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Objetivos
Los trabajos desarrollados en la presente Memoria se encuadran en la l&iacute;nea
de investigaci&oacute;n “Pel&iacute;culas Superficiales y Organizaci&oacute;n Molecukar” del grupo
FQM-204 de la Junta de Andaluc&iacute;a. Los objetivos b&aacute;sicos que se han marcado son:
a. Preparar pel&iacute;culas ultrafinas de materiales org&aacute;nicos de inter&eacute;s (l&iacute;pidos y
colorantes) en la interfase aire−agua y realizar su posterior transferencia a soportes
s&oacute;lidos mediante la t&eacute;cnica de Langmuir-Blodgett.
b. Planificar y dise&ntilde;ar diferentes v&iacute;as de interacci&oacute;n y ensamblaje para la
obtenci&oacute;n de estructuras supramoleculares con una composici&oacute;n y arquitectura
determinados.
c. Estudiar, mediante diferentes t&eacute;cnicas de tipo &oacute;ptico, la organizaci&oacute;n
molecular de las pel&iacute;culas formadas tanto en la interfase aire−agua como en la
interfase aire−s&oacute;lido.
d. Complementar y ampliar, hasta donde sea posible, la descripci&oacute;n
experimental de los sistemas estudiados mediante otro tipo de t&eacute;cnicas.
e. Desarrollar modelos y m&eacute;todos te&oacute;ricos generales capaces de explicar la
organizaci&oacute;n molecular de los sistemas objeto de estudio.
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1. PEL&Iacute;CULAS DE LANGMUIR Y LANGMUIR BLODGETT (LB)
1.1. ANTECEDENTES
Benjamin Franklin (1706-1790) llev&oacute;, desde una perspectiva cient&iacute;fica
moderna, los primeros estudios sobre monocapas en la interfase aire-agua. Por otra
parte, Irving Langmuir (1881-1957), quien hizo un trabajo destacado en Qu&iacute;mica
de Superficies, vali&eacute;ndole el Premio Nobel de Qu&iacute;mica en 1932; realiz&oacute; una
aportaci&oacute;n muy relevante en este campo de la ciencia. Su trabajo, junto con el de
Lord Rayleigh (1842-1919), permiti&oacute; confirmar que las capas de mol&eacute;culas
anfif&iacute;licas esparcidas sobre superficies acuosas tienen el espesor de una &uacute;nica capa
molecular y, adem&aacute;s, concluir que las mol&eacute;culas anfif&iacute;licas est&aacute;n orientadas en la
superficie del agua, con su grupo funcional polar inmerso en ella, y con la cadena
alif&aacute;tica situada hacia el exterior, en ocasiones casi verticalmente a la superficie
acuosa. Sus experimentos apoyaron la hip&oacute;tesis de la existencia de interacciones de
corto alcance, y dieron la base para predecir los tipos de mol&eacute;culas que pod&iacute;an
formar este tipo de pel&iacute;culas, denominadas pel&iacute;culas de Langmuir en su honor. En
la actualidad, se utilizan diferentes tipos de sistemas en la interfase aire-agua que
est&aacute;n siendo objeto de estudio, como son los derivados de &aacute;cidos grasos1-3,
pol&iacute;meros4-6, macromol&eacute;culas7-11, nanomateriales12-16. (Figura 1).
Katherine Blodgett (1898-1979), en colaboraci&oacute;n con Irving Langmuir,
consigui&oacute; transferir por primera vez monocapas de &aacute;cidos grasos desde la
superficie acuosa a un soporte s&oacute;lido, vidrio hidrof&iacute;lico, fabricando as&iacute; las
denominadas pel&iacute;culas de Langmuir-Blodgett (LB). Desde entonces hasta nuestros
d&iacute;as, el abanico de posibilidades que ofrece la t&eacute;cnica de Langmuir-Blodgett (LB)
ha aumentado considerablemente. En la actualidad, esta t&eacute;cnica constituye una
herramienta muy &uacute;til y elegante para la construcci&oacute;n de dispositivos
supramoleculares con aplicaciones en diferentes &aacute;reas como &oacute;ptica no lineal,
sensores, electr&oacute;nica molecular y fotocromismo17-19.
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Figura 1. Ejemplos de sistemas utilizados en monocapas de Langmuir.
A) Derivados de &aacute;cidos grasos: I, SA: &Aacute;cido este&aacute;rico1. II, DMPA: &Aacute;cido
dimiristoilfosfat&iacute;dico2. III, SDS: Dodecil sulfato s&oacute;dico3.
B) Pol&iacute;meros: Copol&iacute;mero en bloque, PF2/6-b-P3PHT4.
C) Macromol&eacute;culas: Dendr&iacute;mero de poli (aril &eacute;ter) de cuarta generaci&oacute;n7.
D) Nanomateriales: I, Quantum dots de CdSe-ZnS14. II, Nanopart&iacute;culas de oro (Au-NPs)12.
1.2. FORMACI&Oacute;N DE MONOCAPAS EN LA INTERFASE AIRE-AGUA
La formaci&oacute;n de monocapas de Langmuir en la interfase aire-agua se basa
en la naturaleza anfif&iacute;lica de las mol&eacute;culas que la constituyen. Las mol&eacute;culas
anfif&iacute;licas poseen una parte apolar hidrof&oacute;bica con una o varias cadenas alif&aacute;ticas,
y otra polar hidrof&iacute;lica, como por ejemplo, grupos funcionales tipo acido, alcohol o
amina20,21. La preparaci&oacute;n de las monocapas en la interfase aire-agua consiste en
a&ntilde;adir una cantidad determinada de mol&eacute;culas anfif&iacute;licas, disueltas en un
disolvente vol&aacute;til e inmiscible en agua, sobre la superficie acuosa. Una vez
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evaporado el disolvente, las mol&eacute;culas anfif&iacute;licas ocupan toda la superficie
disponible (Figura 2).
Figura 2. Esquema de la formaci&oacute;n de una monocapa de Langmuir y su posterior
compresi&oacute;n.
En este proceso, la elecci&oacute;n del disolvente, o mezcla de disolventes, es
fundamental, ya que debe favorecerse la m&aacute;xima dispersi&oacute;n de las mol&eacute;culas sobre
el agua22. Tras la evaporaci&oacute;n del disolvente, cabe esperar que la disposici&oacute;n de las
mol&eacute;culas en la monocapa sea aquella en la que su situaci&oacute;n energ&eacute;tica resulte m&aacute;s
favorable, es decir, con los grupos polares inmersos en la subfase acuosa y las colas
hidr&oacute;fobas fuera de la misma. En esta situaci&oacute;n, la tensi&oacute;n superficial γ de la zona
9
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cubierta por la monocapa disminuye respecto a la tensi&oacute;n superficial de la
superficie del agua limpia, γ0. Este cambio se expresa en funci&oacute;n de la presi&oacute;n
superficial, πc, que se define como:
   0
(1)
En principio, cualquier m&eacute;todo para determinar la tensi&oacute;n superficial puede
usarse para medir la presi&oacute;n superficial. En la mayor&iacute;a de los casos descritos en la
bibliograf&iacute;a, se utilizan dos tipos de sistemas, tipo Wilhelmy y tipo Langmuir23.
Figura 3. Isoterma π-A idealizada donde se muestran las regiones m&aacute;s comunes de forma
esquem&aacute;tica para un fosfol&iacute;pido.
Tras la evaporaci&oacute;n del disolvente, la monocapa se comprime, de forma
que el &aacute;rea superficial disponible se reduce20, increment&aacute;ndose, la densidad
superficial de las mol&eacute;culas. De esta forma, en la representaci&oacute;n de la presi&oacute;n
superficial, π, frente al &aacute;rea por mol&eacute;cula, A, obtenida a temperatura constante; la
cual se denomina isoterma π-A, aumenta cuando el &aacute;rea disminuye (ver Figura 3),
siendo la analog&iacute;a bidimensional de una isoterma presi&oacute;n-volumen.
10
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Las isotermas π-A dan informaci&oacute;n acerca de la estabilidad de la monocapa
en la interfase aire-agua, as&iacute; como de la organizaci&oacute;n de las mol&eacute;culas en la
monocapa y de las interacciones entre ellas.
A partir de las isotermas π-A, se obtienen dos par&aacute;metros de especial
relevancia:
-el valor del &aacute;rea limite, obtenido por extrapolaci&oacute;n del tramo de mayor
pendiente de la isoterma a presi&oacute;n superficial cero, que corresponde al &aacute;rea
ocupada por una mol&eacute;cula en una situaci&oacute;n de m&aacute;ximo empaquetamiento (l&iacute;neas de
puntos en la Figura 3).
-la presi&oacute;n de colapso; esto es, el valor de presi&oacute;n superficial al cual la
monocapa pierde su estabilidad, (πc en la Figura 3).
Adem&aacute;s, las isotermas presi&oacute;n superficial-&aacute;rea muestran distintas regiones
que corresponden a los diferentes estados de organizaci&oacute;n o fases en los que se
encuentra la monocapa, as&iacute; como regiones en las que coexisten dos fases20. En la
isoterma π-A mostrada en la Figura 3 se indican de forma idealizada las distintas
fases para una sustancia anfif&iacute;lica. No obstante, debe resaltarse que el n&uacute;mero y la
complejidad de las fases observadas en una isoterma var&iacute;an en funci&oacute;n del sistema
molecular estudiado, as&iacute; como de las condiciones experimentales bajo las cuales se
realizan dichas isotermas. En esta Figura destacan:

Fase gaseosa, G: Las mol&eacute;culas se encuentran bastante diluidas, y tienen un
gran &aacute;rea disponible por mol&eacute;cula, constituyendo una fase denominada gas
bidimensional.

L&iacute;quido expandido, LE: Cuando la presi&oacute;n superficial aumenta se llega a una
fase fluida muy compresible, en la que las mol&eacute;culas experimentan unas
fuerzas atractivas lo suficientemente intensas como para que empiecen a
adoptar una estructura compacta, form&aacute;ndose lo que se llama l&iacute;quido
expandido (LE). Entre las dos fases descritas, G y LE, ocurre un proceso
11
1. Pel&iacute;culas de Langmuir y Langmuir-Blodgett (LB)
parecido a la condensaci&oacute;n de un gas, es decir, una zona de coexistencia de
ambos estados, donde tiene lugar una transici&oacute;n de fase, de primer orden, T1.

L&iacute;quido condensado, LC: Aumentos posteriores de presi&oacute;n dan lugar a un
estado menos compresible y m&aacute;s ordenado, conocido como l&iacute;quido
condensado (LC). La organizaci&oacute;n de la monocapa es compacta y la parte
hidr&oacute;foba de las mol&eacute;culas se orienta casi perpendicularmente a la interfase.
De nuevo, puede observarse una segunda transici&oacute;n de fase, tambi&eacute;n de
primer orden, T2, entre la situaci&oacute;n de l&iacute;quido expandido y la de l&iacute;quido
condensado.

