrical glass tube at 60ºC and sonicated to
give a clear (slightly bluish) dispersion (Feitosa
and Brown, 1997). The cylindrical glass tube is
required to improve the sonication efficiency. The
time required to form a clear dispersion depends
primarily on the sonicator power supply, on the
amphiphile concentration, volume of solution and
shape of the tube (Feitosa and Brown, 1997). One
hour is a typical time required to form clear
dispersions of DODAX. The effect of sonication
temperature on the physico­chemical properties is
not yet well understood, but it is likely that it has
only minor effects on the structure of sonicated
vesicles. The extruded size­controlled vesicles were

obtained using an extrusion system (Avanti Polar
Lipids, Alabaster, AL). Extrusions were per­
formed manuaily through two stacked 13 mm
polycarbonate filters with nominal pore diameters
(0) of 50, 100, 200 and 400 nm. The dispersions of
DODAX were extruded at 60ºC which is safely
above T,, of the amphiphile. After being prepared
the vesicle dispersions were stored at room tem­
perature for at least 2 h before starting the DSC
Scans.

2.3. DSC measurements

A high­sensitive differential scanning calorime­
ter MicroCal MC­2 (MicroCal, Northampton,
MA) was used for the DSC measurements. It is
equipped with twin cells of 1.2 ml for the reference
and sample solutions. The Origin'M software (ver­
sion 2.9) was used for data acquisition and analy­

1 2 3 4 5 6 7

ses. The sample and reference cells were filled with
the vesicle solution and solvent. The solutions
were degassed (Nueva II stirrer, Termolyne) be­
fore being transferred to the cells using a Hamil­
ton syringe. The instrument measures the power
required to keep the temperature of the sample
and reference cells equal while the temperature is
raised (upscan) or lowered (downscan) at a con­
stant rate. The reference thermogram for both
cells filled with the same solvent was recorded
under the same conditions. The difference between
the sample and reference thermograms is propor­
tional to the excess heat capacity, AC,. The transi­
tion enthalpy, AH,, was calculated from the area
under the peak, and the temperature at the peak
maximum was taken to indicate the transition
temperature, T',. The shape of the curve gives
additional information about the phase transition
and the width at half­height (AT) is related to
the cooperativity of the transition, which is higher
the narrower is the peak. Downscan thermograms
were obtained as well and the existence of hys­
teresis detected. The DSC scans were repeated at
least twice to check the reproducibility.

3. Results and discussion

The main phase transition in vesicle systems
observed by DSC is characterized by the transi­
tion temperature (T,), enthalpy of transition
(AH), and shape and width at half­height (AT2),
of the transition peak. The DSC traces were the
same whether the vesicle dispersions were pre­
pared directly at the concentration for the DSC
measurements, or prepared at a higher concentra­
tion and then diluted (results not shown). The
effect of the scan rate on the thermograms of
DODASB is shown in Fig. 1A and the parameters
Tm, AH,, and AT, are summarized in Table 2. As
seen from Fig. IB, T., of DODAB increases in a
roughly sigmoidal way with the scan rate while the
width of the peak increases only slightly and the
transition enthalpy is roughly constant at the
mean value of 10.5 kcal/mol. Thus, the effect of
varying scan rate is small and regular. Except
otherwise noted, all the DSC upscans were made
at a rate of 53ºC/h,
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Fig. 1. (A) DSC upscan thermograms at selected scan rates of
extruded DODAB vesicles in aqueous dispersions prepared
using a membrane with 200 nm pore diameter: (1) 19.4ºC/h (ii)
27.9ºC/h (iii) 42.0ºC/h (iv) S4.4ºC/h and (v) 77.4ºC/h. (B)
Effect of the scan rate on the transition temperature of these
vesicles.

The thermograms for DODAX vesícles pre­
pared by non­sonication, sonication and extrusion
through a membrane filter of é=100 nm at
selected concentrations of the amphiphiles are
shown in Figs. 2—4. The curves in these diagrams
are shown at the same amplification to clearly
show that the peak intensity increases with con­
centration. The thermograms for DODAX vesi­

1 2 3 4 5 6 7

cles prepared by extrusion using membrane filters
with different pore diameters are shown in Fig. 5.
Table 3 summarizes the values of T, AT,x and
AH,, for DODAX vesicles in 1,0 mM dispersions
prepared by different protocols. Fig. 6 shows the
effect of DODAX concentration on T,, for vesi­
cles prepared by the three methods. The effect of
the pore diameter (4) on T., of DODAX 1.0 mM
in extruded dispersions is shown in Fig. 7. Down­
scan traces for DODAB vesiícles prepared in dif­
ferent ways are shown in Fig. 8.

3.1. Effects of vesicle preparation method

3.1.1. Non­sonication
The thermograms for DODAX in non­soni­

cated vesicle dispersions exhibit a single and rela­
tively sharp — endothermio =— peak with
AT2 = 0.65ºC (Fig. 2A and B) characteristic of
structurally homogeneous dispersions and of a
cooperative gel­to­liquid­crystalline phase transi­
tion. The peaks are relatively sharp up to ca. 10
mM. At about this concentration DODAB (but
not DODAC) exhibits two additional small but
well­defined peaks at T,=36.3ºC and T,=
52.6ºC, whereas T., remains at about 45ºC. Here
T, and T, denote the pre­ and post­transition
temperatures. The dependence of T, on the con­
centration of DODAX in the non­sonicated dis­
persions is shown in Fig. 6A and B. Below ca. 1.0
mM for DODAB and 0.5 mM for DODAC, T,,
decreases slightly when the concentration is in­
creased but above these concentrations T,, re­
mains roughly constant.

Table 2

Thermodynamic parameters for 1.0 mM DODAB vesicles
prepared by extrusion (pore filter é = 200 nm) at different
Scan rates

Scan rate (C/) TCC! T/(CO AH, (kcalimol)*

19.4 43.5 0.71 10.4
27.9 43.6 0.72 10.4
42.0 44.4 0.82 11.0
54.4 44.7 0.88 10.6

171.4 45.1 1.01 9.9

* Estimated error in 7, and AH, +O1ºC and +05
kcal/mol, respectively.
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Fig. 2. DSC upscan thermograms of DODAB (A) and DO­
DAC (B) aqueous vesicle dispersions prepared by non­sonica­
tion, at selected concentrations of the amphiphiles: (1) 10 MM
(ii) 5 MM (iii) 2 MM (iv) | MM (v) 0.5 MM and (vi) 0.25 mM.

For all concentrations (up to 10 mM) T, is
always higher for DODAC than for DODAB in
non­sonicated vesicle dispersions as well as in
sonicated and extruded dispersions, as shown be­
low. It is an observation not so clear from the
literature (see Table 1). The higher T, for DO­
DAC relative to DODAB cannot be explained
only on the basis of the vesicle curvature, since for
a given vesicle preparation method, DODAB vesi­

1 2 3 4 5 6 7

cles exhibit lower curvature than DODAC vesiícles
(Lopes et al.; Feitosa et al., unpublished data)
and, as shown below, 7, decreases when the
curvature is increased (see Table 3). Vesicles of
saturated phospholipids also show decreasing T,
with increasing curvature of the liposomes. Ac­
cording to Brady et al. (1986), the stiffness of the
hydrocarbon chains within the bilayer depends on
the counterion binding to the vesicle interfaces.
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Fig. 3. DSC upscan thermograms of DODAB (A) and DO­
DAC (B) aqueous vesicle dispersions prepared by sonication,
at selected concentrations of the amphiphiles: (1) 10 mM (1) 5
mM (ii) 2 OM (iv) | O8M (v) 0.5 mM and (vi) 0.25 mM.
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Fig. 4. DSC upscan thermograms of DODAB (A) and DO­
DAC (B) aqueous vesicle dispersions prepared by extrusion, at
selected concentrations of the amphiphiles: () 10 mM (1) 5
MM (ii) 2 MM (iv) |!MM (v) 0.5 MM and (vi) 0.25 mM.

Underwood and Anacker (1987) concluded from
their study of the effect of various counterions on
decyltrimethylammonium micelles that counteri­
ons that are highly effective in promoting micel­
lization are those that interact the least stronegly
with water. The most effective ions also bind most
closely to the amphiphile aggregates. The CMC
values correlated best with the lyotropic numbers
of the anions. In general, not only the radius of

1 2 3 4 5 6 7

the hydrated counterion but also its polarizability
and lIyotropicity determine the structure and prop­
erties of the micellar or vesicular agegregates. Since
Br" and Cl” have about the same hydrated ra­
dius (2.06 and 1.82 À, respectively) but differing
polarizability (4.27 and 3.01 ÁS, respectively) (Ca­
cace et al., 1997), the polarizability instead is
probably the most important factor of the higher
Tr, of DODAC relative to DODAB, Further
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Fig. 5. Effect of membrane pore diameter on the DSC upscan
thermograms of extruded vesicles of 1 mM DODAB (A) and
DODAC (B): (i) 50 nm (ii) 100 nm (iii) 200 nm and (iv) 400
nm.
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Table 3

Thermodynamic parameters for 1.0 mM DODAX vesicles in water prepared by different methods

Sample preparation method DODAB DODAC

Tn (O ATRCO AH,(kalmol' TO! ATÇCO Ad, (kcal/mol)'

Sonication 46.7 0.66 10.0 47.8 0.66 10.4

Non­sonication 45.3 0.65 10.7 47.9 0.65 13.0
Extrusion (400 nm) 45.2 0.88 10.8 47.6 1.10 13.1
Extrusion (200 nm) 44.8 0.88 10.6 47.1 1.10 12.8
Extrusion (100 nm) 44.6 0.88 10.3 46.9 1.10 12.7

Extrusion (50 nm) 44.3 1.32 9.9 46.2 1.55 10.8

* Estimated error in 7, and AH: +0.1ºC and +0.5 kcal/mol, respectively.

studies are needed for a better understanding of
the effect of counterions on DODAX vesicles.