Fase s&oacute;lida, S: Al continuar comprimiendo la monocapa, y antes de que &eacute;sta
llegue al colapso, se alcanza un estado s&oacute;lido, S, donde la pel&iacute;cula es muy
r&iacute;gida y las cadenas hidr&oacute;fobas forman un apilamiento compacto.
La presi&oacute;n de colapso es un par&aacute;metro caracter&iacute;stico de cada monocapa,
ampliamente discutido20; que contin&uacute;a siendo objeto de investigaci&oacute;n reciente24. En
un trabajo recogido en la presente Memoria, se ha estudiado la formaci&oacute;n de una
tricapa tras superar la presi&oacute;n de colapso de la monocapa formada en el sistema
objeto de estudio; en este caso, el sistema es una mezcla de un derivado de acridina
anfifilico y &aacute;cido este&aacute;rico en proporci&oacute;n equimolar. El colapso se puede relacionar
bien con la p&eacute;rdida de material hacia la subfase o bien con la formaci&oacute;n de
estructuras 3D; similares a los surfactantes pulmonares, los cuales forman
estructuras de multicapas en el interior de los pulmones25. Los surfactantes reducen
de forma significativa la tensi&oacute;n superficial dentro del alv&eacute;olo pulmonar,
previniendo el colapso respiratorio durante la expiraci&oacute;n26. Estos surfactantes
consisten en una mezcla de l&iacute;pidos y prote&iacute;nas, rica en fosfol&iacute;pidos, concretamente
en dipalmitoilfosfatidilcolina, (DPPC)27.
El m&eacute;todo tradicional para la formaci&oacute;n de pel&iacute;culas de Langmuir requiere
el empleo de mol&eacute;culas anfif&iacute;licas. De esta forma, la gama de mol&eacute;culas que
pueden formar monocapas estables es, en principio, limitada. En las &uacute;ltimas
12
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d&eacute;cadas, se han desarrollado estrategias para fabricar pel&iacute;culas de Langmuir con
componentes que por s&iacute; solos no pueden formar este tipo de pel&iacute;culas. Estos
m&eacute;todos se basan en la construcci&oacute;n de monocapas complejas, cuyos componentes
se organizan bajo control externo, ofreciendo la posibilidad de estudiar y/o utilizar
las interacciones intermoleculares espec&iacute;ficas de cada sistema. Uno de los m&eacute;todos
propuestos consiste en a&ntilde;adir mol&eacute;culas solubles a la subfase acuosa, de forma que
dichas mol&eacute;culas puedan adsorberse, por ejemplo, mediante interacciones
electrost&aacute;ticas, sobre una determinada matriz lip&iacute;dica, y as&iacute; ser retenidas en la
interfase. M&aacute;s efectivo, sin embargo, se ha mostrado el m&eacute;todo denominado de
coesparcimiento, mediante el cual sobre la superficie acuosa28-34 una mezcla de la
mol&eacute;cula a estudiar y un anfifilico se coesparce en el mismo disolvente, de tal
forma que &eacute;sta queda retenida en la interfase mediante interacciones,
principalmente, electrost&aacute;ticas. Con estos m&eacute;todos, se ampl&iacute;a el rango de
mol&eacute;culas que pueden ser estudiadas mediante la t&eacute;cnica de formaci&oacute;n de
monocapas de Langmuir. En este sentido, cabe destacar el uso de una matriz
fosfolip&iacute;dica para el anclaje a la interfase aire-agua de mol&eacute;culas solubles en agua,
tales como porfirinas,31 o colorantes como la rodamina35, el azul de metileno36 o la
hemicianina37 .
1.3. CARACTERIZACI&Oacute;N DE MONOCAPAS DE LANGMUIR
Junto a las medidas de presi&oacute;n superficial en la balanza de Langmuir,
existe una gran variedad de t&eacute;cnicas disponibles que permiten caracterizar las
monocapas en la interfase aire-agua. Adem&aacute;s de las t&eacute;cnicas ya existentes, que
continuamente est&aacute;n siendo mejoradas por la industria y los investigadores, surgen
nuevas t&eacute;cnicas de caracterizaci&oacute;n. En la Tabla 1 se recogen algunas de las t&eacute;cnicas
m&aacute;s importantes usadas en la caracterizaci&oacute;n de las monocapas en la interfase aireagua, as&iacute; como los par&aacute;metros medidos y la informaci&oacute;n obtenida a partir de ellas.
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Tabla 1. T&eacute;cnicas de caracterizaci&oacute;n de monocapas en la interfase aire-agua.
T&eacute;cnica
Par&aacute;metro medido
Presi&oacute;n superficial
π frente A
Informaci&oacute;n
&Aacute;rea por mol&eacute;cula, presi&oacute;n
de colapso, estado de la
monocapa.
Potencial superficial
ΔV frente A
Potencial superficial,
dipolos superficiales,
orientaci&oacute;n de los grupos
Reflexi&oacute;n UV-vis
ΔR
Densidad, orientaci&oacute;n y
agregaci&oacute;n de la mol&eacute;cula
crom&oacute;foro
Viscosidad superficial
ηS
Cambios de viscosidad
Elipsometr&iacute;a
Polarizaci&oacute;n de la &Iacute;ndice de refracci&oacute;n y
radiaci&oacute;n reflejada
espesor de la monocapa
Difracci&oacute;n de rayos X Reflectividad
Espaciado y estructura
(GIXD) y (XRR)/neutrones
de capas empaquetadas
Generaci&oacute;n de segundos
Polarizaci&oacute;n de la Valor medio del &aacute;ngulo
arm&oacute;nicos
susceptibilidad
del entre el eje de la mol&eacute;cula y
segundo arm&oacute;nico
la normal a la interfase
Espectroscop&iacute;a IR con
Reflectividad
Orientaci&oacute;n media de las
transformadas de Fourier
cadenas alif&aacute;ticas
Espectroscop&iacute;a IR de
Diferencia de
Orientaci&oacute;n del dipolo de
reflexi&oacute;n- absorci&oacute;n con
reflectividad de
transici&oacute;n
modulaci&oacute;n de polarizaci&oacute;n radiaci&oacute;n polarizada
(PM-IRRAS)
Microscop&iacute;a de
Fluorescencia de una Estructura de la monocapa
fluorescencia
mol&eacute;cula sonda
y orientaci&oacute;n de las fases
Microscop&iacute;a de &aacute;ngulo
Reflectividad
Morfolog&iacute;a de la monocapa
Brewster (BAM)
y orientaci&oacute;n de las fases
De entre estas t&eacute;cnicas, se detallan a continuaci&oacute;n: el potencial superficial,
la espectroscop&iacute;a de reflexi&oacute;n UV-visible, la microscop&iacute;a de &aacute;ngulo Brewster
(BAM), difracci&oacute;n de rayo X de incidencia rasante (GIXD), reflectividad de rayos
X (XRR) y la espectroscop&iacute;a infrarroja de absorci&oacute;n-reflexi&oacute;n con modulaci&oacute;n de
polarizaci&oacute;n (PM-IRRAS) por ser las m&aacute;s utilizadas para la realizaci&oacute;n del trabajo
presentado en esta Memoria.
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Potencial Superficial
El m&eacute;todo consiste en medir la diferencia de potencial de la interfase aireagua cubierta con la monocapa y la interfase limpia. Este es el denominado
potencial superficial, designado como ΔV.A pesar de que la interpretaci&oacute;n de los
potenciales superficiales de la monocapas es muy dif&iacute;cil, una medida del potencial
superficial puede proporcionar informaci&oacute;n muy &uacute;til. Se pueden detectar pel&iacute;culas
no-homog&eacute;neas, discriminar monocapas formadas por mol&eacute;culas ionizadas y por
mol&eacute;culas sin carga, e investigar cambios en la monocapa debido a transiciones de
fases o reacciones qu&iacute;micas.30,38-40 El potencial superficial de una monocapa puede
medirse de dos formas, mediante el m&eacute;todo de la placa vibratoria y mediante el
m&eacute;todo del electrodo ionizado. Los resultados de ambos m&eacute;todos coinciden en la
precisi&oacute;n de la medida, como demostraron Bellamy y col.41 Sin embargo, algunas
mejoras sobre el m&eacute;todo de la placa vibratoria han sido realizadas por Kuhn y
col.,23 de manera que, acopl&aacute;ndola a la balanza de Langmuir se pueden registrar la
isoterma (π-A) y la isoterma potencial superficial-&aacute;rea (ΔV-A) de forma simult&aacute;nea.
Las mol&eacute;culas esparcidas en la interfase presentan momentos dipolares de
diferente signo en funci&oacute;n de su estructura, hecho que determina el valor de
potencial que se registra en la superficie. Asimismo, este valor cambia a medida
que se comprime la monocapa, reflejando el cambio de orientaci&oacute;n e interacciones
de las mol&eacute;culas en la monocapa. Por otro lado, la existencia en la monocapa de
mol&eacute;culas con carga electrost&aacute;tica influye sobre las mol&eacute;culas de la subfase, dado
que los dipolos de las mol&eacute;culas de agua cercanas a la interfase se orientan y
forman la denominada “doble capa i&oacute;nica”.
El potencial superficial de un l&iacute;quido anfifilico en la interfase aire-agua
puede ser descrito39,41,42 como una combinaci&oacute;n lineal de tres t&eacute;rminos diferentes:
V  V0  Vp   0
(2)
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El t&eacute;rmino ΔV0 es el valor medido del potencial de la interfase aire-agua
limpia y normalmente est&aacute; en el rango de -300 mV a -500 mV. Este t&eacute;rmino se
origina debido a la simetr&iacute;a de la interfase aire-agua que dirige la orientaci&oacute;n de las
mol&eacute;culas de agua.43 El segundo t&eacute;rmino ΔVp, tambi&eacute;n llamado el t&eacute;rmino dipolar
es debido al momento dipolar permanente de la mol&eacute;cula de l&iacute;pido (momentos
dipolares de la cabeza polar y de la cola hidrof&oacute;bica). El tercer t&eacute;rmino, Ψ 0, o
potencial de la doble capa, es debido a las cargas del l&iacute;pido.
Espectroscop&iacute;a de Reflexi&oacute;n UV-vis en la Interfase Aire-Agua
Esta t&eacute;cnica se basa en la diferencia de reflectividad existente entre una
superficie acuosa cubierta con una monocapa y la superficie acuosa limpia. El
m&eacute;todo aplicado en esta Memoria, representado en la Figura 4, utiliza luz no
polarizada, la cual se hace incidir de forma normal sobre la superficie del agua.
Figura 4. Diferencia de reflectividad entre la interfase aire-agua limpia y la interfase aireagua cubierta por una monocapa.
Sean RS y RD,S las cantidades de radiaci&oacute;n reflejadas en ausencia y en
presencia de monocapa, respectivamente. Cuando la reflexi&oacute;n y la absorci&oacute;n son
peque&ntilde;as, se cumple aproximadamente que:
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RD,S  RS  RD  A RS
(3)
donde RD y A son la reflexi&oacute;n y la absorci&oacute;n propias de la monocapa,
respectivamente. El t&eacute;rmino A√RS representa la amplificaci&oacute;n de la luz reflejada a
consecuencia de la absorci&oacute;n. Asimismo, RD ≈ A&middot;AM/4 donde AM es la absorci&oacute;n
m&aacute;xima.
La medida experimental es directamente la diferencia entre RD,S y RS:
R  RD , S  RS  A( RS 
AM
 RS
4
(4)
En general, la absorci&oacute;n de una monocapa es lo suficientemente peque&ntilde;a
como para despreciar el t&eacute;rmino (AM/4). Asimismo, en este caso, absorci&oacute;n y
absorbancia est&aacute;n relacionadas por un factor num&eacute;rico 2.303, con lo que:
R  2.303 103 f o RS 
(5)
donde ε representa la absortividad molar en sus unidades habituales
(mol&middot;L-1&middot;cm),  es la concentraci&oacute;n superficial en mol&middot;cm-2, el factor 103 da cuenta
del cambio de unidades necesario para que ΔR sea adimensional, y, por &uacute;ltimo, fo
es el factor de orientaci&oacute;n, que compara las orientaciones promedio del dipolo de
transici&oacute;n de las mol&eacute;culas crom&oacute;foro en disoluci&oacute;n y en la interfase aire-agua.
La ecuaci&oacute;n (5) propone un m&eacute;todo para detectar la presencia de
crom&oacute;foros en la interfase aire-agua a partir de diferencias de reflexi&oacute;n de la
monocapa con respecto a la interfase limpia, permitiendo adem&aacute;s cuantificar la
cantidad de mol&eacute;culas existente en dicha interfase y obtener, como se describir&aacute;
m&aacute;s adelante, informaci&oacute;n acerca de la orientaci&oacute;n del crom&oacute;foro.
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Microscop&iacute;a de &aacute;ngulo Brewster (BAM)
La microscop&iacute;a de &aacute;ngulo Brewster tiene como objetivo la observaci&oacute;n
directa de la morfolog&iacute;a de pel&iacute;culas delgadas a nivel mesosc&oacute;pico, es decir, a nivel
de micr&oacute;metros. La informaci&oacute;n a este nivel puede ser de mucha importancia y
despejar muchas inc&oacute;gnitas en la investigaci&oacute;n de la estructura molecular de la
monocapa. La t&eacute;cnica BAM es una herramienta excelente para el estudio de
pel&iacute;culas de Langmuir, ya que permite visualizar transiciones de fase, as&iacute; como la
forma y estructura interna de los dominios que se originan durante los procesos de
compresi&oacute;n-descompresi&oacute;n de la monocapa. La microscop&iacute;a de &aacute;ngulo Brewster se
basa en el principio f&iacute;sico esquematizado en la Figura 5.
Figura 5. Esquema del principio f&iacute;sico de la microscop&iacute;a de &aacute;ngulo Brewster.
Cuando se hace incidir un haz de luz sobre la interfase aire-agua con un
&aacute;ngulo i = 53.1&deg; (&aacute;ngulo Brewster) y polarizaci&oacute;n paralela al plano de incidencia
(polarizaci&oacute;n p) toda la radiaci&oacute;n es transmitida, sin producirse reflexi&oacute;n. Si sobre
la subfase acuosa se esparce una monocapa de mol&eacute;culas se forma una nueva
interfase, cuyo &iacute;ndice de refracci&oacute;n var&iacute;a ligeramente. Como consecuencia, el
&aacute;ngulo Brewster disminuye tambi&eacute;n ligeramente. En estas condiciones,
manteniendo constante el &aacute;ngulo de incidencia original, parte de la radiaci&oacute;n se
refleja debido a la presencia de la monocapa. Si, a continuaci&oacute;n, esta radiaci&oacute;n se
recoge con una c&aacute;mara, se puede observar directamente la morfolog&iacute;a de la
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pel&iacute;cula durante su proceso de formaci&oacute;n y/o compresi&oacute;n. As&iacute; pues, la reflectividad
de una monocapa en BAM viene determinada por el &iacute;ndice de refracci&oacute;n y por el
espesor de la capa. Fases de la monocapa con mol&eacute;culas inclinadas muestran a
menudo anisotrop&iacute;a &oacute;ptica en el plano. Como ejemplos, mol&eacute;culas con largas
cadenas hidrocarbonadas, cuya polarizabilidad es mayor a lo largo del eje de la
cadena que perpendicular al mismo, presentan dominios con anisotrop&iacute;a &oacute;ptica que
puede observarse mediante BAM. Tambi&eacute;n, en la regi&oacute;n de coexistencia de dos
fases, es habitual la formaci&oacute;n de dominios, que cuando son lo suficientemente
grandes se hacen visibles en BAM. Estos dominios generalmente presentan distinto
brillo debido a diferencias en la inclinaci&oacute;n de las mol&eacute;culas. Esta t&eacute;cnica, frente a
otras como la microscop&iacute;a de fluorescencia, ofrece la ventaja de no requerir una
sonda fluorescente.
Difracci&oacute;n de rayos X de incidencia rasante (GIXD)
La difracci&oacute;n de rayos X de incidencia rasante es una t&eacute;cnica de
caracterizaci&oacute;n microestructural de pel&iacute;culas en la interfase aire-agua que usa una
fuente de rayos X de alta intensidad, la cual incide en la pel&iacute;cula de forma casi
paralela a dicha interfase. Esta t&eacute;cnica fue introducida por Kjaer y Dutta et al. 44-46 y
se
ha
establecido
como
una
poderosa
herramienta
para
estudiar
el
empaquetamiento de mol&eacute;culas anfif&iacute;licas en la interfase aire-agua.
Los rayos X de alta intensidad se generan por la colisi&oacute;n de positrones en
un acelerador de part&iacute;culas tipo sincrotr&oacute;n (l&iacute;nea BW1, HASYLAB, DESY,
Hamburgo), y son convertidos en un rayo monocrom&aacute;tico (λ=1.3038 &Aring;) gracias a
un cristal monocromador de Be. Este rayo se hace incidir sobre la monocapa a un
&aacute;ngulo de incidencia de αi=0.85αc, siendo αi≈0.13&ordm; el &aacute;ngulo cr&iacute;tico para la
reflexi&oacute;n total. S&oacute;lo los primeros 80 &Aring; por debajo de la superficie del agua son
iluminados, para mejorar la sensibilidad de las monocapas y eliminar el ruido de
fondo. Con un detector sensible a la posici&oacute;n lineal se recoge la luz difractada en
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funci&oacute;n del &aacute;ngulo de dispersi&oacute;n vertical αi. El &aacute;ngulo de dispersi&oacute;n en el plano
(horizontal) 2Θ se var&iacute;a rotando todo el dispositivo detector. En la Figura 6, se
hace un esquema de la dispersi&oacute;n producida en la t&eacute;cnica GIXD.
Figura 6. Esquema de la t&eacute;cnica GIXD
Las componentes horizontal (Qxy) y vertical (Qz) del vector de dispersi&oacute;n
se pueden expresar en la forma:
Qxy 
4