The pre­ and post­transition peaks which ap­
pear in the thermograms of DODAB in 10 mM
solutions are probably related to the appearance
of new structures in the dispersion and/or changes
in the local structure of the vesicle bilayer as a
result of intra­ and intervesicular interactions
(Ladbrooke and Chapman, 1969). No extra peak
appears for DODAC and at a given amphiphile
concentration, non­sonicated vesicle dispersions
of DODAC are optically clearer than those of
DODASB indicating that the DODAC vesicles are
smaller. The zeta potential is higher for DODAC
than for DODAB vesicles leading to a stronger
repulsive electrostatic interaction in DODAC dis­
persions (Cuccovia et al., 1990). The difference
between the zeta potentials may also be the reason
why DODAB forms multilayer structures at lower
concentrations (between 1 and 5 mM) than DO­
DAC (above 10 mM) (Feitosa et al., manuscript
submitted to publication; Feitosa and Amaral,
unpublished data). As the concentration is in­
creased the weaker intervesicular electrostatic re­
pulsion in DODAB  dispersions favors the
formation of multilamellar instead of new unil­
amellar vesicles (Feitosa and Amaral, unpublished
data). The transition from giant unilamellar vesi­
cles to multilamellar structures gives no significant
change in bilayer curvature (Feitosa et al,
manuscript submitted to publication) and, there­
fore, the transition temperature T, remains
unchanged.

1 2 3 4 5 6 7

3.1.2. Sonication

Sonicated DODAX  dispersions exhibit en­
dothermic single­peak thermograms similar to al­
though somewhat broader than the non­sonicated
samples at high concentrations (up to 10 mM). At
low DODAX concentrations, however, a small,
not fully resolved peak appears just below the
main transition while T,, is shifted upward. The
small peaks are clearly seen at higher amplifica­
tions. This effect is more pronounced for
DODAB than for DODAC (Fig. 3A and B) but
disappears for both at higher concentrations. The
smaller peak may be related to bilayer fragments
present in the sonicated dispersion which con­
tribute more to the pre­transition the lower is the
amount of vesicles in the dispersion (Feitosa and
Brown, 1997), for the amount of vesicles relative
to fragments seems to increases with DODAX
concentration The variation of T,, with concen­
tration is more pronounced for the sonicated than
for non­sonicated dispersions at low amphiphile
concentrations but it decreases asymptotically to
the value for the non­sonicated dispersions at
about 1 mM for DODAC and 4 mM for DODAB
(Fig. 6A and B). À post­transition peak is ob­
served at about 51ºC in DODAC dispersions
(Fig. 3B). It is worth notícing that sonication
increases T,, of the cationic DODAX but de­
creases 7, of zwitterionic phosholipids in aqueous
liposome dispersions (Bach, 1984). It has been
reported that sonication induces hydrophobic de­
fects in the bilayers of DODAC vesicles (Car­
mona­Ribeiro and Chaimovich, 1986; Andersson
et al., 1995), which may result in the formation of
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SUVs having a “ens­like' shape as a result of
fragmentation of the larger bilayer structures. The
arrangement of the alkyl chains may be more
compact in this structure, which may be the rea­
son for the surprising increase in T, we observed.
However, AT, of the main transition was not
significantly changed (Table 3), which indicates
that sonication does not affect the cooperativity
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Fig. 6. Dependence of T,, on the amphiphile concentration for
DODAB (A) and DODAC (B) unilamelilar vesicles prepared
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1 2 3 4 5 6 7

TF
]FA

T
I
T

O
:

oO 200

Pore Filter Size/ nm
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Fig. 8. DSC downscan thermograms obtained at the scan rate
of 42ºC/h for DODAB in aqueous vesicle dispersions prepared
by (1) non­sonication, (ii) sonication and (iii) extrusion using a
membrane with 200 nm pore diameter.

of the phase transition in vesicles of DODAB
supplied by Avanti Polar Lipids. The significant
broadening of the main transition and pre­transi­
tion peaks we observed for DODAB supplied by
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Sigma in an earlier study probably was caused by
impurities in the sample (Benatti et al., 1999),
DODAC in sonicated dispersions like in the non­
sonicated dispersions always exhibits higher T.,
than DODAB.

3.1.3. Extrusion

Extrusion is currently one of the most common
methods for reducing vesicle size and producing
unilamellar vesicles. The technique has several
advantages and can be applied to a wide variety
of lipid species and mixtures. It allows the
preparation of homogeneous populations of
LUVs or SUVs and avoids problems due to the
removal of organic solvents, detergents or tita­
nium artifacts from the final preparations used in
other protocols (Szoka and Papahadjopoulos,
1980).

Fig. 4A and B show the effect of DODAX
concentration on the upscan thermogram of DO­
DAX vesicles prepared by extrusion through a
membrane filter with a pore diameter (4) of 100
nm. The main transition peak is broader than for
the corresponding sonicated or non­sonicated
samples, particularly toward lower temperatures,
which may indicate the presence of smaller vesi­
cles (polydisperse sample) owing to the extrusion
process. Fig. 6A and B also show that like the
non­sonicated dispersions there is a small depen­
dence of T,, on the amphiphile concentration
below ca. 1 mM for DODAC and 2 mM for
DODAB. Like sonication, the effect of extrusion
is not only of increasing the vesicle curvature, but
also of modifying the polydispersity (Cuccovia et
al., 1997; Lopes et al., unpublished data). Ex­
truded samples of DODAC exhibit a slightly
broader peak than DODAB (Fig. 4A and B),
suggesting that the transition is more cooperative
for DODAB than for DODAC. No pre­ or post­
transitions are observed within the concentration
range studied. DODAC in extruded vesicle disper­
sions like in sonicated and non­sonicated disper­
sions exhibits a higher T., than DODAB.

3.2. Effect of vesicle size

A detailed study on the effect of the pore size of
the extrusion membrane on the hydrodynamic

1 2 3 4 5 6 7

radius (Rá) of extruded vesicles of DODAX is
being reported elsewhere (Lopes et al., unpub­
lished data). Rá increases and, thus, the vesicle
curvature decreases with increasing pore size. The
effect of the pore size on the upscan thermogram
for extruded vesicles of DODAX in 1.0 mM

dispersions is shown in Fig. SA and B and the
corresponding T,, AH, and AT,, are shown in
Table 3. For comparison, results for sonicated
and non­sonicated dispersions of DODAX
at the same concentration are included. It is
clear from these traces and figures that the
smaller the pore size the broader and less
intense is the peak and, thus, the less cooperative
is the phase transition. Fig. 7 better represents
the effect of the pore diameter on T,. Ex­
trusion of a 1.0 mM dispersion using the S0 nm
filter decreases T, of DODAB by 2.4ºC and
of DODAC by 1.6ºC relative to T, of the
non­sonicated dispersions. As seen from Table 3
and Fig. 7, T., increases as the pore size is
increased (or the vesicle curvature is decreased)
to the value of the corresponding non­sonicated
vesicle dispersion. The decrease in T, with
increasing vesicle curvature indicates that
the DODAB molecules become less tightly
packed.

3.3. Vesicle stability

We examined the phase behavior of extruded
DODAX vesicles as a function of storage time at
room temperature, which is below the phase tran­
sition temperature. No significant change was de­
tected after 30 days for vesicles prepared using
membrane filters with é > 50 nm. Only for DO­
DAC vesicles extruded through a 50 nm pore
filter did we observe some change. After 15 days
T., had increased 1.3ºC but no further change was
observed after one month. Values of AH, and
AT, were unchanged. Thus, only the smallest
extruded DODAC vesicles prepared using the 50
nm filter showed any change with time. Further
investigations on DODAX vesicle stability, for
instance in the presence of electrolytes, are under­
way by our group (Barreleiro et al., unpublished
data).
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3.4. T., obtained in the DSC downscan mode

Fig. 8 depicts some downscan thermograms for
DODAB in 1.0 mM dispersions and Table 4
summarizes the thermodynamic parameters ob­
tained from the corresponding transition peaks.
T, of DODAB observed in the downscan mode is
about 7,0ºC lower (hysteresis) than the corre­
sponding value obtained in the upscan mode inde­
pendent of the preparation method (Table 4).
Values of AT,,, and AH,,, however, are about the
same for both the up­ and downscans (see Tables
3 and 4). Hysteresis of ca, 3.5ºC for DODAB
(and higher for DODAC) has been observed from
turbidity measurements (Nascimento et al., 1998)
and recently we observed no hysteresis for non­
sonicated DODAB using steady state fluorescence
(Benatti et al., 1999) suggesting that the hysteresis
phenomenon may be sensitive to the method and
experimental procedure used, Since 7, depends
on the scan rate (Table 2) it is likely that smaller
hysteresis may be observed at lower scan rates.
Probably, the phase transition is not momenta­
neous and the different hysteresis observed by
different methods stems from differences in obser­
vation times.

4. Summary and conclusions

Our DSC results show that 7, depends on the
vesicle preparation protocol, vesicle size or curva­
ture, amphiphile concentration and nature of the
counterion. Sonication and extrusion give vesicles
with different size and structure distribution (e.g.

Table 4

Downscan thermodynamic parameters for 1.0 mM DODAB
vesicles prepared by different methods

Preparation T, CCO
method

TIn(CO AH, (kcal/moly"

Non­sonication'— 38.4 0.63 10.3

Sonication 38.5 0.67 to.3

Extrusion (200 38.2 0.83 10.4

nm)

1 2 3 4 5 6 7

“* Estimated error for T., and AH: +0.1ºC and +05
kcal/mol, respectively.

bilayer fragments, smooth or unsmooth “lens­like'
structures, etc.) as confirmed by light scattering
and cryo­TEM (Andersson et al., 1995; Lopes et
al., unpublished data; ).

For both DODAB and DODAC, 7, decreases
in the sequence sonication > non­sonication > ex­
trusion. For non­sonicated and extruded disper­
sions T,, is roughly independent on DODAX
concentration, but for sonicated dispersions it de­
creases monotonically to a plateau value corre­
sponding to that for non­sonicated dispersions as
the concentration increases. The DSC results for
extruded DODAX dispersions clearly suggest that
T. increases with increasing size (or decreasing
curvature) of the vesicles. Surprisingly, sonication
of DODAX dispersions at low concentrations
gave a significant increase in T,, probably due to
defects in the bilayer and/or the presence of bi­
layer fragments caused by the sonication process
rather than to curvature effects (Carmona­Ribeiro
and Chaimovich, 1986; Feitosa and Brown, 1997).
The results suggest that extrusion is the best
method to prepare small unilamellar vesicles.

Within the investigated concentration range (up
to 10 mM) DODAB always exhibits lower Tr
than DODAC, irrespective of the method used to
prepare the dispersions. The width of the main
transition peak (AT) is larger for extruded DO­
DAC than for DODAB samples, suggesting that
the transition from the gel­to­liquid crystalline
phase is more cooperative for DODAB. T,, of
DODAX in vesicle dispersions depends on
whether the traces are made in the up­ or down­
scan mode and exhibits a hysteresis of 6 to 7ºC.

Our findings suggest that 7, can be used as a
vesicle “finger print. T, is an important physical
parameter, which characterizes the state of aggre­
gation of the amphiphilic vesicles, as suggested by
Biltonen and Lichtenberg (1993) for phospholipid
liposomes. Deviations from its regular value may
be an indication of sample contamination or im­
proper preparation of the vesicles. A better under­
standing of the effect of Br” and Cl” counterions
on T., of DODAX requires further investigation,
for example on the effect of supporting celec­
trolytes in vesicle systems. Such work is currently
underway (Barreleiro et al., unpublished data).
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Vesicle­to­micelle transition

in dioctadecyldimethylammonium bromide
and dioctadecyldimethylammonium chloride
dispersions induced by octaethylene giycol
rrdodecyl monoether. An isothermal
titration calorimetry study

Abstract We have used isothermal
titration calorimetry to investigate
the vesicle­to­micelle transition in
dioctadecyldimethylammonium
bromide (DODAB) and chloride
(DODAC) vesicle dispersions in­
duced by the nonionic surfactant
octaethylene glycol n­dodecyl
monoether (CC, Eg) at room tem­
perature. Small and giant unilamel­
lar vesicles were prepared by
sonication and without sonication,
respectively, of the pure cationic
surfactants at low concentrations in
water. The titration of 1.0 mM
DODAXY (Y=ClI” and Br) by a
concentrated micellar solution of

Cr2Eg shows that the enthalpy of
interaction (AH, ps) of Ci5Eg in
micellar form with DODAXY is al­
ways endothermic. The titration
curves are understood on the basis
of superposition of the enthalpies of
partitioning of Cr,5Eg into the bi­
layer, of micelle formation and of
vesicle­to­micelle transformation.
The enthalpy, AHovs, initially in­

creases owing to the incorporation
of Ci5Eg into the vesicle bilayer
until the CyEg/DODAXY saturation
ratio (Rae) is reached, then AHovs
decreases, in different ways for
DODAB and DODAC, owing to
degradation of vesicles and forma­
tion of mixed micelles and interme­
diary structures up to the Cp5Ez/
DODAX solubilization ratio, Rua.
Above Rioi only mixed micelles
exist. The surfactant solubilization
takes place in three stages. All the
critical ratios are lower for DODAB
than for DODAC, meaning that
CrEz solubilizes more strongly in
DODAS)B; for example, Rat is 0.8
for DODAB and 1.2 for DODAC.
Sonication has no significant effect
on the transition.

Key words + Cationic vesicles ­
Dioctadecyldimethylammonium
bromide ­ Dioctadecyldimethylam­
monium chloride ­
Tsothermal titration calorimetry ­
Surfactant solubilization

Introduction

DioctadecyIldimethylammonium bromide (DODAB)
and chloride (DODAC) have been the most investigated
long­chain (C18) vesicle­forming cationic surfactants
since the first preparation and characterization of small
unilamellar DODAB vesicles in 1977 by Kunitake and
Okahata [1]. Since then a number of methods to prepare
cationic vesicles from these and homologous surfactants
have been developed to give long­term stability and size­

1 2 3 4 5 6 7

controlled structures to be used in specific applications,
such as membrane mimetic systems [2], drug and DNA
carrier vehicles [3] or as catalysts [4].

The methods commonly used to prepare DODAXY
(here XY denotes Br” or CI”) vesicles are the same as used
to prepare phospholipid liposomes [3]. They include tip­
or bath­type sonication [1, 5], ethanol­ [6], chloroform­
[7] or dichloromethane­injection [8], extrusion [8] and the
novel nonsonication (nonextrusion or noninjection)
method, which gives giant unilamellar vesicles (GUVs)
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[9­11]. Small amounts of DODAB or DODAC are
simply mixed with the aqueous solvent above the gel­to­
liquid­crystalline phase transition temperature (Tm)
(around 45 ºC for DODAB and 48 ºC for DODAC in
water) to prepare GUV dispersions, as reported recently
by our group [911]. The physical properties of these
vesicles are described in the literature [1, 5­11].

In our attempt to obtain “high­quality? DODAX
vesicles by reducing their structure and size polydisper­
sity as well as to search for new methods to prepare
stabilized vesicles with well­controlled size distribution

we have been investigating the effects ofmixing DODAXY
with micelie­forming surfactants, such as octaethylene
glycol n­dodecyl monoether (C >Ez). Isothermal! titration
calorimetry is suitable for obtaining critical composition
and thermodynamic parameters related to the surfactant
solubilization [12]. Our results indicate that these surf­
actants mix together according to the “three­stage”
model [13­15] to form stabilized structures like mixed
vesicles and micelles or intermediary structures depend­
ing on the relative amount of the compounds in the
mixture and on the nature of the counterion.

Materials and methods

Chemicals

DODAB with purity better than 99% (Avanti Polar Lipids,
Altabaster, Ala.) was used as purchased. DODAC was obtained by
counterion exchange from DODAB (Eastman Kodak) and recrys­
tallized as described elsewhere [8]. Ci5Eg (Nikko Chemicals) was
used as purchased. Ultrapure water of Milli­Q­Plus quality was
used in the sample preparations.

Vesicle preparation

GUV dispersions were prepared by simpiy mixing DODAB or
DODAC and water at à concentration of 1.0 mM at 60 ºC (above
the critical transition temperature, 7) to obtain a homogeneous
dispersion [9—1 |]. Small unilamellar vesicle (SUV) dispersions were
prepared by bath­sonicating the GUV dispersion at 60 ºC using a
bath­type sonicator (Starsonic 90, Liarre) to obtain optically clear
dispersions. After preparation the vesicle dispersions were cooled
to room temperature and stored for at least 24h before the
calorimetric measurements.

Titration calorimetry measurements

The enthalpies of reaction (AH) in the CEg/DODAXY /water
system were measured in a stainless­steel titration vessel of 3 cm? in
the prototype of the thermal activity monitor four­channel
microcalorimeter at 25ºC [16]. The calorimetric signal was
calibrated electrically [16]. Small aliquots of a concentrated C,yEzg
micellar solution were added to à 2.7­cm?” aqueous DODAX vesicle
dispersion of 1.0 mM placed in the vessel of the calorimeter. The
additions were made using a gas­tight Hamilton syringe connected
with a computer­operated syringe drive for good control of the
injection volume and injection rates. Typicaily, 10­ul aliquots were
injected over 120 s, with a time period between injections of at least
100 min. All measurements were made at least twice to ensure
reproducibility.

Results and discussion

The vesicle­to­micelle transition of DODAB and
DODAC vesicles in nonsonicated (GUV) and sonicated
(SUV) dispersions induced by the nonionic amphiphile
Cr5Eg was studied by isothermal titration calorimetry.
The results of the calorimetric titration of a 1 MM
DODAB vesicle dispersion with 54 mM C15Eg solution
are shown in Fig. 1, where the observed enthalpy
changes AHovs (calculated per mole of Ci5Eg added)
are plotted against the C,­Eg/DODAB molar ratio (R) in
the final solution. When repeating the titration series but
using pure water in the calorimetric vessel, the first
injection gave a significant exothermic peak owing to
demicellization but after a couple of injections the
concentration is well above the critical micelle concen­
tration (cmc) and only à weekly exothermic dilution
enthalpy of —1.0 kJ mol”* was seen. The cmc of CroEgis
9.1 x 107º M"! and the enthalpy of micelle formation,
AHnmic, is 16.3 + 04kJmol*' at 25ºC [17]. With
DODAB vesicles present in the solution, the first
injection gave a weekly exothermic enthalpy change but
then AHov, increased steeply to a peak value of about
17.5 kJ mol” at R=0.6. This indicates that a critical
concentration of C/E; must be reached before solubi­
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Fig. 1 Enthbalpy of interaction as a function of octaethylene glycol
n­dodecyl monoether (C/5Eg/dioctadecyldimethylammonium bro­
mide (DODAB) molar ratio, R, obtained by consecutive additions
of aliquots of concentrated (54 mM) CE; solution to 1.0 mM
DODAB dispersion. Dispersion prepared by sonication (&) and
without sonication (O) (25 ºC)
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lization in DODAB vesicles takes place. After the peak
AHovs decreased steadily to R about 3.2, after which it
dropped to close to zero. As seen from Fig. 1, sonication
did not significantly change the titration curves. The
results of addition of C,5Eg solution to a L nM DODAC
vesicle dispersion are shown in Fig. 2. After reaching a
maximum value of about 6.0 kJ mol"! at R=1.2, AHops
stays roughly constant till R is about 3.2, after which 1t
gradually decreases to become close to zero at R around
5.8. Thus, the calorimetric titration curves show the same
general features but the changes are more gradual and
the enthaipic effects are smaller in the DODAC system
than in the DODAB one.

The CpIEg/DODAB/water system

When the Cp E; micellar solution is added to the
DODAB vesicle dispersion, three stages can be dis­
cerned. In the first stage, C15Eg is partitioned between the
bulk solution and the vesicle bilayers, resulting in a
progressive increase in AH, to around 17.5 kJ mol” at
the CEg/DODAB mole ratio, Ria, of about 0.6. In the
second stage, above Riu, the vesicles become unstable
and start to degrade to form mixed micelles with the
added C,5Eg. Dynamic light scattering results to be
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Fig. 2 Enthaipy of interaction as a function of Cr Esg/dioctadecyl­
dimethylammonium chloride (DODAC) molar ratio, R, obtained by
consecutive additions of aliquots of concentrated (54 MM) C;oEz
solution to LOmMM DODAC dispersion. Dispersion prepared by
sonication (&) and without sonication (O) (25 ºC)
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reported by our group show the existence in this stage of
two populations with characteristic sizes of vesicles and
miceilles. As R is further increased the vesicle population
decreases, whereas the micelle population increases
continuously until Rs.) is reached. Above Rs, (in the
third stage) the vesicle­to­micelle transition is complete
and only mixed micelles exist. Considering the ease with
which cationic and nonionic surfactants mix nearly
ideally to form mixed micelles [18], the formation of a
homogeneous population of mixed micelles is more likely
than a mixture of pure C,5Eg and mixed micelles. The
rapidly vanishing AHos indicates that the enthalpy
content of C,5Es is approximately the same in the pure
and in the mixed micelles.