sin
2
(6)
2
Qz 
2

sin  f
(7)
donde λ es la longitud de onda de los rayos X. La intensidad de la radiaci&oacute;n
detectada se corrige en funci&oacute;n de la polarizaci&oacute;n, el &aacute;rea efectiva y el factor de
Lorentz. Los picos obtenidos en la direcci&oacute;n del plano se ajustan por m&iacute;nimos
cuadrados a una curva Lorentziana y los picos fuera del plano a una Gaussiana. La
semianchura (anchura a mitad del m&aacute;ximo, AMM) de los picos obtenidos en la
direcci&oacute;n del plano est&aacute; relacionada con la longitud de correlaci&oacute;n l, es decir, la
extensi&oacute;n de la red cristalina, en forma: l=2/AMM. Los picos obtenidos en la
direcci&oacute;n fuera del plano son llamados “barras de Bragg”, y su anchura es
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inversamente proporcional a la longitud de la mol&eacute;cula. Por la posici&oacute;n de los picos
en la direcci&oacute;n en el plano (horizontal), se puede determinar el espaciamiento de
red:
d (hk ) 
2
Qxyhk
(8)
donde (h,k) indica el orden de reflexi&oacute;n. Los par&aacute;metros de red a, b y el
&aacute;ngulo γ se puede estimar desde el espaciamiento de red d(hk), pudiendo calcular el
&aacute;rea por celda unidad Axy:
Axy  a  b  sin 
(9)
Las mol&eacute;culas anfif&iacute;licas s&oacute;lo se pueden empaquetar en un n&uacute;mero
limitado de redes cristalinas: hexagonal, ortorr&oacute;mbicas y oblicua. En una red
hexagonal, las cadenas est&aacute;n normalmente perpendiculares a la interfase, con unos
par&aacute;metros de red a=b y γ=120&ordm;. Cuando las cadenas est&aacute;n inclinadas totalmente e
forma sim&eacute;trica es una fase ortorr&oacute;mbica, y s&oacute;lo dos picos de Bragg son
detectados. Cuando una inclinaci&oacute;n es intermedia se tiene una fase oblicua, y se
pueden ver tres picos de difracci&oacute;n.
Reflectividad especular de rayos X (XRR)
Las medidas de reflectividad especular de rayos X se realizan en el mismo
instrumento donde se realizan las medidas de difracci&oacute;n GIXD. Para las medidas
de reflectividad, los &aacute;ngulos del rayo incidente αi y reflejado αi=0.85αf son iguales,
y se var&iacute;an en el rango de 0.5αc &lt; αi (αf) &lt; 30 αc, donde αc = 0.13&ordm;. La luz reflectada
es medida con un detector de centelleo de NaI en el plano del rayo incidente, en
funci&oacute;n del vector de dispersi&oacute;n fuera del plano Qz.
21
1. Pel&iacute;culas de Langmuir y Langmuir-Blodgett (LB)
En el caso de una interfase ideal y bien definida entre gas y l&iacute;quido, la
reflectividad (Rf(Q)) es simplemente una reflectividad tipo Fresnel. Una monocapa
de grosor d modula la reflectividad en vectores de onda del orden de π/d y
superiores. La reflectividad medida (R), dividida por la reflectividad de Fresnel
viene dada por la f&oacute;rmula:
2
R
1
 2  '( z )  eiQz &middot;Z dz
R f w
(10)
donde ρw es la densidad electr&oacute;nica del agua, ρ’ el gradiente de densidad
electr&oacute;nica a lo largo del vector normal Qz. En realidad, la interfase entre dos fases
no est&aacute; matem&aacute;ticamente bien definida. La rugosidad molecular, σ, es del orden de
los 3 &Aring; y est&aacute; causada principalmente por excitaciones t&eacute;rmicas en la superficie del
agua. Es por ello, que hay que introducir el factor Debye-Waller ( eQZ  ) en la
2
2
f&oacute;rmula.
No se puede aplicar directamente una transformada de Fourier a la
reflectividad para obtener la distribuci&oacute;n de densidad electr&oacute;nica, porque se mide el
cuadrado absoluto de un n&uacute;mero complejo y no la fase. Por ese motivo, la
reflectividad medida tiene que ser ajustada a un perfil de densidad con un n&uacute;mero
de par&aacute;metros ajustables: el modelo de cajas.
En una versi&oacute;n simplificada del modelo de cajas, la monocapa de
Langmuir es considerada como dos cajas que representan la regi&oacute;n de las cadenas
alif&aacute;ticas y el grupo polar, con densidades electr&oacute;nicas constantes. Este modelo
tiene 4 par&aacute;metros ajustables: altura (densidad) y anchura (longitud de los
segmentos) de las dos cajas, y un par&aacute;metro general que representa la rugosidad.
Este modelo es capaz de describir satisfactoriamente la regi&oacute;n de las colas
alif&aacute;ticas, aunque no es tan bueno para la determinaci&oacute;n de la orientaci&oacute;n y la
hidrataci&oacute;n del grupo polar.
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Espectroscopia Infrarroja de Absorci&oacute;n-Reflexi&oacute;n con Modulaci&oacute;n de
Polarizaci&oacute;n (PM-IRRAS)
La t&eacute;cnica de PM-IRRAS permite determinar la orientaci&oacute;n molecular de
los grupos funcionales y de toda la mol&eacute;cula o de todo un sistema molecular, como
por ejemplo, en las monocapas de Langmuir mediante la comparaci&oacute;n de las
intensidades m&aacute;ximas, o mediante el c&aacute;lculo de un espectro te&oacute;rico47,48. La luz ppolarizada se absorbe preferentemente durante la reflexi&oacute;n, pero la luz s-polarizada
se refleja casi en su totalidad, a diferencia de los medios is&oacute;tropos, donde la
absorci&oacute;n es independiente de la polarizaci&oacute;n. Por lo tanto, cualquier diferencia en
la medida la luz p-polarizada y s-polarizada, se puede atribuir a la absorci&oacute;n
espec&iacute;fica en la superficie de la interfase. Las relaciones de los m&aacute;ximos relativos
de los grupos funcionales se pueden utilizar para determinar la inclinaci&oacute;n de las
mol&eacute;culas con respecto a la interfase.
En la t&eacute;cnica de PM-IRRAS, la luz infrarroja se resuelve en las
componentes, s (paralela a la interfase) y p (perpendicular a la interfase), utilizando
un modulador fotoel&aacute;stico (PEM)49-51 a una frecuencia alta. La luz polarizada p que
se detecta, contiene informaci&oacute;n tanto de la subfase como de la superficie. Debido
al desfase de 180&deg;, la luz polarizada s que se detecta, s&oacute;lo aporta informaci&oacute;n de la
subfase. Por tanto, la informaci&oacute;n de la superficie se obtiene a partir de la
diferencias de reflectividades, esto es:
R  Rp  RS
Dividiendo
(11)
la
diferencia
de
reflectividades
entre
la
suma
de
reflectividades52,53,54:
S  R / S  ( Rp  RS ) / ( Rp  RS )
(12)
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siendo R = Rp + Rs; se obtiene la relaci&oacute;n de reflectividades o se&ntilde;al S, en la
cual se compensa la reflectividad de la subfase. S&oacute;lo la absorci&oacute;n anisotr&oacute;pica
contribuye a la se&ntilde;al, S, del PM-IRRAS, como es el caso de monocapas de l&iacute;pido y
colorante. En la Memoria, se obtienen directamente las se&ntilde;ales normalizadas a
trav&eacute;s de la expresi&oacute;n:
S  (Sd  S0 ) / S0
(13)
donde Sd y So son las se&ntilde;ales obtenidas en presencia y en ausencia de
monocapa. Por este tratamiento matem&aacute;tico, se pueden detectar las reflectividades
de las diferentes especies moleculares en las interfaces s&oacute;lido-gas55-57, gasl&iacute;quido58,59 y s&oacute;lido-l&iacute;quido60-63. En comparaci&oacute;n con la t&eacute;cnica de IRRAS, la
modulaci&oacute;n de alta frecuencia permite detectar las polarizaciones de la luz
reflejada, (Rs) y (Rp), de forma cuasi-simult&aacute;nea.
Figura 7. Esquema de un experimento de PM-IRRAS. A) Esquema del instrumento.
B) Esquema fundamento f&iacute;sico del PEM64. C) Isoterma π-A del fosfol&iacute;pido (DPPC), donde
se muestran las presiones superficiales a las cuales se registraron los interferogramas.
D) Interferogramas a distintas presiones superficiales.
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1.4. FABRICACI&Oacute;N DE PELICULAS DE LANGMUIR-BLODGETT (LB)
Existe un gran inter&eacute;s sobre la construcci&oacute;n de sistemas formados por
mol&eacute;culas que interact&uacute;an entre s&iacute; como engranajes de una m&aacute;quina. Son los
denominados ensamblajes moleculares organizados, constituyentes b&aacute;sicos de la
Nanotecnolog&iacute;a. Una v&iacute;a para construir estos sistemas consiste en la incorporaci&oacute;n
de mol&eacute;culas activas dentro de monocapas de matrices lip&iacute;dicas apropiadas, y en el
ensamblaje de las mismas de una manera predeterminada.
Cada monocapa se prepara en la interfase aire-agua mediante
esparcimiento de las mol&eacute;culas de una forma adecuada, para posteriormente,
transferirse sobre un soporte s&oacute;lido formando estructuras supramoleculares con
caracter&iacute;sticas definidas.
Con el objeto de construir, ensamblar y manipular pel&iacute;culas simples,
preparadas previamente en la interfase aire-agua, Irving Langmuir y Katherine
Blodgett desarrollaron la t&eacute;cnica que lleva su nombre, Langmuir-Blodgett (LB). No
obstante, no es hasta principios de los 60 debido, en gran parte, al trabajo realizado
por Kuhn y col,65 cuando la necesidad de construir sistemas organizados complejos
mediante el ensamblaje de monocapas de manera controlada impulsa el desarrollo
de la t&eacute;cnica LB. Este interesante campo de la ciencia ha experimentado un r&aacute;pido
crecimiento durante las &uacute;ltimas d&eacute;cadas.17,18,65,66 El m&eacute;todo LB consiste,
b&aacute;sicamente, en colocar un soporte s&oacute;lido perpendicular a la interfase aire-agua
cubierta por la monocapa que se va a transferir y, mediante inmersi&oacute;n y/o emersi&oacute;n
de dicho soporte, las mol&eacute;culas se van depositando sobre el sustrato s&oacute;lido, tal
como se muestra en la Figura 8.
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Figura 8. T&eacute;cnica de deposici&oacute;n Langmuir-Blodgett (LB).
Durante la transferencia se hace avanzar la barrera m&oacute;vil para compensar
la p&eacute;rdida de mol&eacute;culas y un mecanismo feed-back mantiene constante la presi&oacute;n
superficial.
Adem&aacute;s de este m&eacute;todo, en la bibliograf&iacute;a se encuentran descritos otros
m&eacute;todos de transferencia,67 como la t&eacute;cnica de deposici&oacute;n horizontal introducida
por Langmuir y Schaefer.68 En esta t&eacute;cnica, el substrato s&oacute;lido se hace contactar
con la superficie de la monocapa, paralelo a la interfase aire-agua, de forma que la
monocapa se transfiere con la parte apolar sobre el soporte y la parte polar en
contacto con el aire (Figura 9)
Figura 9. T&eacute;cnica de deposici&oacute;n Langmuir-Schaefer (LS).
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Como otros ejemplos se encuentran el m&eacute;todo de contacto de Schulman,69
o el m&eacute;todo de Kossi y Leblanc.70
Actualmente no se conocen con exactitud todos los mecanismos por los
que las monocapas en la interfase aire-agua se transfieren a los substratos
s&oacute;lidos.66,71 Se ha descrito que las interacciones moleculares implicadas en la
deposici&oacute;n de la primera capa pueden ser bastante diferentes de las responsables de
la transferencia de las siguientes. Adem&aacute;s, para algunos materiales, la deposici&oacute;n
de la pel&iacute;cula parece estar asociada con un cambio de fase al cambiar de interfase.
Sin embargo, no siempre pueden explicarse fen&oacute;menos como los diferentes modos
de transferencia, y la adecuada velocidad a la que los materiales pueden
depositarse. De hecho, la comprensi&oacute;n de los fen&oacute;menos fisicoqu&iacute;micos que
gobiernan la transferencia LB son, todav&iacute;a, objeto de investigaci&oacute;n.72,73
La fabricaci&oacute;n de pel&iacute;culas LB de alta calidad requiere de un alto grado de
destreza, as&iacute; como de un control cuidadoso de todas las variables experimentales,
como son: estabilidad y homogeneidad de las mol&eacute;culas que forman la monocapa,
propiedades de la subfase (composici&oacute;n, fuerza i&oacute;nica, pH y temperatura),
naturaleza del substrato (estructura y car&aacute;cter hidrof&oacute;bico o hidrof&iacute;lico), velocidad
de inmersi&oacute;n y emersi&oacute;n del soporte, &aacute;ngulo de penetraci&oacute;n del sustrato en la
subfase, presi&oacute;n de compresi&oacute;n durante el proceso de deposici&oacute;n, y n&uacute;mero de
monocapas transferidas.
En la parte inferior de la Figura 8 se muestra la deposici&oacute;n de una
monocapa sobre un soporte s&oacute;lido mediante la t&eacute;cnica LB. En este caso, se supone
un sustrato hidrof&iacute;lico de forma que la primera monocapa se transfiere cuando el
sustrato emerge de la subfase, lo que implica que dicho sustrato ha de colocarse
dentro de la misma antes de esparcir la monocapa. En este modo de deposici&oacute;n
denominado tipo Y,66,71 el ordenamiento de la pel&iacute;cula es centrosim&eacute;trico,
estableci&eacute;ndose una configuraci&oacute;n cabeza-cabeza y cola-cola en sucesivas
transferencias (Figura 10, centro).
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Figura 10. Tipos de transferencia LB
En la bibliograf&iacute;a66,71 se encuentran pel&iacute;culas cuya deposici&oacute;n es tipo X, en
las que la monocapa se transfiere &uacute;nicamente durante la inmersi&oacute;n del soporte a
trav&eacute;s de la interfase, y pel&iacute;culas tipo Z, en las que la deposici&oacute;n de la monocapa
s&oacute;lo tiene lugar al emerger el sustrato de la subfase. En ambos casos se obtienen
pel&iacute;culas centro-asim&eacute;tricas (Figura 10, izquierda y derecha). Tendr&iacute;a que indicarse
que el ordenamiento molecular final en una capa LB no siempre es tan perfecto
como aparece en la Figura 10, ya que en muchos casos se produce una
reorganizaci&oacute;n de las mol&eacute;culas en la pel&iacute;cula depositada.
Con objeto de cuantificar el grado de transferencia desde la interfase aireagua a la interfase aire-s&oacute;lido, se usa la denominada relaci&oacute;n de transferencia, dada
por:

AL
AS
(14)
donde AL es la disminuci&oacute;n del &aacute;rea ocupada por la monocapa sobre la
interfase aire-agua, a presi&oacute;n constante, y AS es el &aacute;rea cubierta del substrato s&oacute;lido.
As&iacute;, valores de τ pr&oacute;ximos a la unidad indican una transferencia pr&aacute;cticamente
completa de la monocapa desde la interfase aire-agua al soporte s&oacute;lido.
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1.5. T&Eacute;CNICAS
DE
CARACTERIZACI&Oacute;N
DE
PEL&Iacute;CULAS
DEPOSITADAS
Una vez formada la pel&iacute;cula LB, para controlar su arquitectura y
organizaci&oacute;n, es necesario conocer los distintos factores que afectan a la estructura
supramolecular de la misma. Con este objeto se pueden usar diversas t&eacute;cnicas de
caracterizaci&oacute;n, muchas de las cuales han sido referidas previamente para el
estudio para el estudio de monocapas en la interfase aire-agua (Tabla 1). As&iacute;, se
encuentran t&eacute;cnicas espectrosc&oacute;picas tales como: espectroscop&iacute;a de absorci&oacute;n UVvis, dicro&iacute;smo circular (DC), espectroscop&iacute;a IR con transformada de Fourier y
Raman (SERS), elipsometr&iacute;a, difracci&oacute;n de rayos X. Existen diversas
microscop&iacute;as, como la de &aacute;ngulo Brewster (BAM), electr&oacute;nica de barrido (SEM) y
de transmisi&oacute;n (TEM), de efecto t&uacute;nel (STM) y de fuerza at&oacute;mica
(AFM).17,18,23,65,74-77 Estas t&eacute;cnicas constituyen un grupo de herramientas muy
importante dentro de este campo, puesto que mediante ellas no s&oacute;lo se obtiene
informaci&oacute;n sobre la densidad de las mol&eacute;culas soportadas, sino tambi&eacute;n acerca de
la estructura (orden), morfolog&iacute;a (topolog&iacute;a) y composici&oacute;n, permitiendo
determinar el tama&ntilde;o, orientaci&oacute;n e interacci&oacute;n entre los dominios formados, si los
hubiese, as&iacute; como datos sobre los defectos de la pel&iacute;cula. Toda esta informaci&oacute;n
ayuda a construir los modelos de organizaci&oacute;n molecular en la pel&iacute;cula.
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Cap&iacute;tulo I
COLORANTES
2.1. DEFINICI&Oacute;N Y CLASIFICACI&Oacute;N DE LOS COLORANTES
Ha sido dif&iacute;cil establecer una definici&oacute;n satisfactoria desde el punto de
vista general del concepto de colorante. Por un lado, hay necesidad de distinguir
entre una sustancia coloreada y un colorante en sentido estricto, es decir, una
sustancia capaz de colorear a otras. Por otra parte, no es posible establecer una
delimitaci&oacute;n exacta de ambos conceptos sin cometer ninguna arbitrariedad.
Para evitar conflicto, como colorante se define a aquella sustancia
coloreada que sea capaz de te&ntilde;ir o colorear a otras sustancias. Por lo tanto, un
colorante se considerar&aacute; como tal cuando realmente pueda colorear a otra
sustancia.
Los colorantes pueden ser clasificados de dos formas distintas, o bien
conforme a su estructura qu&iacute;mica o bien seg&uacute;n el m&eacute;todo de aplicaci&oacute;n (Color
Index, Society of Dyers and Colourist, Bradford (Inglaterra))1-3.
Si nos centramos en la clasificaci&oacute;n qu&iacute;mica, los colorantes se agrupan de
acuerdo con caracter&iacute;sticas estructurales qu&iacute;micas comunes. Se encuentran las
siguientes familias qu&iacute;micas (Tabla 1). En negrita, se resaltan las mol&eacute;culas
utilizadas en distintos cap&iacute;tulos de la presente Memoria
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Tabla 1. Clasificaci&oacute;n de los colorantes seg&uacute;n su familia qu&iacute;mica
Familia
Estructura
Derivados
Ejemplos
DAO (N-10 dodecil
acridina)
Acridina
Naranja de acridina
Proflavina
Alizarina
Purpurina
Antraquinona
Tetraaminoantraquinona
Arilmetano
Azo
Diarilmetano
Triarilmetano
Monoazo
Diazo
Auramina O.
Fucsina carbonada
Violeta de cristal
Azobenceno
Azurubina
Tartracina
Benzo-oxazol
Benzo-tiazol
Cianina
Cianina
Benzo-seleno-azol
Merocianina
HSP (Hidroxi estiril
pirinidio)
SP (Estiril piridinio)
I&oacute;n diazonio
Diazonio
(Precursor de los
azocolorantes)
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Pinosilvina
Estilbeno
Rapontienina
Trans-resveratrol
Hexadecahidroftalocianinia
Ftalocianina
Porfirina
Subftalocianina
Superftalocianina
Nitro
&Aacute;cido p&iacute;crico
Nitroso
Verde naftol Y
Azina
Indamina
Quinona-
Indofenol
Imina
Oxazina
Oxazona
Azul de metileno
Rojo neutro
Tionina
Tiazina
Tiazol
Tioflavina
Rodamina B
Xanteno
Fluoreno
Rodamina G
Fluorona
Rodamina 123
Pironina Y
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2.2. INTERACCI&Oacute;N DE LA LUZ CON LOS OBJETOS
La luz puede interaccionar con los objetos de distintas formas; los dos m&aacute;s
importantes desde el punto de vista de su influencia en el color son: la absorci&oacute;n y
la difusi&oacute;n. La absorci&oacute;n es el proceso por el cual la energ&iacute;a radiante se utiliza para
promocionar estados de energ&iacute;a superiores en las mol&eacute;culas, mientras que la
difusi&oacute;n es la interacci&oacute;n por la cual la luz es redirigida como consecuencia de
refracciones y reflexiones m&uacute;ltiples.
La espectroscop&iacute;a electr&oacute;nica UV-vis es una t&eacute;cnica instrumental &uacute;til para
caracterizar los colores de los colorantes. Desde un punto de vista m&aacute;s general, es
&uacute;til para caracterizar los colores de cualquier sustancia que presente absorci&oacute;n en el
rango del espectro UV-vis. Estos espectros pueden ser determinados a partir de
muestras adecuadas, ya sea en modo de transmisi&oacute;n (absorci&oacute;n) o de reflexi&oacute;n. Los
espectros de absorci&oacute;n UV-vis de los colorantes en disoluci&oacute;n proporcionan
informaci&oacute;n importante que permite establecer relaciones entre el color y la
estructura molecular de los colorantes.
Una disoluci&oacute;n de un colorante debe su color a la absorci&oacute;n selectiva de
ciertas longitudes de onda de la luz visible por parte de las mol&eacute;culas del colorante.
Las restantes longitudes de onda de luz son transmitidas, dando lugar as&iacute; al color
observado. La absorci&oacute;n de energ&iacute;a de la luz visible por parte de una mol&eacute;cula
promociona en ella electrones desde un estado de energ&iacute;a bajo, o estado
fundamental, a un estado de mayor energ&iacute;a, o estado excitado. Por lo tanto, se dice
que la mol&eacute;cula es un colorante. La diferencia de energ&iacute;a, ΔE, entre el estado
electr&oacute;nico fundamental y el estado electr&oacute;nico excitado viene dada por la ecuaci&oacute;n
de Planck:
E  h&middot;
(1)
donde h es la constante de Planck, h=6,64 x 10-34 J&middot;s-1) y ν es la frecuencia
de la luz absorbida. La ecuaci&oacute;n anterior se puede ser expresar como:
36
Pel&iacute;culas de Langmuir y de Langmuir-Blodgett (LB)
E  h&middot;
c
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(2)
donde c es la velocidad de la luz en el vacio (c = 3 x 10-8 m&middot;s-1) y es la
longitud de onda de la luz absorbida. Por consiguiente, existe una relaci&oacute;n inversa
entre la diferencia de energ&iacute;as entre los estados fundamental y excitado del
colorante y la longitud de onda de la luz que se absorbe. Como consecuencia, por
ejemplo, un colorante amarillo que absorbe luz (azul) de bajas longitudes de onda,
requiere una energ&iacute;a de excitaci&oacute;n mayor que, por ejemplo, un colorante rojo que
absorbe luz (verde-azulada) de longitudes de onda m&aacute;s altas.
Una medida &uacute;til de la fuerza o intensidad del color de un colorante viene
dada por el valor del absortividad molar, ε, a su valor de λm&aacute;x. Esta cantidad se
puede determinar a partir del espectro de absorci&oacute;n UV-vis del colorante, por
medio de la ley de Lambert-Beer, es decir:
A   &middot;c&middot;l
(3)
donde A es la absorbancia (U.A.) del colorante a una longitud de onda, ε es el
coeficiente de extinci&oacute;n molar a esa longitud de onda (L&middot;mol-1&middot;cm-1), c es la
concentraci&oacute;n del colorante (mol&middot;L-1) y l es el camino &oacute;ptico (normalmente 1 cm
de paso de la cubeta).
La ley de Lambert-Beer se cumple para la mayor&iacute;a de los colorantes en
disoluci&oacute;n a bajas concentraciones (&lt;0.01M), aunque se pueden encontrar
desviaciones de la ley cuando los colorantes muestran efectos de agregaci&oacute;n
molecular en disoluci&oacute;n. Sin embargo, puesto que la intensidad del color de un
colorante est&aacute; m&aacute;s exactamente relacionada con el &aacute;rea de la banda de absorci&oacute;n,
es importante tratar su relaci&oacute;n con el coeficiente de extinci&oacute;n molar de un modo
cualitativo y dependiente, hasta cierto punto, de la forma de la curva de absorci&oacute;n.
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2.3. APLICACIONES
Al margen de las aplicaciones industriales, principalmente de pinturas,
textiles y alimentaci&oacute;n; los colorantes tienen diversas aplicaciones en
investigaci&oacute;n, dentro de diferentes ramas de las ciencias.
Cuando se pretende dise&ntilde;ar dispositivos moleculares resulta esencial el
control de la organizaci&oacute;n molecular, tal es as&iacute;, que en la preparaci&oacute;n y
manipulaci&oacute;n de mezclas de mol&eacute;culas anf&iacute;f&iacute;licas puedan servir como sistemas
modelo de membranas biol&oacute;gicas; por ejemplo, para mimetizar funciones celulares
como el transporte de l&iacute;pidos a trav&eacute;s de membranas4,5. La intercalaci&oacute;n de los
colorantes en estas membranas permite la medida del potencial de membrana,
gracias a que los colorantes distribuyen los electrones, pues en dicha intercalaci&oacute;n
cambia su orientaci&oacute;n, posicion&aacute;ndose de forma paralela a las cadenas lip&iacute;dicas,
modific&aacute;ndose su distribuci&oacute;n de carga6.
Tambi&eacute;n en dispositivos electroluminiscentes y en sistemas de detecci&oacute;n
de gases y otros tipos de sensores, hasta su utilizaci&oacute;n en c&eacute;lulas solares. En los
diodos org&aacute;nicos emisores de luz (en ingl&eacute;s OLED’s) se utilizan los colorantes
org&aacute;nicos con propiedades electroluminiscentes, los cuales se intercalan en una
matriz polim&eacute;rica, permitiendo cambiar sus propiedades &oacute;pticas y el&eacute;ctricas
mediante pulsos el&eacute;ctricos7-9.
En el caso sensores de gases, los colorantes
utilizados son trasferidos a un soporte s&oacute;lido y en presencia del gas modifican su
espectro de absorci&oacute;n pudi&eacute;ndose determinar cualitativamente10,11. En la
fabricaci&oacute;n de c&eacute;lulas solares, se utilizan los colorantes para crear defectos de red y
promocionar electrones gracias a la fotoexcitaci&oacute;n12.
En bioqu&iacute;mica, se utiliza para el estudio de la organizaci&oacute;n y modelado de
macromol&eacute;culas. El naranja de acridina (N,N,N',N'-tetrametilacridina seg&uacute;n
IUPAC) que es un colorante cati&oacute;nico, resulta selectivo para los &aacute;cidos nucleicos y
&uacute;til para realizar determinaciones sobre el ciclo celular. &Eacute;ste interacciona con el
ADN (&aacute;cido desoxirribonucleico) y el ARN (&aacute;cido ribonucleico) por intercalaci&oacute;n
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dentro de la mol&eacute;cula o por atracci&oacute;n electrost&aacute;tica, respectivamente. Cuando est&aacute;
asociado al ADN, el naranja de acridina es espectralmente similar a la fluoresce&iacute;na,
presentado un m&aacute;ximo de excitaci&oacute;n a 502 nm y una emisi&oacute;n a 525 nm (en el
verde). Cuando est&aacute; asociado al ARN, la excitaci&oacute;n m&aacute;xima deriva a 460 nm (en el
azul) y la emisi&oacute;n m&aacute;xima a 650 nm (en el rojo). Por lo tanto, este colorante ti&ntilde;e de
verde a las c&eacute;lulas en fase de divisi&oacute;n activa (mayor presencia de ADN), y de
naranja a las que est&aacute;n en reposo multiplicativo (mayor presencia de ARN y
prote&iacute;nas)13. El colorante se utiliza frecuentemente en microscop&iacute;a de
epifluorescencia, que a diferencia de que un microscopio &oacute;ptico convencional la
luz atraviesa la muestra estudiada; en esta t&eacute;cnica, la luz que incide sobre la
muestra estudiada no la atraviesa sino que la misma lente ilumina y recibe la luz
emitida por la muestra. Su funcionamiento se basa en la propiedad de fluorescencia
que tienen ciertas mol&eacute;culas denominadas fluorocromos14,15.
En otras situaciones, se emplea colorantes para la fotodegradaci&oacute;n de
derivados fluorados, como es el caso del azul de metileno; con ello se evita la
emisi&oacute;n de fluorescencia, de esta manera se puede visualizar la difusi&oacute;n del
fluor&oacute;foro hacia la zona carente de fluorescencia, permitiendo estudiar la fluidez de
membranas, el movimiento de mol&eacute;culas en la c&eacute;lula16, o en t&eacute;cnicas
electroqu&iacute;mica ya que puede utilizarse como agente redox para la detecci&oacute;n
electroqu&iacute;mica de la presencia de DNA17. Tambi&eacute;n se usan como mol&eacute;culas
auxiliares en t&eacute;cnicas como RAMAN us&aacute;ndose como modelo para evaluar las
propiedades fotocatalitica de las nanopart&iacute;culas que se sintetizan18,19.
Tambi&eacute;n puede encontrarse muchas aplicaciones m&eacute;dicas para los
colorantes, como por ejemplo derivados de la antraquinona como la alizarina que
ti&ntilde;e las sales de calcio de color rojo &uacute;tiles para el reconocimiento del dep&oacute;sito de
calcio en los tejidos20,21. A su vez, diversos derivados de las azinas, oxazinas,
tiazinas y xantenos puede ser utilizados como agentes qu&iacute;micos en el tratamiento
contra la malaria.22
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3. ESPECTROSCOP&Iacute;A Y AGREGACI&Oacute;N MOLECULAR
3.1. ESPECTROSCOP&Iacute;A
DE
REFLEXI&Oacute;N
UV-vis.
FUERZA
DE
OSCILADOR Y FACTOR DE ORIENTACI&Oacute;N
La reflexi&oacute;n UV-vis de una monocapa en la interfase aire-agua est&aacute;
relacionada con la presencia de crom&oacute;foros en dicha interfase. La interpretaci&oacute;n de
los espectros puede aportar informaci&oacute;n valiosa e “in situ” de la agregaci&oacute;n de los
colorantes, como el posible car&aacute;cter anisotr&oacute;pico de los agregados de los colorantes
frente a los colorantes individuales en disoluci&oacute;n.
La reflexi&oacute;n de una pel&iacute;cula superficial puede escribirse como1:
R  RD,S  RS  2.303 103 f o RS 
(1)
donde RS y RD,S son las reflexiones en ausencia y en presencia de
monocapa, respectivamente, ε representa la absortividad molar en sus unidades
habituales (mol&middot;L-1&middot;cm),  es la concentraci&oacute;n superficial en mol&middot;cm-2, el factor
103 da cuenta del cambio de unidades necesario para que ΔR sea adimensional. Por
&uacute;ltimo, fo es el factor de orientaci&oacute;n. Este factor compara las orientaciones
promedio del dipolo de transici&oacute;n en la interfase aire-agua y en disoluci&oacute;n. Su
introducci&oacute;n es necesaria ya que, la absortividad molar, ε, se define como aquella
que posee el crom&oacute;foro en disoluci&oacute;n, es decir, cuando los dipolos est&aacute;n orientados
al azar. Para una banda de absorci&oacute;n no degenerada, es decir, con una sola
componente diferente de cero en su dipolo de transici&oacute;n, el factor de orientaci&oacute;n
viene dado por2:
f0 
3
sen( )2
2
(2)
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donde θ, es el &aacute;ngulo existente entre la normal a la interfase y la direcci&oacute;n
del dipolo de transici&oacute;n de la banda de absorci&oacute;n, y los corchetes indican valores
promedio. Una forma de eliminar el efecto de la concentraci&oacute;n en los espectros de
reflexi&oacute;n es expresarlos de forma normalizada, para ello, dado que la concentraci&oacute;n
superficial de crom&oacute;foro viene dada por:

1014
NA A
(3)
siendo NA el n&uacute;mero de Avogadro y A el &aacute;rea ocupada por mol&eacute;cula de
crom&oacute;foro. Es posible definir, combinando las ecuaciones (1) y (3), la reflexi&oacute;n
normalizada ΔRnorm, como:
Rnorm  A  R 
2.303 1017 f 0
NA
RS  5.41 108 f 0
(4)
donde se ha utilizado para la reflexi&oacute;n de la interfase aire/agua limpia RS =
0.02. ΔRnorm posee unidades de nm2&middot;mol&eacute;cula-1. La ecuaci&oacute;n (4) propone una forma
para detectar la presencia de crom&oacute;foros en la interfase aire-agua a partir de
medidas del incremento de la reflexi&oacute;n de la monocapa con respecto a la interfase
limpia, permitiendo cuantificar el material existente en dicha interfase y obtener
informaci&oacute;n sobre la orientaci&oacute;n del crom&oacute;foro2, a trav&eacute;s de f0; y sobre la
agregaci&oacute;n molecular, a partir del desplazamiento de las bandas.
La intensidad de una banda de absorci&oacute;n electr&oacute;nica suele representarse en
t&eacute;rminos de la denominada fuerza del oscilador, f 3. Esta puede calcularse a partir
de la integraci&oacute;n de la banda
f 
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donde ε es la absortividad molar, ε0 la permitividad en el vac&iacute;o, me y e la
masa y carga del electr&oacute;n, c0 la velocidad de la luz en el vac&iacute;o, y NA el n&uacute;mero de
Avogadro. En la ecuaci&oacute;n anterior, el factor num&eacute;rico 1.44&times;10-19 tiene unidades de
mol&middot;L-1&middot;cm&middot;s. La combinaci&oacute;n de las ecuaciones (4) y (5) nos propone un
procedimiento para el c&aacute;lculo de la fuerza del oscilador a trav&eacute;s de la integraci&oacute;n
de la banda de reflexi&oacute;n normalizada
f 
1.44 1019
2.66 1012

R
d


 norm
 Rnorm d 
5.41108 f o banda
f0
banda
(6)
Sin embargo, el factor de orientaci&oacute;n es una magnitud desconocida a priori,
por lo que conviene definir una fuerza del oscilador aparente mediante la relaci&oacute;n:
f ap  f  f 0  2.66 1012

Rnorm d 
(7)
banda
donde el factor 2.66&times;10-12 tiene unidades de nm-2 s. Hay que indicar que,
en la anterior definici&oacute;n, f es la fuerza del oscilador en disoluci&oacute;n (condiciones
isotr&oacute;picas).
3.2. ABSORCI&Oacute;N DE RADIACI&Oacute;N Y AGREGACI&Oacute;N MOLECULAR:
MODELO DE LOS DIPOLOS EXTENDIDOS
La mayor parte de las propiedades espectrosc&oacute;picas de los agregados
moleculares son consecuencia de las propiedades individuales de las mol&eacute;culas.
Sin embargo, a pesar de que en estos sistemas la energ&iacute;a de interacci&oacute;n es d&eacute;bil, es
posible observar grande diferencias entre los espectros de absorci&oacute;n de la mol&eacute;cula
aislada y del agregado molecular. Estas diferencias se deben al acoplamiento entre
los momentos dipolares de transici&oacute;n de cada mol&eacute;cula. As&iacute;, cuando una mol&eacute;cula
es excitada electr&oacute;nicamente en el seno de un agregado molecular, dicho estado
puede ser transportado a mol&eacute;culas vecinas de forma que es compartido
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colectivamente, en mayor o menor medida, por el agregado. El hecho de que el
estado excitado tenga cierta movilidad permite introducir como concepto te&oacute;rico, la
existencia de una cuasi-part&iacute;cula asociada a dicho movimiento. A dicha cuasipart&iacute;cula se le denomina excit&oacute;n. Los complejos de transferencia de carga,
exc&iacute;meros, polarones, bipolarones, y los denominados agregados H y J son, entre
otros, ejemplos de excitones4.
Figura 1. Diagrama de energ&iacute;a del modelo los dipolos extendidos.
Supongamos una mol&eacute;cula aislada, siendo Ψ y Ψ* las funciones de onda de
su estado fundamental y de su primer estado excitado, respectivamente, e ΔEmon la
energ&iacute;a correspondiente a la transici&oacute;n espectrosc&oacute;pica entre ambos (parte
izquierda de la Figura 1)
En el caso m&aacute;s simple, nuestro agregado estar&aacute; formado solo por dos
mol&eacute;culas id&eacute;nticas (d&iacute;mero o de van der Waals). Si Ψ1 y Ψ2 son las funciones de
onda fundamentales de estas mol&eacute;culas, el producto Ψ1Ψ2 representar&aacute;, de forma
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aproximada, la funci&oacute;n de onda fundamental del agregado. Supongamos ahora que
una de las dos mol&eacute;culas es excitada electr&oacute;nicamente, y que Ψ1*Ψ2 y Ψ1Ψ2*
representan estas dos opciones. En principio ambas mol&eacute;culas tienen la misma
probabilidad de ser excitadas y, de hecho, el estado excitado es compartido entre
ambas. La funci&oacute;n de onda de este estado excitado compartido (excit&oacute;n), puede ser
representada mediante una combinaci&oacute;n lineal de las dos opciones anteriores. El
m&eacute;todo vibracional de la Mec&aacute;nica Cu&aacute;ntica nos ense&ntilde;a que, en estos casos, son
posibles dos combinaciones lineales diferentes y, por lo tanto, dos estados
excitados diferentes representados por las funciones:
 e 
 
2
1
1
*
2
  2 1* 
(8)
Si las dos mol&eacute;culas interaccionan mediante un operador energ&iacute;a V 12, las
energ&iacute;as de los estados Ψe+ y Ψe- dependen de la denominada integral de interacci&oacute;n
resonante la cual tiene la forma:
J   1* 2V12 2* 1d
(9)
por lo que la energ&iacute;a correspondiente a la transici&oacute;n espectrosc&oacute;pica en el
d&iacute;mero puede ser expresada mediante la relaci&oacute;n4
Edim  Emon  W  2J
(10)
donde ΔW = W’ – W (ver Figura 1) da cuenta de las diferentes energ&iacute;as de
interacci&oacute;n electrost&aacute;ticas que puedan existir entre los estados excitados y
fundamental de las mol&eacute;culas. En este t&eacute;rmino se suelen incluir otras componentes
no tenidas en cuenta, tales como fuerzas de dispersi&oacute;n y/o solapamiento entre
orbitales. Sin embargo, y con frecuencia, este t&eacute;rmino suele despreciarse. El factor
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2 que multiplica a J en la ecuaci&oacute;n anterior procede del hecho de que el orbital
HOMO est&aacute; doblemente ocupado5.
La integral de la ecuaci&oacute;n (12) representa la energ&iacute;a de interacci&oacute;n entre
los dos momentos dipolares de transici&oacute;n, M, de cada mol&eacute;cula. Este hecho
permite evaluar dicha integral, de forma aproximada, sustituy&eacute;ndola por su
equivalente cl&aacute;sico, es decir, por la energ&iacute;a de transici&oacute;n entre dos osciladores
cl&aacute;sicos acoplados. El m&eacute;todo consiste en suponer que cada mol&eacute;cula puede ser
representada por su dipolo de transici&oacute;n M, y que este puede ser expresado
mediante la relaci&oacute;n M  q , donde q es la separaci&oacute;n de carga y
la longitud
del dipolo formado (ver Figura 2). La energ&iacute;a de interacci&oacute;n entre las mol&eacute;culas
ser&aacute; por lo tanto
J
q2  1 1 1 1 
    
  a1 a2 a3 a4 
(11)
donde ε es la constante diel&eacute;ctrica del medio (ε ≈ 2.5), a1 y a2 representan
las distancias entre cargas del mismo signo y, a3 y a4 las distancias entre cargas de
signo opuesto, tal y como se muestra en la Figura 2. La sustituci&oacute;n de la integral
(12) por la expresi&oacute;n (14), constituye la base de la denominada aproximaci&oacute;n de
los dipolos extendidos.5
Figura_2. Esquema del modelo de
los dipolos extendidos
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Para r &gt;&gt; F, siendo r la distancia entre los centros geom&eacute;tricos de las
mol&eacute;culas (ver Figura 3), es posible simplificar la ecuaci&oacute;n anterior, ya que
q2  1 1 1 1  q2 2 M 2
 3
    
  a1 a2 a3 a4  r 3
r
(12)
Esta expresi&oacute;n es v&aacute;lida para un &aacute;ngulo de θ = 0. En general, para
cualquier &aacute;ngulo se cumple que (Figura 3):
J