The CpIoEsg;DODAC/water system

About the same general behavior was observed for the
addition of Ci2Eg to a DODAC vesicle dispersion, except
in the following respects (see Fig. 2):
1. The interaction enthalpy, AH ps, is lower for DODAC

than for DODABE.
2. Just above Rs, the enthalpy change reaches a plateau

for DODAC but decreases for DODAB.
3. The critical ratios Ru: and Ri, are higher for

DODAZFC than for DODAB.
4. The transition from mixed vesicles to mixed miceilles

occurs more steeply for DODAB.

Such effects are surprisingly large considering that
the only difference between DODAB and DODAC is
the counterion nature. Br” binds more strongly to the
vesicle interfaces to produce stronger screening effects,
which appears to favor the incorporation of Ci5Eg in
the vesicle bilayer. As in DODAB, there is no effect of
sonication on the Cr,5Eg solubilization in DODAC
vesicles (Fig. 2).

Conclusion

The titration results indicate that the vesicle­to­micelle
transition for the C5Eg/DODAXY/water systems follows
the three­stage model: below the C2Eg/DODAXY satu­
ration ratio CpEg is partitioned between the bulk
solution and the vesicle bilayer, accompanied by a steep
increase in the enthalpy of reaction (AHovs). After
saturation and below the complete solubilization, the
C,7Eg excess destabilizes the saturated vesicles and mixed
micelles are formed while mixed vesicles are degraded
continuously. Above the solubilization ratio, all vesicles
have been degraded and only mixed micelles remain. For
both the DODAB and DODAC systems, there is no
significant effect of sonication on the titration curve.
A detailed investigation of solubilization phenomena in
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Abstract

Dioctadecyldimethylammonium bromide (DODAB) dispersions obtained by simply mixing the amphiphile in
water, and by bath­sonication, were investigated by electron spin resonance (ESR) of stearic acids and their methy]l
ester derivatives, labeled at the 5th and 1l6th carbons of the acyl chain. The ESR spectra indicate that the
non­sonicated dispersions are formed mainiy by one population of DODAB vesicles, either in the gel (T<T,) or in
the liquid—crystalline (T> T,,) state. Around T,, there is a co­existence of the two phases, with a thermal hysteresis
of about 3.2ºC. In sonicated DODAB dispersions, spin labels indicate two different environments even for
temperatures far below 7,,: one similar to that obtained with non­sonicated samples, a gel phase, and another one in
the liquid­crystalline state. The fluid phase domain present below T., could correspond to either the periphery of
bilayer fragments, reported to be present in sonicated DODAB dispersions, or to high curvature vesicles. O 2001
Elsevier Science Ireland Ltd. All rights reserved.

Keywords: Dioctadecyldimethylammonium bromide; Spin label; Cationic vesicle; Thermal analyses; Melting temperature

1. Introduction prepare stabilized vesicles with well­defined size
distribution, which may be suitable as membrane

Since the first formation in 1977 of cationic mimetic systems (Fendler, 1982; Carmona­
unilamellar vesicles of long double­chain quater­ — Ribeiro, 1992; Feitosa et al., 2000), catalysts
nary ammonium surfactants (Kunitake and Oka­ (Kawamuro et al., 1991), drug delivery vehicles or
hata, 1977), several methods have been used to carriers in gene therapy (Lasic, 1993). Several

research groups have been investigating the prop­

* Corresponding author. Tel.: + 55­17­2212238; fax: + 55­ erties of these synthetic vesicles, and Searching
17­2212247. new applications for them (Carmona­Ribeiro and

E­mail address: cloi(Qdf.ibilce.unesp.br (E. Feitosa). Chaimovich, 1983; Cuccovia et al., 1990; Car­

0009­3084 01:$ ­ see front matter O 2001 Elsevier Science Ireland Ltd. All rights reserved.
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mona­Ribeiro, 1992; Engberts and Hoekstra,
1995: Cuccovia et al., 1997: Carvalho and Car­
mona­Ribeiro, 1998; Blandamer et al, 1999;
Kikuchi and Carmona­Ribeiro, 2000).

It has been shown that the physical and mor­
phological properties of dioctadecyldimethylam­
monium chloride (DODAC) or bromide vesicles
(DODAX; X being C for Cl" or B for Br”), such
as the degree of counterion dissociation, hydrody­
namic radius, polydispersity and melting tempera­
ture, depend on the preparation protocol and the
solvent conditions, including the presence of addi­
tives (Cuccovia et al., 1990; Feitosa and Brown,
1997; Benatti et al., 1999: Feitosa et al., 2000).
Large unilamellar vesicles are formed by simply
mixing DODAX vwith water, at low surfactant
concentration (Blandamer et al., 1999; Feitosa et
al., 2000) DODAX unilamellar vesiícles with
higher curvature are then prepared using one of
the protocols available, such as extrusion or soni­
cation, the latter being the most used method for
preparing high curvature vesicles. Overall, the
mean diameter of sonicated DODAX vesicles
ranges from 20 to 100 nm, depending on the
surfactant chemical structure, solvent composition
or sonication conditions. Sonication, however,
not only increases the vesicle curvature, but also
forms smaller aggregates (with diameter less than
20 nm), possibly bilayer fragments (Liu et al.,
1992; Feitosa and Brown, 1997) or lens­like struc­
tures (Andersson et al., 1995).

A number of techniques have been used to
investigate the phase behavior of DODAX disper­
sions prepared by different methods. It includes
turbidity (Nascimento et al., 1998), static light
scattering (Feitosa and Brown, 1997), static
fluorescence (Benatti et al., 1999), surface pressure
(Gugliotti et al, 1998), differential scanning
calorimetry (DSC) (Feitosa et al., 2000), and elec­
tron spin resonance (ESR; Liu et al., 1992).
Though DSC is the preferred method for measur­
ing the gel to liquid­—crystalline phase transition
temperature, T,, several other techniques can give
important complementary information on the
thermal behavior of lipid systems. Below T,, the
hydrocarbon chains are in a more rigid and ex­
tended gel state, whereas above 7, they arein a
more flexible and disordered liquid­crystalline

phase. Therefore, the cooperativity of the gel to
liquid­crystalline phase transition may depend on
the vesicle structure and curvature, which, in turn,
are determined by the method of vesicle prepara­
tion, lipid composition and solvent conditions
(ionic strength, pH, presence of additives, etc.).
Fluorescence probes incorporated in DODAX ag­
gregates showed that the dispersions prepared by
simply mixing DODAX with water (here called
non­sonicated dispersion) display a sharp temper­
ature transition at 7, x 42ºC, indicating a highly
cooperative gel to liquid—crystalline phase transi­
tion. The bath­sonicated samples exhibit a
broader temperature transition profile, centered at
a somewhat lower transition temperature (Benatti
et al., 1999).

The ESR of spin labels incorporated in am­
phiphilic aggregates have been extensively used to
monitor the viscosity and polarity of the microen­
vironment where the probes are localized (see, for
instance, Schreier et al. (1978), Marsh (1981), and
references therein). In the present work, we moni­
tored by ESR two differently prepared dioctade­
cyldimethylammonium — bromide — (DODAB)
dispersions, namely, non­sonicated and bath­soni­
cated, using four types of spin labels: stearic acid
derivatives (SASL) and their methyl ester
(MESL), labeled at the 5th and the 16th carbon of
the acyl chain (5­SASL, 16­SASL, 5­MESL and
16­MESL). Although the labels display different
degrees of hydrophobicity, they exhibit a low
solubility in aqueous medium, thus incorporating
in the DODAB aggregates. The amphiphiles la­
beled at the 5th carbon atom monitor the
DODAB aggregates closer to their water inter­
face, whereas the 16 C­atom labels give informa­
tion about the bilayer core, close to the end of the
DODAB hydrocarbon chains. Owing to their dis­
tinct chemical characteristics, the stearic acid
(probably negatively charged in the cationic
DODAB aggregates; Ptak et al., 1980) and the
methyl ester derivatives (neutral and less polar
than the acid) may partition diversely among the
structurally different aggregates or bilayer do­
mains present in the samples.

The ESR results presented here bring a new
contribution to the understanding of the structure
of the DODAB aggregates. They show that below
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Tm, in sonicated dispersions, DODAB aggregates
share a two­phase (gel and liquid­crystalline)
state, whereas in non­sonicated dispersions the
coexistence of the two phases is only observed
close to the transition temperature. The results are
discussed on the basis of the curvature and struc­
ture of the agegregates.

2. Materials and methods

2.1. Materials

DODAB from Eastman Kodak, and octade­
cyltrimethylammonium bromide (C,;TAB), from
Fluka, were used as purchased. DODAC was
obtained from DODAB by ion exchange and
recrystallized as described elsewhere (Cuccovia et
al., 1997). The 5­ and l6­doxyl stearic acid spin
labels (5­ and 16­SASL) and their methyl ester
derivatives, 5­ and 16­MESL, were used as pur­
chased from Sigma Chemical Co. Fig. 1 shows the
molecular formula of 16­SALS. 5­SALS contains
the doxyl group at the 5th C­atom, and the
n­MELS has the H* replaced by the methyl ester
group.

2.2. DODAB dispersions and C,,TAB micelle
preparation

Non­sonicated dispersions were prepared by
mixing DODAB crystals with water at 58ºC
(above T,) to the final concentration of 5 mM.
Bath­sonicated dispersions were obtained by soni­
cating the 5 mM DODAB dispersions with a
Branson 1210 bath­type cell disrupter at 58ºC.
Fig. 2 shows the effect of bath­sonication time on
the optical density (OD) of DODAB dispersions
(time 1 = O corresponds to the non­sonicated dis­

o

Fig. 1. Molecular formula of 16­doxyl stearic acid spin label
(16­SASL).

Fig. 2. Effect of bath­sonication time on the turbidity of
DODAB aqueous dispersion. Measurements made at 4 = 220
nm.

persion). It clearly shows that after about 60 min
sonication the turbidity attains a plateau, suggest­
ing that the bilayer structures in the dispersion
have reached a minimum size. We have sonicated
the dispersions for 90 min, safely above the 60
min necessary to achieve the plateau. After prepa­
ration, the DODAB dispersions were stored at
room temperature, and found to be stable for
months, as monitored by light scattering (Feitosa
and Brown, 1997). C.RTAB micelles were pre­
pared by simply mixing the surfactant crystals (5
mM) in water above the Krafft point of the
surfactant ( = 38ºC) and stored at room tempera­
ture. Turbidity measurements were made in an
UV­rvisible spectrophotometer (Hitachi, model
U­2001) equipped with two quartz square cells (1
cem of optical path­length) for vesicle and refer­
ence samples.

2.3. Spin labeled sample preparations

Films were formed from chloroform solutions
of the spin labels, dried under a N, stream and
left under reduced pressure for at least 2 h to
remove all traces of the organic solvent. Spin
labeled dispersions of DODAB and C,;TAB were
prepared by adding the amphiphilic dispersion to
the dried film of spin labels (to a final concentra­
tion of no more than 0,8 mol% of label relative to
amphiphile, to avoid spin—spin interactions), and
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the sample smoothly stirred for 5 min. The ESR
measurements were always started within 1 h after
the addition of the spin labels to the dispersions.

2.4. ESR spectroscopy

ESR measurements were performed with a
Bruker EMX spectrometer. Field­modulation am­
plitude of 1 G and microwave power of 5 mW
were used. The temperature was controlled to
about 0.2ºC with a Bruker BVT­2000 variable
temperature device, and monitored with a Fluke
51 K/J thermometer with the probe placed just
above the cavity. The magnetic field was mea­
sured with a Bruker ER 035 NMR Gaussmeter,
and, when desired, the spectra were converted to a
g­value scale with the WINEPR software
(Bruker).

2.5. ESR parameters

The empirical parameter À... is the maximum
hyperfine splitting directly measured in the spec­
trum (Fig. 3), which increases with the label mi­
croenvironment viscosity and/or order (Freed,
1976). At high temperatures, the parameters of
the ESR spectra of the more mobile probes, la­
beled at the l6th carbon atom, were found by
fitting each line to a Gaussian­Lorentzian sum
function (Halpern et al., 1993), taking advantage
of the fact that the sum function is an accurate
representation of a Gaussian—Lorentzian convo­
lution, the Voigt function (Bales, 1989). Due to
the difficulty in postulating a preferential rota­
tional axis for the probes (Marsh, 1989), rota­
tional correlation times, 15 and Tc, were
calculated by the fitting of the ESR spectra, using
the principal components of the g and hyperfine
tensors of doxyl­propane, and 3300 G for the
magnetic field (Schreier et al., 1978). The correc­
tions for the contribution of non­resolved hy­
perfine splittinges  (Bales, 1989) were made.
Considering that these two correlation times
should be identical for rapid, isotropic movement,
the movement asymmetry can be estimated by the
tcltg ratio. The isotropic hyperfine splitting, a,,
was taken to be one­half the difference in the
resonance fields of the high­ and low­field lines, or

was directly measured in the spectra (see 16­
MESL or 16­SASL spectra at high temperatures
in Fig. 3). For anisotropic ESR spectra yielded by
S5­SASL and 5­MESL, a, can be calculated from
the principal values of the hyperfine tensor ob­
tained by theoretical spectral simulation, a, = (1/
3)(A.. +A,+4.,). For the ESR spectral
simulations, we used the computer program
NLSL developed by Freed and co­workers
(Schneider and Freed, 1989: Budil et al., 1996; Ge
and Freed, 1999). The parameters used have been
extensively discussed in their papers, and the most
relevant points for performing the simulations
have been recently reviewed (Fernandez and
Lamy­Freund, 2000). The g­tensor components

& S5­MESL 5 5­SASL

TÉO)

15

38

42

50

Cc) 186­MESL mo) 16­SASL

15

38

42

50

Fig. 3. ESR spectra of 5­ and 16­MESL and SASL in non­son­
icated DODAB dispersions at 15, 38, 42 and 50ºC. Total
spectra width 100 G. The outer hyperfine splitting (Amo) and
the isotropic hyperfine splitting (a,) are indicated.
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S­MESL j

were kept as g., = 2.0089, g,, = 2.0058 and g,., =
2.0021 (Earle et al., 1994; Ge and Freed, 1999),
The hyperfine splitting tensor was considered to
be axial, A0,,=A,,=4,, and the À, and A,
values were allowed to vary within a reasonable
interval (Earle et al., 1994). Rotational correlation
times (71, and ri) were calculated based on the
best results obtained for the principal values of an
axially symmetric rotational diffusion tensor for
the nitroxide moiety attached to the chain seg­
ment. The microscopic orientational ordering of
the spin label is characterized here by two terms
of the restoring potential (Schneider and Freed,
1989), S,. and S,,, related to the amplitude of the
rotational motion.

2.6. Relative vertical position of the SASL and
MESL in DODAB bilavers

It is interesting to note that 5­SASL in
DODAB arggregates monitors a highly ordered
region, as indicated by the rather large Ar... value
measured in the ESR signal (Fig. 3). Accordingly,
the theoretical simulation of the 5­SASL signal at
50ºC (dashed lines in Fig. 4(b)) indicates that its
movement is relatively fast and highly ordered, as
evidenced by the fairly low correlation times
(mainly a low 7,) and high order parameters (S>,
and S,,; Table 1). The simulation of the S­MESL
signal (dashed lines in Fig. 4(a)) indicates that this
label is localized in a less packed bilayer region,
presenting lower correlation times and order
parameters, relative to 5S­SASL (Table 1). There­
fore, assuming that the two label molecules incor­
porate in similar structural regions, and
considering the known flexibility gradient towards
the membrane center (Hubbell and McConnell,
1971), it can be concluded that, at 50ºC, the
SASL is localized in a shallower position in the
bilayer than the MESL., Hence, for the former,
both the correlation time and the order parameter
measured in the ESR spectra of the N­O moiety
are higher than those obtained for the methyl
ester derivative. That is in accord with the some­

what larger isotropic hyperfine splitting, a., ob­
tained for 5­SASL as compared to 5­MESL
(Table 1), indicating a microenvironment of
higher dielectric constant for the N­O group in

à) DODAB

c)C1ATAS

Fig. 4. ESR spectra of 5­MESL (a) and 5­SASL (b), (c) and
(d) incorporated in liquid­crystalline non­sonicated DODAB
aggregates (a) and (b), in C,;TAB miícelles (c), and free in
water (d). Computer simulations of the spectra (see text) are
shown by dashed lines. The spectral parameters derived from
the fits are given in Table 1. Temperature 50ºC. Total spectra
width 100 G.

the stearic acid (Griffith et al., 1974).' The stearic
acid headgroup is possibly closer to the bilayer/
water interface due to the electrostatic interaction
between its negatively charged head group (Ptak
et al., 1980) and the cationic surface of DODAB
aggregates. The methyl group makes the n­MESL
a very hydrophobic probe with a rather low polar
headgroup. It is interesting to point out that in
the lipid gel phase (15ºC, Fig. 3) the labels relative
position is inverted, as attested by the larger Amax
value yielded by S­MESL (A,..,=61.4 G) com­
pared to that of 5­SASL (Anr.,=60.4 G).?

!Itis important to note that a, values can only be relatively
well evaluated for ESR signals typical of probes displaying fast
movement, with correlation times lower than — 107º s, there­
fore incorporated in fluid phase bilayers (for further discus­
sion, see Fernandez and Lamy­Freund, 2000).

? The MESL vertical movement at bilayer phase transitions
has been previously observed (Fernandez and Lamy­Freund,
2000; Turchiello et al., 2000) and should be taken into consid­
eration when the information from the different labels is
compared.
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Table 1

Parameters obtained from non­linear least­squares fitting “ of the ESR spectra of 5­MESL and 5­SASL in DODAB dispersions at
50ºC

4, (G) 41, (G) a, (G) ty (ns) rt, (ns) So S27

S­MESL 5.12

5­SASL 5.00
33.84 14.69

34.50 14.83
0.028 0.61 0.12

0.52 17 0.42
—O.15

— 0.57

* For the discussion of the simulating program used and the spectral parameters, see Section 2. The experimental and theoretical
spectra are shown in Fig. 4.

3. Results and discussion

3.1. Non­sonicated DODAB dispersions

The ESR spectra yielded by the labels 5­ and
16­SASL, and 5­ and 16­MESL, incorporated in
non­sonicated DODAB dispersions, at four differ­
ent temperatures, are shown in Fig. 3. Due to the
flexibility gradient towards the bilayer core (Hub­
bell and McConnell, 1971), at a certain tempera­
ture, the spectra yielded by the ó5th carbon labeled
amphiphiles are much more anisotropic than
those yielded by the probes labeled at the 16th
carbon of the acyl chain, which monitor the bi­
layer core (Fig. 3). Yet, the ESR signals of all
four labels can be interpreted as monitoring a
highly packed environment at 15ºC, typical of
amphiphiles in the gel phase, and a much more
mobile environment at 50ºC, consistent with a
bilayer liquid­crystalline state. In the intermedi­
ate temperatures, 38 and 42ºC, the ESR spectra
seem to be due to a mixture of these two phases
with distinct degrees of fluidity (this point will be
further discussed below).

At 50ºC, above T,, the spectra yielded by the
16 C­atom labels in DODAB non­sonicated dis­

persion are characteristic of the motionally nar­
rowing region, with a low order parameter
(Marsh, 1981). As expected, 5­MESL and 5­
SASL, which monitor a relatively organized envi­
ronment close to the bilayer surface, present
anisotropic signals even at high temperatures
(large Amax Values). The simulations shown in Fig.
4 strongly indicate that the bilayer domains
present in non­sonicated DODAB dispersions are
homogeneous, as the ESR spectrum of each spin

1 2 3 4 5 6 7

label can be fairly well simulated by a single
signal,

It is important to note that the results obtained
with spin labels incorporated in DODAB aggre­
gates, namely, a highly ordered movement at the
Sth position of the acyl chain together with a
rather disordered movement at the 16th position,
are typical of bilayer structures in the liquid—ecrys­
talline state, never yielded by micelles. For com­
parison, Fig. 4 shows the spectra of 5­SASL
incorporated in micelles of the homologue surfac­
tant C,;TAB and in water (c and d, respectively).
It is evident from the ESR spectrum that 5­SASL
in micelles (Fig. 4(c)) undergoes a much more
isotropice movement than in DODAB aggregates
(Fig. 4(b)), displaying three relatively narrow hy­
perfine lines, though much broader than those
obtained for the spin label tumbling free in water
(Fig. 4(d)).