M2
2
1  3cos  
3
r

(13)
A su vez, la expresi&oacute;n anterior es la base de la denominada aproximaci&oacute;n
de los dipolos puntuales6,7. Dada la sencillez de esta &uacute;ltima, la utilizaremos como
referencia para de definir los conceptos de agregados H y J.
Figura_3. Esquema del modelo los
dipolos extendidos en funci&oacute;n del
&aacute;ngulo θ.
Supongamos que nuestro agregado (d&iacute;mero) posee una estructura apilada
en la que θ = 90&ordm; (ver Figura 3). Esta estructura est&aacute; representada, asimismo, en la
parte central de la Figura 1, y ser&aacute; denominado agregado H. Si utilizamos el s&iacute;mil
cl&aacute;sico, donde las mol&eacute;culas pueden ser representadas por dipolos oscilantes, el
estado Ψe+ corresponder&iacute;a a un acoplamiento paralelo de dicho osciladores. Es
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decir, las cargas positivas y negativas oscilan en el mismo sentido, lo que da lugar
a una cierta energ&iacute;a de repulsi&oacute;n y, por lo tanto, a una situaci&oacute;n de mayor energ&iacute;a
que la correspondiente al mon&oacute;mero en estado excitado (ver Figura 1). Esta
situaci&oacute;n corresponde a un valor positivo de la integral J (ecuaci&oacute;n 9).
Por el contrario, el estado Ψe- corresponde a un acoplamiento antiparalelo
en el que las cargas oscilan en sentido contrario, lo que da lugar a una situaci&oacute;n de
menor energ&iacute;a (integral J negativa). Puesto que el dipolo de transici&oacute;n del agregado
es suma de los correspondientes a los mon&oacute;meros, la resultante para Ψe- es cero, lo
que significa que este estado no es activo desde el punto de vista espectrosc&oacute;pico y,
por lo tanto, no da lugar a banda de absorci&oacute;n. Este hecho es indicado en la Figura
1 mediante la l&iacute;nea de puntos. Hay que indicar que esto es cierto solo si las
mol&eacute;culas est&aacute;n orientadas en la misma direcci&oacute;n, en caso contrario los dos
estados, Ψe+ y Ψe- ser&iacute;a activos.
Una caracter&iacute;stica, por lo tanto de los agregados H, es que la banda de
absorci&oacute;n tiene lugar a mayor energ&iacute;a que la del mon&oacute;mero (desplazamiento hacia
el azul, ver Figura 1).
Supongamos ahora que el d&iacute;mero posee una estructura en la que θ → 0&ordm;
(ver Figura 3). Esta estructura es representada a la derecha de la Figura 1, y ser&aacute;
denominada agregado J. En este caso, las energ&iacute;as de los estados electr&oacute;nicos se
invierten con respecto a la situaci&oacute;n anterior. En efecto, cuando el acoplamiento de
osciladores es paralelo (estado Ψe+), estos se atraen, lo que da lugar a una cierta
disminuci&oacute;n de la energ&iacute;a (integral J &lt; 0). Por el contrario, cuando el acoplamiento
es antiparalelo (estado Ψe-), los osciladores se repelen, dando lugar a un aumento de
energ&iacute;a (J &gt; 0).
Es decir, la principal caracter&iacute;stica de los agregados J es que su banda de
absorci&oacute;n tiene lugar a menor energ&iacute;a que la del mon&oacute;mero. Esta propiedad de
ciertos agregados moleculares fue detectada, por vez primera y simult&aacute;neamente,
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por Scheibe8 y por Kelly9, y as&iacute; son referidos como agregados de Scheibe o
agregados J.
La transici&oacute;n entre un agregado H y J puede ser analizada de una forma
simplificada a trav&eacute;s de la ecuaci&oacute;n (13). En la Figura 4, se representa la funci&oacute;n 13&middot;cos(θ)2 vs θ. Esta funci&oacute;n es cero para θ = 54.7&ordm;, por lo que te&oacute;ricamente a este
&aacute;ngulo, no debe de existir desplazamiento en la banda de absorci&oacute;n del d&iacute;mero con
respecto al mon&oacute;mero (suponiendo que ΔW = 0 en la ecuaci&oacute;n 3). Para θ &gt; 54.7&ordm;
dominan las fuerzas de repulsi&oacute;n y el agregado es H, mientras que para θ &lt; 54.7&ordm;
dominan las fuerzas de atracci&oacute;n y el agregado es J.
Figura 4. Variaci&oacute;n del factor de orientaci&oacute;n, f, frente al &aacute;ngulo de inclinaci&oacute;n, θ.
El modelo de los dipolos extendidos es capaz de predecir las regiones en
las que dominan las fuerzas atractivas y las fuerzas repulsivas entre los dipolos, al
contrario que el modelo de los dipolos puntuales.
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QUIRALIDAD
4.1. CONCEPTOS
Las mol&eacute;culas denominadas quirales rotan el plano de la luz polarizada.
Cuando un haz de luz polarizada atraviesa una mol&eacute;cula quiral su plano se rota
siempre debido a la interacci&oacute;n de la luz polarizada con la tendencia relativa de la
distribuci&oacute;n de carga de las mol&eacute;culas, es decir la polarizabilidad; pues la luz al
interaccionar con las part&iacute;culas cargadas pierden una cantidad de energ&iacute;a haciendo
que la direcci&oacute;n de propagaci&oacute;n de la luz se desv&iacute;e: la orientaci&oacute;n de la luz y la
magnitud de la rotaci&oacute;n var&iacute;an con la orientaci&oacute;n de la mol&eacute;cula particular en el
haz, con la distribuci&oacute;n electr&oacute;nica y en el caso de las mol&eacute;culas quirales con la
presencia o no de centros de simetr&iacute;a. As&iacute;, en una sustancia compuesta por
mol&eacute;culas quirales, por cada mol&eacute;cula que la luz atraviesa hay otra (id&eacute;ntica)
orientada como imagen especular de la primera lo que cancela el efecto. El
resultado neto es la ausencia de rotaci&oacute;n de la luz polarizada, es decir, la
inactividad &oacute;ptica, de modo que esta no es una propiedad de las mol&eacute;culas
individuales, sino m&aacute;s bien de la distribuci&oacute;n al azar de mol&eacute;culas que pueden
servir de im&aacute;genes especulares reciprocas.
“Se denomina quiral y se dice que tiene quiralidad toda figura geom&eacute;trica, o
grupo puntual, cuando su imagen en un espejo plano no puede hacerse coincidir
consigo”. (Lord Kelvin, 1983) 1.
La palabra quiral procede del griego “cheir”, que significa mano. Nuestras
manos son sim&eacute;tricas pero no son superponibles: la mano derecha es la imagen
especular de nuestra mano izquierda, pero el guante de una mano no sirve para la
otra. Por ello decimos que son quirales, es decir, tienen simetr&iacute;a &oacute;ptica. Lo mismo
ocurre con la mayor&iacute;a de las mol&eacute;culas implicadas en procesos biol&oacute;gicos
51
4. Quiralidad
Cap&iacute;tulo I
(amino&aacute;cidos, az&uacute;cares): son im&aacute;genes especulares una de otra. Las mol&eacute;culas no
superponibles con sus im&aacute;genes especulares son quirales.
La quiralidad es condici&oacute;n necesaria y suficiente para la existencia de los
enanti&oacute;meros, es decir, un compuesto cuyas mol&eacute;culas son quirales puede existir
como enanti&oacute;mero; un compuesto cuyas mol&eacute;culas son aquirales (sin quiralidad)
no puede existir como enanti&oacute;mero (Figura 1)
Figura 1. Esquema del concepto de quiralidad. Adaptado de Morrison, R. T., Boyd, R.N.
Qu&iacute;mica Org&aacute;nica Ed. Addison-Wesley Longman, M&eacute;xico, 1998.
En una muestra de un enanti&oacute;mero puro, ninguna mol&eacute;cula puede servir
como imagen especular de otra: no hay anulaci&oacute;n de rotaciones, y el resultado neto
es la actividad &oacute;ptica. As&iacute;, la misma imposibilidad de superponer im&aacute;genes
especulares que origina la enantiomer&iacute;a es tambi&eacute;n la que explica la actividad
&oacute;ptica.
Por ejemplo, una mezcla de enanti&oacute;meros en proporci&oacute;n equimolecular
dar&iacute;a una distribuci&oacute;n cuyo resultado neto es igual a cero, es decir sin actividad
&oacute;ptica; a esta mezcla se denomina rac&eacute;mica.
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Por consiguiente, la inactividad &oacute;ptica requiere que una mol&eacute;cula de un
compuesto act&uacute;e como imagen especular de otra o bien que las mol&eacute;culas no sean
quirales.
En principio, esta relaci&oacute;n quiral entre mol&eacute;culas no tiene repercusi&oacute;n en la
mayor&iacute;a de las propiedades fisicoqu&iacute;micas: los enati&oacute;meros poseen el mismo punto
de fusi&oacute;n y de ebullici&oacute;n, la misma solubilidad y reaccionan de forma similar. De
hecho, en las s&iacute;ntesis convencionales, ambos enati&oacute;meros se producen en la misma
proporci&oacute;n, dando lugar a una mezcla rac&eacute;mica, cuya separaci&oacute;n es muy compleja.
Suele emplearse para ello la t&eacute;cnica de resoluci&oacute;n qu&iacute;mica, la cual consiste en
hacer reaccionar la mezcla rac&eacute;mica con un reactivo quiral (enanti&oacute;mero puro),
denominado agente de resoluci&oacute;n; form&aacute;ndose los diaster&oacute;meros correspondientes
y que son separables por procesos f&iacute;sicos como por ejemplo la destilaci&oacute;n,
cristalizaci&oacute;n o cromatograf&iacute;a2,3. Esto es as&iacute;, ya que los diaster&oacute;meros, a diferencia
de los enanti&oacute;meros, son compuestos con propiedades f&iacute;sicas distintas. El paso
siguiente es revertir la reacci&oacute;n inicial con el compuesto quiral. Esto es muy
costoso y de bajo rendimiento, por lo que se prefiere usar mecanismos de reacci&oacute;n
de los cuales se obtenga el producto deseado, por ejemplo, mediante el uso de
catalizadores tipo Ziegler-Natta.
Por tanto, la actividad &oacute;ptica es una propiedad f&iacute;sica que permite distinguir
los is&oacute;meros &oacute;pticos, y es que los is&oacute;meros &oacute;pticos desv&iacute;an el plano de vibraci&oacute;n
de la luz polarizada en sentidos opuestos. El polar&iacute;metro es por tanto un
instrumento b&aacute;sico para trabajar con is&oacute;meros &oacute;pticos o enanti&oacute;meros.
El polar&iacute;metro es un instrumento mediante el cual podemos determinar el
valor de la desviaci&oacute;n de la luz polarizada por un estereois&oacute;mero &oacute;pticamente
activo (enanti&oacute;mero). La polarimetr&iacute;a es una t&eacute;cnica que se basa en la medici&oacute;n de
la rotaci&oacute;n &oacute;ptica producida sobre un haz de luz polarizada al pasar por una
sustancia &oacute;pticamente activa. Un rayo de luz atraviesa un polarizador obteni&eacute;ndose
un rayo de luz polarizada plana, que al pasar por un portamuestras que contiene un
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enanti&oacute;mero en disoluci&oacute;n, se desv&iacute;a. La luz polarizada pasar&aacute; por un segundo
polarizador seg&uacute;n la orientaci&oacute;n relativa entre los ejes de los dos polarizadores. Si
esto es as&iacute;, la luz llegar&aacute; al detector con un cierto &aacute;ngulo indicando la desviaci&oacute;n de
la luz polarizada (Figura 2). Si la sustancia que contiene un enanti&oacute;mero tiene la
propiedad de hacer girar el plano de la luz polarizada hacia la izquierda, el
enanti&oacute;mero se denomina lev&oacute;giro. En el caso de que la sustancia haga girar el
plano hacia la derecha, se dominar&aacute; dextr&oacute;gira.
Figura 2. Esquema polar&iacute;metro. Hecht, E. &Oacute;ptica; 4&ordf; ed.; Pearson, 2002.
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4.2. IMPORTANCIA DE LA QUIRALIDAD EN BIOLOG&Iacute;A Y QU&Iacute;MICA
La mayor parte de las mol&eacute;culas biol&oacute;gicas son quirales aunque en la
naturaleza son identificadas f&aacute;cilmente: los sistemas vivos pueden diferenciar entre
uno y otro is&oacute;mero, y es que la naturaleza es quiral. Predomina siempre uno de los
dos enanti&oacute;meros, porque las reacciones biol&oacute;gicas son asim&eacute;tricas. Este hecho se
interpreta f&aacute;cilmente si se piensa que s&oacute;lo tiene actividad biol&oacute;gica el is&oacute;mero que
se acopla perfectamente en el receptor, como una mano en un guante o, como
propuso en su modelo Emil Fischer4, una llave en su cerradura. Por ello, uno de los
is&oacute;meros &oacute;pticos (el que puede encajar) tiene actividad biol&oacute;gica, y el otro no la
tiene o se acopla con otro receptor originando una respuesta totalmente diferente.
Por ejemplo, un gl&uacute;cido -que es 'dextr&oacute;giro, de derechas' si se tiene en cuenta el
sentido de la rotaci&oacute;n del plano de la luz polarizada- tiene exactamente el mismo
sabor que el gl&uacute;cido 'lev&oacute;giro, de izquierdas', pero el organismo no puede
metabolizar a esta segunda sustancia. Por tanto, el az&uacute;car dextr&oacute;giro ser&iacute;a ideal
para una dieta de adelgazamiento.
Todos los amino&aacute;cidos (salvo la glicocola, que no posee simetr&iacute;a &oacute;ptica)
son s&oacute;lo “quirales” y lo mismo ocurre con la mayor&iacute;a de los p&eacute;ptidos, prote&iacute;nas,
hidratos de carbono y los propios &aacute;cidos nucleicos: son quirales. Tambi&eacute;n las
enzimas de las c&eacute;lulas son quirales, y ah&iacute; reside buena parte de su especificidad.
Igualmente, la mayor&iacute;a de los f&aacute;rmacos, se basan en mol&eacute;culas quirales. Un
ejemplo muy significativo de la capacidad de la selectividad de los sistemas
biol&oacute;gicos es el limoneno, una mol&eacute;cula quiral cuyos enanti&oacute;meros son
indistinguibles en los procesos qu&iacute;micos corrientes, pero que nuestro olfato
discrimina con facilidad porque se acoplan a receptores distintos. As&iacute;, el is&oacute;mero
(R)-limoneno huele a naranjas, mientras que el (S)-limoneno huele a limones 5.
En otras ocasiones, los is&oacute;meros quirales tienen resultados biol&oacute;gicos m&aacute;s
dram&aacute;ticos, de vida o muerte. Es el caso de la talidomida, que en los a&ntilde;os sesenta
se prescribi&oacute; a las mujeres embarazadas porque uno de sus enanti&oacute;meros ten&iacute;a
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capacidad para evitar las n&aacute;useas; desgraciadamente, se descubri&oacute; m&aacute;s tarde que el
otro enanti&oacute;mero de la talidomida provocaba deformaciones en el feto. De ah&iacute; que
sea vital la capacidad de producir los enanti&oacute;meros separadamente6 Y precisamente
esta producci&oacute;n selectiva de mol&eacute;culas quirales ha sido objeto del premio Nobel de
Qu&iacute;mica (2001) para S. Knowles, R. Noyori y B. Sharpless.