As mentioned before, the ESR spectra of spin
labels incorporated in non­sonicated DODAB ag­
gregates at temperatures around 40ºC (close to
T.,) can be interpreted as the sum of two signals,
corresponding to labels in different bilayer struc­
tural domains: a gel and a liquid­crystalline
phase. This is an indication that the DODAB
main phase transition occurs over a range of
temperature, with the coexistence of the two
phases*. Since the use of labels always brings

?Itis interesting to point out that the fact that two well­sep­
arated spectra are obtained shows that the exchange rate
between the labels in the two different phase domains is slow
on the ESR time scale (lower than about 10º s="). This is
more evident for the 16­MESL than for the other spin labels
used.
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Table 2 ;

Parameters obtained from the fitting of the ESR spectra of 16­MESL and 16­SASL in different samples at 50ºC"

Sample 16­MESL 16­SASL

tg (ns) tc (ns) Tg (ns) Tc (ns)

NS­DODAB* 0.38 0.28

SO­DODAB:* 0.37 0.31

CuTAB 0.21 0.20

H;O ­ ­

0.45 0.35

0.49 0.42
0.15 0.16
0.04 0.04

* For the discussion of the spectral parameters, see Section 2.
? Non­sonicated DODAB dispersion.
º Sonicated DODAB dispersion. The estimated errors for r and a, are around +0.03 ns and +0.03 G, respectively.

some uncertainty about their exact location in the
membrane, it is interesting to point out that the
ESR parameter a, indicates that the more mobile
signal is also yielded by the nitroxide moiety
inside the hydrophobic bilayer core and not at the
bilayer/water interface. For example, in the 16­
MESL spectrum at 42ºC (Fig. 3(c)), where the
presence of the two different signals is rather
evident, it is possible to estimate the value of the
isotropic hyperfine constant of the more mobile
signal by direct measurement at the ESR spec­
trum, a, = 14.16 G, This low value, compared to
the one obtained with 16­SASL in aqueous solu­
tion at the same temperature, a, = 15.73 G (spec­
trum not shown), indicates that in DODAB
dispersions, the spin labels responsible for the two
different ESR signals are incorporated inside the
aggregates. Moreover, the a, value obtained for
the mobile signal at 42ºC (14.16 G) is close to that
yielded by the same sample at 50ºC, in the fluid
phase, a, = 14,35 (Table 2). (Usually, the a, values
do not change much with temperature, varying
less than 0.3% from 35 to 50ºC, in aqueous
solution).

Interestingly, the phase transition shows a hys­
teresis effect as indicated by the 16­MESL spectra
in Fig. 5: at a given temperature, the DODAB
bilayer is more fluid under cooling than heating.
In order to monitor the phase transition, an em­
pirical parameter is plotted versus the sample
temperature (Fig. 6(a)). It is the ratio of the
16­MESL ESR spectrum amplitudes at positions
b and a (Fig. 5), where a and b are mainly related
to the gel and liquid­crystalline phases, respec­

tively. The gel to liquid­—crystalline phase transi­
tion temperatures (T.,) were found to be around
39,5 and 42.7ºC, under cooling and heating, re­
spectively. No alteration in the two different ESR
spectra obtained under heating or cooling the
DODAB sample was observed up to 15 min of
incubating the sample at 40ºC, suggesting that in
both cases the surfactant suspension is in a
metastable equilibrium.

Another ESR parameter that can be used to
monitor the thermal phase transition is the line
width of the central field line, AH, (Fig. 5). Fig.

cooling

Fig. 5. The hysteresis effect in non­sonicated DODAB disper­
sions at 40ºC, evidenced by the different S­MESL ESR spectra
obtained upon cooling and heating the sample. Total spectra
width 100 G. (a) and (b) are the amplitudes at the two
indicated positions. AH, is the line width of the central field
line.
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Fig. 6. Temperature dependence of the ratio b/a and the
central field line width (AIH,; see Fig. 5). The parameters were
measured in the ESR spectra of I6­MESL (A, MM, 17) and
16­SASL (0,O), in non­sonicated (solid symbols) and soni­
cated (open symbols) DODAB dispersions. All but (D) were
obtained by heating the samples.

6(b) shows the AH, variation with temperature
for both 16­MESL and 16­SASL incorporated in
DODAB bilayers. As this is an average parame­
ter, which does not distinguish the two lipid
phases, the thermal transition seems to be slightly
broader than when monitored by the b/a ratio in
the 16­MESL spectra (Fig. 6(a); the 16­SASL
monitors an even broader temperature transition,
and the b/a ratio cannot be measured in the
spectra). The information yielded by this parame­
ter could be similar to those produced by the
fluorescent probes that partition among the differ­
ent bilayer domains, giving an average value of
the membrane viscosity (Benatti et al., 1999). For
instance, similar to the ESR results presented

1 2 3 4 5 6 7

here, steady­state fluorescence studies revealed a
rather sharp (cooperative) main transition for
DODAB in non­sonicated dispersions (T,,*%
42ºC), but could not monitor the coexistence of
the gel and the fluid phases around T., (mainly
monitored here by the b/a ratio of the 16­MESL
ESR spectra).

3.2. Sonicated DODAB dispersions

Unlike the results for non­sonicated DODAB
dispersions, spin labels incorporated in DODAB
sonicated samples indicate the presence of two
distinct lipid populations at 15ºC (below 7): one
highly packed, probably in the gel state, and the
other one rather mobile. Here, again, the low a,
parameter measured in the 16­MESL mobile sig­

cc 16­MESL D) 16­SASL

Fig. 7. ESR spectra of spin labels (5­ and I&MESL and
SASL) in sonicated DODAB dispersions at different tempera­
tures (15, 38, 42 and 50ºC). Total spectra width 100 G. The
arrows indicate the low field feature of the more fluid compo­
nent.
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=
nal at 38ºC (Fig. 7(0)), aq 14.46 G, indicates
that this signal is also yielded by the nitroxide
moiety inside the hydrophobic bilayer core and
not at the bilayer/water interface. Therefore, in
sonicated dispersions at temperatures below 7T.,, a
fraction of DODAB molecules are not in the gel
phase. The presence of the two populations is
clearly observed in the 16­MESL spectrum at
15ºC (i.e., far below T.; Fig. 7(0); a low field
feature of the more isotropic signal is pointed out
by the arrow). Though less evident, the two differ­
ent ESR signals seem to be also present in the
spectra yielded by 5­MESL and 5­SASL (arrows
in Fig. 7(a) and (b) point to the low field ESR
feature related to the fluid phase). It is interesting
to note that 16­SASL and 16­MESL partition
differently among the diverse structural domains
present in the DODAB sonicated dispersions. In­
deed, the more polar stearic label is mostly incor­
porated in the less packed lipid domain, yielding
an almost pure one­component ESR signal, typi­
cal of a rather mobile spin probe, even at 15ºC
(Fig. 7(d)). Above T,, at 50ºC, similar to the
non­sonicated dispersion, the spin labels incorpo­
rated in the sonicated DODAB aggregates display
ESR spectra that can be interpreted as a one­com­
ponent signal, typical of a liquid­crystalline sam­
ple. Although not discussed here, the results
obtained with the four spin labels (5­ and 16­
SASL and MESL) incorporated in non­sonicated
and sonicated DODAC aggregates were found to
be very similar to those obtained for DODAB.

It is shown in Fig. 8 that it is possible to
decompose the spectrum of 16­MESL in sonicated
DODAB dispersions, below the lipid T, (Fig.
8(a)), in two components: one similar to that
obtained with the label in non­sonicated DODAB

dispersions (Fig. 8(b)), corresponding to a gel
phase (78%), and the other one being a rather
mobile signal (22%; Fig. 8(0)).* The comparison

* Spectrum (c) is the resulting signal, (c) = (a) — 0.78(b),
after normalizing the areas of the (a) and (b) spectra. The
subtraction proceeded by trial and error, judging by eye the
quality of the resultant spectrum (Fig. 8(c)), until it looked like
a one­component signal and could be reasonably fitted by à
Voigt line shape (Bales, 1989). Here, again, the fact that two
well­separated spectra are obtained shows that the exchange

a) sonicated

b) non­sonicated

c) difference

1
6
­M

E
S

L

d) C1BTAB

e) sonicated

1) CI1BTAB

Fig. 8. ESR spectra of 16­MESL in sonicated and non­soni­
cated DODAB dispersions ((a) and (b), respectively), the
resultant spectrum (c) =(a)— 0.78(b) for normalized (a) and
(b) second integral values), and in C,,TAB micelles (d). ESR
spectra of 5­SASL in sonicated DODAB dispersion (e) and in
CisTAB micelles (f). Temperature 35ºC. Total spectra width
100 G.

of this mobile signal with that yielded by 16­
MESL incorporated in C;RTAB micelles (Fig.
8(d)), could lead to the conclusion that there are
micelles present in the sonicated DODAB disper­
sions. However, the highly anisotropic spectra
yielded by 5­SASL incorporated in the same
DODAB sonicated dispersion below T,, (Fig.
8(e)), compared with the rather more isotropic
environment felt by 5­SASL in C;TAB micelles
(Fig. 8(D), at the same temperature, indicates that
most of the lipid domains monitored in DODAB
sonicated dispersion are organized in bilayers and
not in micelles.
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Similar to the analysis made for the non­soni­
cated dispersions, the gel to liquid­—crystalline
phase transition in the sonicated samples can also
be monitored by the b/a ratio measured in the
16­MESL ESR spectra, or the line width of the
central field line, AH,, measured in the spectra of
both 16­MESL or 16­SASL (Fig. 5). Probably,
due to the presence of the two species at low
temperatures, the measured phase transition is not
so sharp as that observed with the non­sonicated
samples (Fig. 6(a)), and can be barely monitored
with the AH, parameter (Fig. 6(b)). Besides, the
temperature transition yielded by the b/a ratio
(Fig. 6(a)) in sonicated vesicles occurs at about
3ºC lower (39ºC) than that obtained with the
non­sonicated sample (42ºC), and no hysteresis
could be clearly detected with spin labels. Fluores­
cent probes have also indicated that in sonicated
DODAB dispersions the gel to liquid­—crystalline
transition is broader and occurs at a lower tem­
perature as compared to the non­sonicated sam­
ples (Benatti et al., 1999). However, only the ESR
of spin probes can clearly monitor the presence of
both the gel and the fluid phases below T,., in
sonicated DODAB and DODAC (not shown)
dispersions. It is interesting to point out that the
presence of the two phases could possibly explain
the different local viscosities measured by the
fluorescent and the spin labels in probe­sonicated
DODACZC dispersions (Liu et al., 1992).

3.3. Comparing the structures of the sonicated
and non­sonicated DODAB fluid bilavers

In order to structurally characterize the aggre­
gates present in DODAB dispersions at high tem­
peratures, allowing a comparison between those
yielded by non­sonicated and sonicated samples,
some spectral parameters of the 16th labeled am­
phiphiles (16­MESL and 16­SASL) were calcu­
lated (Table 2): the correlation times ti and 1.,
and the isotropic hyperfine splitting a.. (The ESR
spectra are typical of the motional narrowing
region and can be well fitted with Voigt functions;
Bales, 1989; see Section 2). Since the isotropic
hyperfine constant a, increases with the spin label
microenvironment polarity (Griffith et al., 1974),
Table 2 shows that the bilayer polarity felt by

both 16­SASL and 16­MESL in DODAB bilayers
is rather lower than that felt by the same labels in
C,;TAB micelles or free in water. Moreover, It is
interesting to note that the movement of the spin
probes is rather isotropic in water and in the
micelles (similar 17 and tc values; see Section 2),
and becomes more anisotropic when incorporated
in DODAB aggregates.

It is clear that there are structural differences
between the aggregates present in sonicated and
non­sonicated DODAB dispersions above T,, as
the ESR spectra of the probes in the two prepara­
tions are not identical (Table 2, and Figs. 2 and
6). However, the conclusions concerning the pack­
ing of the aggregates present in the two differently
prepared dispersions are not straightforward, and
may depend on the probe localization. For in­
stance, 16­MESL monitors very similar lipid do­
mains in non­sonicated and sonicated samples
(similar tz, tc, and a, values for the two samples,
see Table 2), whereas 16­SASL monitors more
tightly packed (higher correlation times) and more
polar (higher a, value) lipid domains in the soni­
cated DODAB sample (Table 2). In addition, the
S­SASL spectra are rather similar for the two
DODASB preparations (the bottom spectra in Fig.
3(b) and Fig. 7(b)), while S­MESL, contrary to
16­SASL, monitors a less packed lipid domain in
the sonicated than in the non­sonicated DODAB
dispersion (compare the anisotropy of the bottom
spectra in Fig. 3(a) and Fig. 6(a)).

4. Conclusions

Spin labels incorporated in 5 mM DODAB
aqueous dispersions indicate that both non­soni­
cated and bath­sonicated aggregates are mostly
organized in bilayers, presenting a well­defined gel
to liquid­crystalline phase transition. The lower
Tm value yielded by the sonicated samples
(39.5ºC), compared to the non­sonicated (42.7ºC),
is in accordance with the presence of smaller
vesicles in the former (Feitosa and Brown, 1997;
Benatti et al., 1999). Chemically distinct spin la­
bels partition differently among structurally dis­
tinet DODAB  bilayer domains, therefore
monitoring several local environments in the bi­
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layer, giving comprehensive information about
the system. The time­scale of the ESR spec­
troscopy, together with its high sensitivity to bi­
layer viscosity, were also essential for the
detection of the coexistence of the gel and liquid—
crystalline phases in sonicated and non­sonicated
dispersions, at temperatures below or around T,,
respectively. To our best knowledge, ESR of spin
labels is the first technique capable of detecting
the coexistence of the two phases in DODAX
bilayer systems. Below T,, in sonicated disper­
sions, DODAX molecules in the liquid­crys­
talline state could be present in vesicles with high
curvature, in the periphery of bilayer fragments
(Feitosa and Brown, 1997), or in non­smoothed
(lens­like) vesicle structures (Andersson et al,
1995). The presence of a fluid phase in DODAX
bilayers below or around T,, may be important
for the different characteristics attributed to these
synthetic amphiphilic aggregates, for instance, for
the efficient incorporation of proteins or DNA
(Lasic, 1993; Carvalho and Carmona­Ribeiro,
1998; Kikuchi and Carmona­Ribeiro, 2000), or
peculiar reactions found for bilayer adsorbed
molecules (Kawamuro et al., 1991; Andersson et
al., 1995).
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Abstract

The use of an effective surface charge density has allowed the Gouy­Chapman (GC) theory to explain surface
potential isotherms of Langmuir monolayers of dioctadecyldimethylammonium bromide (DODAB). The effective
surface charge density of DODAB monolayer increases with the electronegativity of the counterions in the subphase.
The pressure­area isotherms indicate a very condensed monolayer for DODAB spread on an I7­containing subphase,
which exhibits the lowest surface charge density, whereas the monolayer on a F­­containing subphase is extremely
expanded owing to the high surface charge density or electrostatic repulsion between headgroups. & 2001 Published by
Elsevier Science B.V.

1. Introduction

Dialkyldimethylammonium halides (DODAX)
are synthetic double­chain cationic surfactants
extensively investigated in mono­ and bilayer
structures, that is, at interfaces and bulk solu­
tion. Various physicochemical methods [1—7] con­
firm the similarity of their molecular assembly to
those of phospholipids found in cellular walls, thus
Justifying the use of the quaternary dialkylammo­
nium salts as model systems for the simulation
of biomembranes. The hydrophilie­hydrophobic
balance in long alkyl double­chain quaternary
ammonium salts (like DODAX) is responsible for

* Corresponding author. Fax: +55­16­272­2218.
E­mail address: chu(dif.se.usp.br (O.N. Oliveira Jr.).

their ability to form stable Langmuir monolayers
at the air/water interface [8­15]. Also, when dis­
persed in aqueous solution, they can readily form
bilayer structures such as lamellae, vesicles or
liposomes [14­18]. It is well known that the
structure and properties of colloidal systems as
well as monolayers are modified by the environ­
ment. Many investigations have concentrated on
the influence of various factors on dialkyldime­
thylammonium assemblies. Concerning colloidal
structures, not only the composition of the me­
dium but also the dispersion method applied has
been found to play an important role in their
properties and stability [17]. Langmuir monolayers
of dialkylammonium salts, on the other hand,
have mainly been studied in view of their behavior
on subphases containing different ions. Ahuja et al.
[11] showed that the monolayer characteristics as

0009­2614/01/$ ­ see front matter O 2001 Published by Elsevier Science B.V.
PI: S0009­2614(01)00272­X
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well as its morphology depend strongly on the
nature of the monovalent anion in the subphase.
Also, the phase transition of the liquid expanded
to liquid condensed (LE­LC) phases, observed for
dioctadecyidimethylammonium  chloride (DO­
DAC) monolayers on a pure water subphase only
below 26ºC, was found to be more pronounced on
subphases containing NaCl and appeared at a
lower surface pressure [12]. The influence of
hydrophobic ions (namely hexafluorophosphate,
picrate and tetraphenylborate) on dioctadecyl­
dimethylammonium bromide (DODAB) mono­
layers has been investigated by Shapovalov [14,15].
In this Letter we analyze surface pressure and
surface potential data, where the latter are
semi­quantitatively explained using the Gouy­
Chapman (GC) theory with a discussion on the
possible maximum charge distribution at the
interface.

2. Materials and methods

DODAB (Eastman Kodak) was used as re­
ceived. KBr and KI (both Mallinckrodt Baker,
purity 99%+), NaCl (Merck, 99.5% purity), NaF
(Merck, 99%) were used without further purifica­
tion. The surface pressure and potential vs. area
per molecule isotherms were measured simulta­
neously on a KSV 5000 Langmuir trough, housed
in a class 10000 clean room at ca. 20ºC, equipped
with a Wilhelmy plate (made of filter paper) and a
Kelvin probe. Surface pressure was measured with
an accuracy of +0.1 mN/m and the electric surface
potential was recorded within an experimental er­
ror of +20 mV. Langmuir monolayers of DODAB
were obtained by spreading a chloroform (Sigma,
HPLC grade) solution of DODAB on the aqueous
subphase prepared by dissolving 107º, 107? or 10º
M of a particular inorganic salt in ultrapure water
supplied by a Milli­Q system (resistivity = 18.2 MQ
cm). Monolayers spread onto NaOH (Mallinck­
rodt, 99.5% purity) solution were also investigated.
After spreading the monolayer, a few minutes were
allowed for chloroform evaporation before start­
ing the monolayer compression. In the text DO­
DAX means DODAB organized as a monolayer
on a subphase containing the counterion X”.

3. Results and discussion

Fig. la­c display surface pressure and surface
potential vs. area per molecule isotherms for
DODAB monolayers spread on pure water and
aqueous subphases containing 10, 10? and 10º?
M of the monovalent counterions F”, CI”, Br, 17
and OH". It is worth noticing that for all con­
centrations investigated, the surface pressure for
molecular areas larger than 50 À? increases with
the electronegativity of the counterion, 1.e., it fol­
lows the order F >OH"­>CI­>Br >I. The

isotherm of DODAB spread on the aqueous KI
subphase is the only one that does not exhibit any
plateau region, in addition to having the most
condensed character. Even at large areas per
molecule, the surface pressure has non­zero value
for monolayers spread on the F"­containing
aqueous subphases.