El desarrollo de la s&iacute;ntesis catal&iacute;tica asim&eacute;trica es de enorme importancia
para la investigaci&oacute;n cient&iacute;fica, pero sobre todo para el desarrollo de nuevos
f&aacute;rmacos y otras sustancias biol&oacute;gicamente activas.
Para ello, se propone el empleo de catalizadores con mol&eacute;culas quirales,
que facilitan la producci&oacute;n de un enanti&oacute;mero frente al otro sin consumirse en el
proceso. Una sola mol&eacute;cula de catalizador puede producir dependiendo de su
funci&oacute;n como tal, de las condiciones y de la reacci&oacute;n en s&iacute;, una gran cantidad de
mol&eacute;culas del enanti&oacute;mero deseado.
William S. Knowles descubri&oacute; que era posible utilizar metales de
transici&oacute;n para producir catalizadores quirales para un importante tipo de
reacciones org&aacute;nicas, las de hidrogenaci&oacute;n, obteniendo as&iacute; un rendimiento m&aacute;s
elevado de uno de los enanti&oacute;meros. Su investigaci&oacute;n industrial llev&oacute; a la
producci&oacute;n de la L-DOPA, un medicamento utilizado en el tratamiento de la
enfermedad de Parkinson7,8. Ryoji Noyori desarroll&oacute; este proceso hasta
generalizarlo para las reacciones quirales de hidrogenaci&oacute;n9,10. Por su parte, K.
Barry Sharpless desarroll&oacute; catalizadores quirales para procesos de oxidaci&oacute;n11,12.
Los resultados de estas investigaciones han abierto un campo
completamente nuevo de investigaci&oacute;n que permitir&aacute; sintetizar mol&eacute;culas y
materiales con propiedades nuevas. De hecho, ya se utilizan intensivamente en
s&iacute;ntesis
industriales
de
productos
farmac&eacute;uticos
antiinflamatorios y drogas contra afecciones card&iacute;acas13-15.
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4.3. DICROISMO CIRCULAR (DC)
Principio f&iacute;sico
El dicro&iacute;smo circular, DC, es una t&eacute;cnica espectrosc&oacute;pica de absorci&oacute;n que
provee informaci&oacute;n acerca de la estructura de macromol&eacute;culas biol&oacute;gicas.
La se&ntilde;al medida en DC es la diferencia entre las medidas de absorbancia
(A) de la luz polarizada circularmente hacia la izquierda (l) y hacia la derecha (r),
esto es:
DC  A  l   A  r 
(1)
Se utiliza como fuente de radiaci&oacute;n luz polarizada (UV-VIS). Las muestras
a analizar, adem&aacute;s de absorber en dicha regi&oacute;n del espectro, deben ser &oacute;pticamente
activas (quirales), es decir, no disponer de un plano de simetr&iacute;a y no ser
superponibles con su imagen especular.
La teor&iacute;a de dicro&iacute;smo circular fue desarrollada por Biot y Fresnel
(Neumann y Snatzke, 1990)16: un rayo de luz polarizado en un plano puede
considerarse formado por dos componentes polarizados circularmente, uno a la
derecha y el otro a la izquierda. Estos componentes est&aacute;n en fase y son de la misma
amplitud (Figura. 2. A.). Al pasar por un medio &oacute;pticamente activo (es decir que
rota el plano de la luz polarizada), cada componente interact&uacute;a de manera diferente
con los centros quirales de las mol&eacute;culas presentes en el medio. Esta interacci&oacute;n
induce un desfasamiento y un cambio de magnitud en ambos componentes
polarizados circularmente, lo que provoca una rotaci&oacute;n del plano de polarizaci&oacute;n
en un &aacute;ngulo α. La desviaci&oacute;n en el plano de la luz polarizada se debe al cambio en
el &iacute;ndice de refracci&oacute;n entre la luz polarizada circular a la izquierda y a la derecha.
La distorsi&oacute;n de este plano genera una elipse (Figura. 2. B.)17,18:
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Figura 3. A. Esquema de vectores de las componentes del haz polarizado antes de llegar a
la muestra. B. Esquema de vectores de las componentes del haz polarizado despu&eacute;s de la
interacci&oacute;n con la muestra en desfase. Adaptado de M&eacute;todos &oacute;pticos de an&aacute;lisis; Olsen, E.
D., Ed. Ed. Revert&eacute;, 1990.
La rotaci&oacute;n del plano y la diferente absorci&oacute;n de los componentes
circularmente polarizados var&iacute;an de acuerdo con la longitud de onda, pudi&eacute;ndose
obtener espectros de estos fen&oacute;menos, esto es, gr&aacute;ficas de la rotaci&oacute;n o elipticidad
frente a la longitud de onda. Las medidas de DC se realizan determinando la
diferencia de absorbancias entre la luz polarizada circularmente hacia la izquierda
A(l) y hacia la derecha A(r). Teniendo en cuenta la ley de Lambert-Beer, que define
el proceso de transici&oacute;n electr&oacute;nica en la espectroscopia UV-vis, se puede expresar
esta diferencia de absorbancias como:
A( DC )  A  l   A  r     l     r  &middot;l&middot;c
(2)
donde c es la concentraci&oacute;n molar del soluto quiral, ε es la absortividad
molar y l la longitud de paso &oacute;ptico. Cuando la luz polarizada atraviesa un medio
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quiral, los vectores el&eacute;ctricos describen una elipse cuyo eje mayor se encuentra en
un nuevo &aacute;ngulo de rotaci&oacute;n. Cuando los vectores el&eacute;ctricos de las dos
componentes circulares se encuentran en la misma direcci&oacute;n, la suma de sus
magnitudes proporciona el semieje mayor de la elipse, y cuando est&aacute;n en
direcciones opuestas, la diferencia de sus magnitudes proporciona el semieje menor
de la elipse. El DC se define mediante la relaci&oacute;n entre el semieje mayor y semieje
menor. Esta relaci&oacute;n es la tangente del &aacute;ngulo, conocido como elipticidad.
Este &aacute;ngulo generalmente es muy peque&ntilde;o, por lo que puede aproximarse
tg   y se relaciona con la absorbancia mediante la siguiente expresi&oacute;n:
  32,98&middot;A
(3)
o expresado como elipticidad molar:
   3298&middot;
(4)
Instrumentaci&oacute;n
La caracter&iacute;stica m&aacute;s importante de un Espectropolar&iacute;metro de Dicro&iacute;smo
Circular (Fig. 3)19, es que debe contar con una fuente de luz polarizada. La fuente,
inm&oacute;vil, debe ser lo m&aacute;s intensa posible de forma que maximice la relaci&oacute;n
se&ntilde;al/ruido. Generalmente es luz policrom&aacute;tica. Normalmente, se utiliza l&aacute;mpara
de carburo de silicio como fuente de radiaci&oacute;n. La luz polarizada circularmente
puede ser construida a partir de dos haces de luz polarizada linealmente que tengan
la misma magnitud pero que est&eacute;n fuera de fase una respecto a la otra. La luz pasa
a trav&eacute;s de un polarizador lineal que est&aacute; orientado a 45&ordm; del retardador de onda. Se
elige un retardador de espesor tal que los dos haces emergentes est&eacute;n desfasados en
π/2 cuando lo atraviesen, de manera que ambos constituyan luz circularmente
polarizada hacia la derecha. Si el polarizador se rota 90&ordm;, la luz es circularmente
polarizada hacia la izquierda.
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Figura 4. Esquema de un espectropolar&iacute;mentro de dicro&iacute;smo circular. Adaptado de
M&eacute;todos &oacute;pticos de an&aacute;lisis; Olsen, E. D., Ed. Ed. Revert&eacute;, 1990.
La luz polarizada pasa por un modulador fotoel&aacute;stico que consiste en un
material que se comprime y expande para producir radiaci&oacute;n circularmente
polarizada (generalmente un cristal de seleniuro de zinc) la cual incide sobre la
muestra objeto de estudio, colocada en una celda con ventanas de materiales
estables. La radiaci&oacute;n que emana de la celda pasa a un detector que proporciona los
espectros de dicro&iacute;smo circular.
4.4. QUIRALIDAD EN MONOCAPAS DE LANGMUIR.
La quiralidad es un tema de vital importancia especialmente en Qu&iacute;mica y
Biolog&iacute;a, por lo que su estudio tiene un inter&eacute;s enorme. En este apartado se ver&aacute; la
relaci&oacute;n, no menos importante e interesante, que tiene la quiralidad con la Qu&iacute;mica
Supramolecular, en general, y con las monocapas de Langmuir, en particular.
Gracias a la t&eacute;cnica de Langmuir y las t&eacute;cnicas espectrosc&oacute;picas empleadas para el
estudio “in situ” de las monocapas y la caracterizaci&oacute;n de las pel&iacute;culas trasferidas
por la t&eacute;cnica de Langmuir-Blodgett o Langmuir-Schaefer; se puede discriminar
compuestos quirales o enanti&oacute;meros puros frente a una mezcla rac&eacute;mica.
Por ejemplo, la medida de las isotermas presi&oacute;n superficial-&aacute;rea (π-A)
ayudan a distinguir los enanti&oacute;meros (dextr&oacute;giro o lev&oacute;giro) frente a la mezcla
rac&eacute;mica; pues las isotermas difieren en las &aacute;reas por mol&eacute;cula y las presiones de
colapso alcanzadas20,21. El estudio de la morfolog&iacute;a de la monocapa esclarece m&aacute;s
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esta discriminaci&oacute;n. Mediante la t&eacute;cnica de microscop&iacute;a de &aacute;ngulo de Brewster
(BAM) se puede observar las grandes diferencias existentes entre la morfolog&iacute;a de
los enati&oacute;meros puros y de una mezcla rac&eacute;mica de los mismos. La diferencia
estriba en la direcci&oacute;n de crecimiento de los dominios; el enanti&oacute;mero dextr&oacute;giro
crece en sentido de las ajugas del reloj mientras que el enanti&oacute;mero lev&oacute;giro cree
en sentido contrario. La mezcla rac&eacute;mica crece en ambas direcciones. Con ayuda
de &eacute;stas t&eacute;cnicas, se puede proponer modelos moleculares estableciendo distintas
conformaciones de los agregados en la monocapa22.
Otro ejemplo interesante es la creaci&oacute;n de un sistema molecular quiral a
trav&eacute;s de especies (mol&eacute;culas o iones) no quirales. Se puede preparar una
monocapa de Langmuir esparciendo un anfifilico, por ejemplo derivados de
imidazoles, en agua pura. Al cambiar la subfase, a&ntilde;adiendo una concentraci&oacute;n de
un i&oacute;n, por ejemplo Ag (I) se observan distintos cambios importantes en las
caracter&iacute;sticas de la monocapa. En la isoterma presi&oacute;n-&aacute;rea aparece un cambio de
fase que anteriormente no exist&iacute;a. El espesor y la morfolog&iacute;a tambi&eacute;n se ven
modificados.
Usando
t&eacute;cnicas
espectrosc&oacute;picas,
se
ven
cambios
m&aacute;s
espectaculares; especialmente en espectroscopia infrarroja y UV-vis: En dicro&iacute;smo
circular (DC) aparecen picos en presencia del i&oacute;n, cuando en ausencia del mismo
no existen. Este efecto da cuenta de la quiralidad producida al coordinarse el i&oacute;n
con el anfifilico. Este resultado es crucial, pues aporta importantes claves para el
dise&ntilde;o y fabricaci&oacute;n de ensamblajes moleculares quirales, a partir de compuestos
aquirales23. Adem&aacute;s, esto puede aplicarse utilizando derivados del propio
anfifilico24 o en distintos sistemas moleculares25.
En la fabricaci&oacute;n de complejos quirales a partir de un sistema de
multicapas de porfirina (colorante) con enanti&oacute;meros puros de un derivado de
tript&oacute;fano (compuesto quiral anfifilico) puede conseguirse por dos m&eacute;todos: a) “in
situ”, esparciendo un enanti&oacute;mero sobre una subfase que contenga la porfirina,
form&aacute;ndose el complejo por adsorci&oacute;n o b) “ex situ”, sumergiendo un sustrato
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solido que contenga el enanti&oacute;mero soportado en multicapas dentro de una
disoluci&oacute;n de porfirina. La utilizaci&oacute;n de un m&eacute;todo u otro resulta importante en la
fabricaci&oacute;n del complejo quiral (en este caso, se obtiene un agregado J). El tama&ntilde;o
y la morfolog&iacute;a de los complejos empleando ambos m&eacute;todos son diferentes, aunque
en ambos se obtiene una buena se&ntilde;al en dicro&iacute;smo circular (DC). Por otra parte, se
puede controlar mejor el crecimiento de los complejos formados utilizando el
segundo m&eacute;todo, tal control es debido al anfifilico (enanti&oacute;mero). Este resultado
aporta otras claves importantes en la fabricaci&oacute;n de dispositivos moleculares
quirales25.
Por otra parte, tambi&eacute;n se ha estudiado la interacci&oacute;n quiral de forma
te&oacute;rica para intentar describir la morfolog&iacute;a de los dominios. Como ejemplo de
ello, se han empleado &aacute;cidos grasos para tal estudio. Como se ha descrito
anteriormente, la microscop&iacute;a de &aacute;ngulo Brewster (BAM) ayuda a discriminar un
enanti&oacute;mero de otro y su mezcla rac&eacute;mica. Visualmente, se comprueban “in situ”
las diferencias existentes entre los enati&oacute;meros. Te&oacute;ricamente, se emplean c&aacute;lculos
de energ&iacute;a y variaci&oacute;n de la posici&oacute;n alrededor del dominio. Se pretende relacionar
el potencial del par intermolecular de un par de mol&eacute;culas quirales las cuales
dependen de la separaci&oacute;n entre ellas y la orientaci&oacute;n azimutal de ambas,
tom&aacute;ndose el centro quiral de las mol&eacute;culas como referencia. Se observa que la
interacci&oacute;n es favorable si la orientaci&oacute;n azimutal es del mismo tipo que la
orientaci&oacute;n de la mol&eacute;cula, y por otra parte, la energ&iacute;a obtenida en la interacci&oacute;n
las cabezas polares del mismo orden de magnitud que la interacci&oacute;n por puente de
hidr&oacute;geno. Este estudio es &uacute;til para entender la interacci&oacute;n molecular de
compuestos quirales26.
En resumen, existen muchos trabajos e investigaci&oacute;n dedicados de una
forma m&aacute;s pr&aacute;ctica o te&oacute;rica al estudio de los compuestos quirales y su inclusi&oacute;n en
el dise&ntilde;o y fabricaci&oacute;n de dispositivos moleculares, objetivo b&aacute;sico de la Qu&iacute;mica
Supramolecular y de la Nanotecnolog&iacute;a.
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Cap&iacute;tulo II
T&Eacute;CNICAS DE CARACTERIZACI&Oacute;N DE MONOCAPAS EN LA
INTERFASE AIRE−AGUA
1.1. BALANZA DE LANGMUIR Y POTENCIAL SUPERFICIAL
Los registros de isotermas presi&oacute;n superficial-&aacute;rea por mol&eacute;culas (π-A) y
las isotermas potencial superficial-&aacute;rea por mol&eacute;cula (ΔV-A), constituyen el primer
paso en la caracterizaci&oacute;n de una monocapa de Langmuir. Para ello se emplea la