A detailed investigation of the structure of
DODAC monolayers has already been done by
Adolf et al. [19]. The calculation of the order
parameter of alkyl tails using anisotropic non­
covalent interactions and the Steele torsional po­
tential show that the structure of hydrophobic
tails goes from a quite disordered (77 A) to an
ordered phase (57 AÀº). These areas coincide with
those observed in this work in the plateau regions
for all concentrations of Br” and Cl” in the

subphase. Thus, it is likely that the energy nec­
essary for the ordering of hydrophobic chains
depends on the electronegativity of the counte­
rion, but not on the counterion concentration.
Ahuja et al. [11] investigated DODAB monolay­
ers on aqueous solutions with different monova­
lent counterions by Brewster angle microscopy
(BAM) and observed the appearance of agegre­
gates in the expanded monolayer (x = 0) in the
presence of ions I” in the subphase. By consid­
ering the geometrical dimensions of DODAB
molecules, the area available for one molecule in
the aggregate is smail, suggesting that the hy­
drophobic chains are already ordered even at
large areas per molecule (low pressure). From our
results, the DODAB monolayer becomes in­
creasingly expanded as the electronegativity of the
counterion is augmented, being most expanded
for F" and least expanded for I” in the subphase.
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Fig. 1. Pressure­area and surface potential isotherms of DODAB on pure water and on subphases containing monovalent ions: water
(solid), F. (open circle), OH (triangle), Cl (solid circle), Br (star),I (square). Concentration of ions in the subphase: 10 * mol/L
(a), 107? mol/L (b), and 107º mol/L (a).

This can be explained by the electrostatic repul­
sion between the charged headgroups, which de­
pends on the screening effects by the adsorbed
counterions. Such differences in repulsion should
not exist 1f the monolayers were fully charged.
However, the analysis of the surface potential
data (shown below) indicates that the effective
charge — which actually contributes to the double­
layer potential — may be considerably lower than
the fully ionized monolayer charge, as is the case
for DODAB and analogous vesicles in solution
RP31.

Fig. la—c also show the surface potential iso­
therms of DODAB on subphases containing
monovalent salts. Unlike most of the film­forming

2 3 4 5 6 7

molecules which show zero surface potential at
large areas per molecule (zero pressure), the initial
surface potential for DODAB monolayers is not
zero, but increases with the electronegativity of the
counterion at low surface densities of DODAB.

The presence of ions in the subphase also affects
the critical areas at which the surface potential
starts to increase, as well as the maximum surface
potential. An exception is the isotherm for the
monolayer spread on the F­­containing subphase,
for which no clear critical area can be distin­

guished and the surface potential increases steep­
lessly. The steep increase in the surface potentials
is related to an abrupt decrease of the local di­
electric constant in the vicinity of polar head
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groups from 80 (at large molecular areas) to 6.4
[20] or 7.6 [21] (in the condensed region) upon
monolayer compression. Especially for DODAB
on the F­­containing aqueous solution the double­
layer contribution to the surface potential domi­
nates, as discussed below.

According to the Demchak­Fort (DF) model
[21] and the GC theory [22], the surface potential
of simple long­chain aliphatic compounds,
e.g., stearic acidy may be related to the
dipole moments of the molecules, and the dou­
ble­layer potentials. The surface potential is then
given by:

Faé)Ato E 2.) +VYso, (1)

where u,,41, and 4, are respectively the contribu­
tions from the reoriented water dipoles at the
monolayer interface, from dipoles at the film—wa­
ter interface, and at the film­air interface. e; are the
effective dielectric constants of the media in which
the dipoles are embedded. The DF approach

Table |

Experimental and calculated values of double­layer potentials?

points out that the contributions from the dipole
moments to the surface potential may be treated
separately. Therefore, for DODAB monolayers on
the subphases investigated here, we assume a fixed
contribution to the dipole moments from the tails
and headgroups. The only difference would then
be in the double­layer potential, as a double layer
is expected to be formed between the charged
headgroups and the counterions in the subphase.
However, the monolayer­forming DODAB is a
salt that dissociates completely in water, and the
monolayer is nominally fully charged, which
would lead to similar contributions to the doubile­

layer potential, in contrast to the experimental
results (see Fig. 1 and Table 1). The differences
among the various monolayers can be explained
using the simple GC theory for the double layer,
provided that an effective surface charge is em­
ployed. Electrophoretic mobility and zeta poten­
tial results for DODAB vesicles have also been

explained by assuming effectively non­fully
charged molecules, and an effective degree of

Counterion C Va q

(M) (mV) (mN/m)
Peas Vo(a)
(mV) (mV)

3.3 x 10 1012 50

10* 979 43
107 940 46
107? 857 46

Water

107* 930 43
10º 885 43
107? 839 43

10* 917 36
103 837 36
107? 780 36

10º 892 49
10º 870 47
107 848 46
10º? 789 48
107! 729 49

107 744 44
10º 709 45
107? 688 45

367 350

334 334
295 276
212 218

285 288

240 231
194 172

272 266
192 208
135 150

247 299
225 240

203 182

144 125
84 70

99 126
64 nn
43 29

* Cis the subphase ion concentration, W., is the maximum potential, 7 is the surface pressure, 4 is the collapse area, ax is related to the
effective surface charge density, Yes is the potential of GC double layer subtracting 645 mV due to the molecular dipole moments of
DODAB and Yo(a) is the calculated value of GC using the effective «.

1 2 3 4 5 6 7
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dissociation below 0.35 for DODAB vesicles in
NaCl and 0.13 in NaBr solution [23].

Within the GC model, the basic assumptions
are: (1) the charged surface is impenetrable, (11) the
charge is uniformly spread over it, (111) the coun­
terions behave as point charges, being able to ap­
proach up to the plane of the surface charges, and
(iv) the solvent is assumed to be a uniform medium
with a fixed dielectric constant. Using the Boltz­
mann equation for the ionic distribution, together
with Poisson equation, the potential difference
across the double layer, Yo, at 293 K is found
[22,24] to be:

W,o = 50.4sinh"' (134 ­ a/AJ/c), (2)

where À is the area per molecule in the monolavyer,
c is the bulk molar concentration of counterions,
and a is the degree of dissociation of the film­
forming molecules. Eq. (2) relates the surface po­
tential with the bulk concentration of counterion

and a. In order to apply the GC theory, the picture
we envisage is one in which the counterions may be
adsorbed under the charged monolayer, thus re­
ducing the effective surface charge contributing to
the double­layer potential. The data available do
not suffice to determine whether the ion adsorption
obeys a simple adsorption isotherm, e.g., Lang­
muir­type adsorption equation. In principle, a
more quantitative treatment of the double­layer
potential distribution should take into account the
Stern layer in addition to the chemical activity of
the counterions, but these effects are difficult to
parameterize. Nevertheless, since the simple GC
theory seems accurate enough to explain the dou­
ble­layer potentials with monovalent counterions
in a variety of situations where it was expected to
fail [25], we have tried this model in the analyses of
our data. The results are summarized in Table 1. By
assuming that all! DODAB molecules on subphases
containing monovalent inorganic counterions have
the same contribution to the dipole moment, we
obtained the double­layer contributions for the
various counterions and lonic concentrations. The
experimentally determined double­layer potentials
agree reasonably well with those calculated using
the GC theory, provided that the surface charge
density (represented by x) is allowed to vary from
one compound to the other, indicating some spec­

1 2 3 4 5 6 7

ificity of the counterion binding. Accordingly, F"
appears to be the only ion leading to an effectively
fully ionized DODAB monolaver (Table 1). I7, on
the other hand, displays a very small effective sur­
face charge, which is consistent with the condensed
nature of DODAI monolayers. By the same rea­
son, the DODAF monolayer is the most expanded
while the other ones display an intermediate ex­
pansion behavior.

There are a few points worthy of attention in
the values of x (Table 1). First, it cannot be con­
sidered as the actual degree of dissociation, as it
usually is in the GC theory, for the monolayers
under investigation are nominally fully charged.
Therefore, x simply reflects an effective charge
density for the counterion adsorption causing the
surface charge to decrease. Strictly speaking, 1f a
were merely the degree of dissociation, it should
increase with the ionic concentration according to
the Henderson­Hasselbach equation [26], as is the
case for stearic acid monolayers [22]. Using an 2
that is independent of the ion concentration, as we
have done, is certainly an approximation. For in­
stance, taking the potential values for Br” in Table
1, one notes that the surface potential decreases as
the salt concentration (ionic strength) is increased,
as expected. However, a tenfold decrease in the
counterion concentration does not correspond, on
average, to a 58 mV increase in the measured po­
tential, which implies that the effective charge
density is altered with concentration. The values of
a reported here confirm that colloidal or interfacial
systems containing Br" counterions are less
charged than those containing Cl”, in good
agreement with the findings of [23] for DODAB
vesicle suspensions. The use of an effective surface
charge density was indeed expected on the basis of
Monte Carlo simulations for interactions between
charged macroions [27]. A further advantage of
using an effective surface charge was that we did
not need to consider the Stern layer of adsorbed
counterions, which would require determination of
adsorption parameters for the different ions. When
data become available for a wide range of ion
concentrations, the results using an effective sur­
face charge can be compared to those employing a
Stern model, as has been done for n­dodecyl sul­
fate adsorbed at air­salt solution interfaces [28].
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Also, x appears to increase with the size of the
hydrated counterion (F >CI­>Br >I" [29D)),
with the largest ions (F) displaying no binding to
the monolayer and therefore leading to an effec­
tively fully ionized monolavyer, consistent with the
results for bilayers of dioctadecyldimethylammo­
nium salt surfactants [30].

For large areas (low pressure), the non­zero
surface potentials for most DODAX monolayers
(DODAB on different counterion subphases) can
be explained by the double­laver potentials,
which are positive for positively charged film­
forming molecules. In fact, the large double­layer
potential for DODAF (F" in the subphase) at
large areas per molecule prevents the steep in­
crease in the surface potential at a critical area,
for in this case the area­dependence of the dou­
ble­layer potential predominates. For the other
monolayers with less effective charge, a steep in­
crease is observed.

4. Conclusion

Contrary to what one may have expected,
Langmuir monolayers of DODAB are not fully
ionized at the air/water interface. The effective

surface charge density increases with the electro­
negativity of the counterions in the subphase
owing to a selective binding to the interface,
which affects not only the monolayer surface
potential — via electrical double layer — but also
the pressure­area isotherms. In practice, the use
of an effective surface charge density corresponds
to relaxing an important limitation of the GC
theory that assumes no penetration of counteri­
ons into the charged surface, which is the reason
why the simple GC model can be employed to
explain surface potential data. Actually, a re­
duction of surface charge was described by
Monte Carlo simulations, although in a different
context [27].
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