balanza de Langmuir. Este instrumento consta b&aacute;sicamente de los siguientes
elementos: una cuba de material pl&aacute;stico, tefl&oacute;n, donde se aloja el l&iacute;quido que
constituye la subfase, normalmente, agua ultrapura MilliQ o, en ocasiones, una
disoluci&oacute;n acuosa, y sobre el que se deposita la disoluci&oacute;n que contiene el material
que va a formar la pel&iacute;cula; una barrera m&oacute;vil que separa la superficie de trabajo,
donde se esparce la pel&iacute;cula, de la superficie limpia, y que es la encargada de
comprimir la monocapa; y un sistema de medici&oacute;n de presi&oacute;n superficial. El
sistema de medida de presi&oacute;n superficial de las balanzas de Langmuir empleadas
en esta Memoria fue del tipo Wilhemy.1 El dispositivo experimental de este
sistema est&aacute; constituido por una l&aacute;mina met&aacute;lica, o de papel, que se encuentra
parcialmente sumergida en la subfase y conectada, por el otro extremo, a una
microbalanza electr&oacute;nica de alta sensibilidad. De los tres tipos de fuerza a los que
se encuentra sometida la l&aacute;mina, peso, empuje y tensi&oacute;n superficial, s&oacute;lo esta
&uacute;ltima var&iacute;a por la presencia de la monocapa sobre la subfase respecto de la
subfase limpia. Por tanto, la diferencia entre la fuerza medida antes y despu&eacute;s de
esparcir la monocapa es debida &uacute;nicamente a la diferencia de tensi&oacute;n superficial,
esto es, la presi&oacute;n superficial.
En la Figura 1 se muestra un esquema de balanza de Langmuir. En esta
Memoria se han utilizado dos balanzas comerciales NIMA de tipo rectangular,
modelos 611D y 601BAM, con una o dos barreras m&oacute;viles, respectivamente.
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Figura 1. Esquema de una balanza de Langmuir.
Por otro lado, el potencial superficial en la interfase fue medido mediante
una sonda equipada con plataforma vibradora (Kevin Probe SP1, Accurion
Technologies, Gottingen, Germany). Las variaciones del potencial superficial de la
monocapa se midieron al mismo tiempo que se obtuvieron las isotermas presi&oacute;n
superficial-&aacute;rea por mol&eacute;cula.
1.2. ESPECTROSCOP&Iacute;A DE REFLEXI&Oacute;N UV-VISIBLE
Las medidas de reflexi&oacute;n en la interfase aire-agua se han realizado en un
equipo dise&ntilde;ado por Nanofilm (actualmente Accurion, www.accurion.com),
modelo RefSpec2.2-4 Para su mejor descripci&oacute;n, en la Figura 2 se recoge un
esquema de dicho espectrofot&oacute;metro.3,4
Figura 2. Esquema del reflect&oacute;metro RefSpec2.
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La fuente de luz consiste en dos l&aacute;mparas, una de deuterio y otra de
tungsteno, ambas instaladas en un soporte de cer&aacute;mica.
La luz sale por una ventana de cristal de cuarzo, que la colima hacia la
fibra &oacute;ptica. Posteriormente esta radiaci&oacute;n pasa por un monocromador instalado en
el sensor. De ah&iacute; sale e incide en la muestra, esparcida sobre la interfase aire−agua.
Este mismo sensor enfoca la luz reflejada hacia una fibra &oacute;ptica, para que llegue al
detector. Existen dos choppers que permiten alternar entre la radiaci&oacute;n emitida por
la l&aacute;mpara y la reflejada por la muestra, ambos controlados electr&oacute;nicamente. El
chopper del sensor tiene su parte trasera cubierta por un espejo de forma que,
adem&aacute;s, sirve como referencia est&aacute;tica para las oscilaciones de la l&aacute;mpara. En el
fondo de la balanza se colocan una placa negra que act&uacute;a como trampa de luz para
absorber los rayos transmitidos.
De esta manera, la radiaci&oacute;n reflejada entra al detector CCD, detector de
carga acoplada, que env&iacute;a la se&ntilde;al al ordenador donde se registra y procesa
adecuadamente.
1.3. MICROSCOP&Iacute;A DE &Aacute;NGULO BREWSTER (BAM)
Las im&aacute;genes de microscop&iacute;a de &aacute;ngulo Brewster han sido obtenidas en un
sistema
comercial
I-Elli2000
de
Nanofilm
(actualmente
Accurion,
www.accurion.com, G&ouml;ttingen, Alemania). El montaje experimental5,6 del
microscopio BAM se halla acoplado a una balanza de Langmuir donde se extiende
la monocapa objeto de estudio. La Figura 3 muestra un esquema del equipo.
El dispositivo se compone de un l&aacute;ser verde (Nd:YAG, 50 mW, 532 nm)
que produce un rayo de luz de 1.3 mm de di&aacute;metro, el cual tras atravesar un
polarizador adquiere polarizaci&oacute;n p, e incide posteriormente sobre la interfase con
un &aacute;ngulo de 53.1&deg;, &aacute;ngulo Brewster. En este sistema, la intensidad de luz
refractada es absorbida por una trampa de luz colocada en el fondo de la balanza,
mientras que la radiaci&oacute;n reflejada pasa a trav&eacute;s de un objetivo cuya distancia focal
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es de 20 mm y llega a una c&aacute;mara CCD de alta sensibilidad, donde se recoge la
reflectividad debida a la presencia de la monocapa en la interfase.
Figura 3. Esquema del microscopio de &aacute;ngulo Brewster.
La c&aacute;mara CCD es capaz de registrar de forma electr&oacute;nica la intensidad y
el punto de llegada de peque&ntilde;&iacute;simas cantidades de luz, que, a trav&eacute;s de la
aplicaci&oacute;n inform&aacute;tica que controla el equipo son convertidas a im&aacute;genes de mapa
de bits (768 x 562 p&iacute;xeles) para su representaci&oacute;n y an&aacute;lisis. El procesamiento de la
imagen incluye la correcci&oacute;n geom&eacute;trica de &eacute;sta, as&iacute; como el uso de filtros para
reducir interferencias y ruido. Asimismo, el brillo de la imagen se reescala para
mejorar el contraste.
La resoluci&oacute;n lateral del sistema &oacute;ptico en el plano de la superficie acuosa
es de 2 μm. El microscopio est&aacute; equipado con un analizador que permite observar
la posible anisotrop&iacute;a &oacute;ptica en el interior de los dominios en que se organizan las
mol&eacute;culas que forman la pel&iacute;cula. De este modo, mediante la rotaci&oacute;n del
analizador respecto a la direcci&oacute;n de la luz incidente p-polarizada, se pueden
observar diferencias en el contraste dentro de un mismo dominio, fen&oacute;meno
indicativo de una diferente orientaci&oacute;n molecular. Tanto el microscopio como la
balanza est&aacute;n situados sobre una mesa antivibratoria Halcyonics (actualmente
Accurion, www.accurion.com, G&ouml;ttingen, Alemania) MOD-2 S, dentro de una
c&aacute;mara limpia.
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1.4. DIFRACCI&Oacute;N Y REFLECTIVIDAD DE RAYOS X (GIXD y XRR)
Las medidas de difracci&oacute;n de rayos X de incidencia rasante (GIXD) y las
de reflectividad especular de rayos X (XRR) en la interfase aire-agua, fueron
realizadas en la l&iacute;nea BW1 del HASYLAB (DESY, Hamburgo, Alemania). Las
monocapas fueron preparadas en una balanza de Langmuir con una barrera m&oacute;vil,
termostatizada a 21&ordm;C, equipada con un dispositivo Wilhelmy como sensor de
presi&oacute;n, y situada en un contenedor cerrado herm&eacute;ticamente y lleno de helio. En la
l&iacute;nea BW1, un haz de rayos X sincrotr&oacute;n monocrom&aacute;tico (λ=1.304&Aring;), se ajusta
para que incida en la interfase helio-agua con un &aacute;ngulo rasante de αi=0.85αc
(αc≈0.13&ordm;) e ilumine aproximadamente 2x50 mm2 de superficie. Durante las
medidas, la balanza se mueve lateralmente para evitar que la potente radiaci&oacute;n X
provoque da&ntilde;os en la muestra. Un detector sensible a la posici&oacute;n lineal (PSD,
MYTHEN, Suiza) es girado en torno a la balanza para escanear los valores de la
componente en el plano Qxy del vector de dispersi&oacute;n. Los canales verticales del
mismo detector sirven para medir la componente fuera del plano Qz del vector de
dispersi&oacute;n entre 0 y 0.8&Aring;. La intensidad de la radiaci&oacute;n detectada se corrige en
funci&oacute;n de la polarizaci&oacute;n, el &aacute;rea efectiva y el factor de Lorentz. Los datos
obtenidos para Qxy y Qz se ajustan por m&iacute;nimos cuadrados a curvas modelo,
Lorentzianas y Gaussianas respectivamente. La intensidad de radiaci&oacute;n difractada
en direcci&oacute;n normal a la interfase es integrada en el rango del pico de difracci&oacute;n
Qxy para calcular la correspondiente “barra de Bragg”.
Para las medidas de reflectividad especular se us&oacute; el mismo dispositivo que
para las medidas de difracci&oacute;n, pero siendo los &aacute;ngulos incidente y reflejado
iguales y variando en el rango 0.5 αc &lt; αi (αf) &lt;30 αc, y usando un detector de
centelleo de NaI para medir la luz reflectada en el plano del rayo incidente, en
funci&oacute;n del vector de dispersi&oacute;n fuera del plano Qz. El perfil de densidad
electr&oacute;nica fue obtenido de los datos de reflectividad, usando el m&eacute;todo de
aproximaci&oacute;n de Pedersen y Hamley con el software StochFit.7
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1.5. ESPECTROSCOP&Iacute;A INFRARROJA DE REFLEXI&Oacute;N Y ABSORCI&Oacute;N
CON MODULACI&Oacute;N DE LA POLARIZACI&Oacute;N (PM-IRRAS)
Los espectros de PM-IRRAS se obtuvieron usando el instrumento KSV
PMI 550 (KSV NIMA, Espoo, Finland) equipado con un detector MCT. La
descripci&oacute;n detallada del procedimiento experimental del PM-IRRAS est&aacute; descrita
en un cap&iacute;tulo de esta Memoria8. En la Figura 4, se muestra un esquema del
instrumento9.
Figura 4. Esquema del PM-IRRAS.
La configuraci&oacute;n consiste en una fuente de luz infrarroja, un interfer&oacute;metro
de Michelson y una unidad externa que capta la reflexi&oacute;n desde la balanza con la
subfase y la monocapa. La intensidad de radiaci&oacute;n infrarroja fue modulada por el
interfer&oacute;metro y polarizada por un polarizador de ZnSe. Una vez el rayo ha pasado
a trav&eacute;s del modulador fotoel&aacute;stico de ZnSe, este modula el rayo en su componente
paralela al plano de incidencia (p) y en su componente perpendicular al plano de
incidencia (s) con una frecuencia fija de 100 kHz. Se obtienen dos se&ntilde;ales: (Rp –
Rs) y (Rp + Rs) de la intensidad detectada usando un filtro electr&oacute;nico y un
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desmodulador de la se&ntilde;al. S&oacute;lo la absorci&oacute;n anisotr&oacute;pica contribuye a la se&ntilde;al S ≈
(Rp – Rs)/(Rp + Rs) del PM-IRRAS. Las se&ntilde;ales normalizadas fueron obtenidas
directamente a trav&eacute;s de la expresi&oacute;n siguiente: ΔS = (Sd – So)/So, donde Sd y So son
las se&ntilde;ales registradas en presencia y en ausencia de monocapa. El &aacute;ngulo de
incidencia del rayo infrarrojo con respecto a la normal a la interfase fue de 80&ordm;. Los
espectros se obtuvieron con una resoluci&oacute;n espectral de 8 cm-1, usando 3000-6000
scans durante 5-10 min.
2.
MATERIALES, REACTIVOS Y TRATAMIENTO DE DATOS
Todos los materiales y reactivos usados en las experiencias de la presente
Memoria, fueron adquiridos en las diferentes firmas comerciales que se citan en
cada cap&iacute;tulo. En todas las experiencias el agua es ultrapura, producida en una
unidad Millipore Milli-Q tras un pretratamiento en un sistema Millipore de &oacute;smosis
inversa (18MΩ&middot;cm-1).
Los datos adquiridos de forma digital se han tratado con los programas
SigmaPlot,10 Microcal Origin11 y MathCad,12 que a su vez se han utilizado en la
realizaci&oacute;n de las figuras que se presentan en esta Memoria, y en el caso de
MathCad, tambi&eacute;n en algunas de las simulaciones matem&aacute;ticas. Asimismo, se ha
procedido al tratamiento de im&aacute;genes con el paquete Corel, que incluye entre otros
Corel Photo Paint o Corel Draw,13 emple&aacute;ndose adem&aacute;s este &uacute;ltimo en la
preparaci&oacute;n de los esquemas gr&aacute;ficos que aparecen en los distintos cap&iacute;tulos.
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SELF-ASSEMBLY OF ACRIDINE ORANGE INTO
H-AGGREGATES AT THE AIR/WATER INTERFACE:
TUNING OF ORIENTATION OF HEADGROUP
ABSTRACT
The surface active derivative of the organic dye Acridine Orange, N-10dodecyl-acridine orange (DAO), has been included in mixed Langmuir monolayers
with stearic acid (SA). The maximum relative content on DAO for a stable mixed
monolayer is a molar ratio of XDAO = 0.5. Brewster angle microscopy (BAM)
reveals a high homogeneity at the micrometer level for the mixed monolayer in
equimolar proportion (XDAO = 0.5), whereas the appearance of domains occurs for
lower content of
DAO,
i. e., XDAO = 0.2 and 0.1. The aggregation of the DAO head
group leads to well-defined H-aggregates at the air/water interface for those mixed
monolayers with a low content of DAO. However, for the mixed monolayers
enriched in DAO, e.g., XDAO = 0.5, the molecular crowding prevents the formation
of defined supramolecular structures. Molecular organization and tilting of the
DAO head group is quantitatively analyzed by in situ UV-Vis reflection
spectroscopy. The formation of H-aggregates of the DAO head group can be
reversibly tuned with the applied surface pressure. A molecular mechanism for the
conformational rearrangement of the DAO molecule is proposed using RM1
quantum semiempirical calculations.
Paper published in Langmuir, 2011, 27, 14888-14899
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1. Self-assembly of Acridine Orange into H-aggregates…
1.
INTRODUCTION
The aim of supramolecular chemistry is the formation of well-defined
molecular structures.1 The supramolecular assemblies might bear different
functionalities for use in molecular devices.2,3 The construction of molecular
devices as thin films of self-assembling molecules is of a high interest for different
fields, ranging from biological modeling4-7 to organic electronics.8,9 As functional
building blocks for supramolecular assemblies, photoactive molecules are of a
maximum relevance. Organic dyes have been used for studies involving F&ouml;rster
Resonance Energy Transfer in Biophysics, offering new insights on conformation
and action mechanism of biomolecules.10-12 Organic dyes are also fundamental in
Organic Electronics, e. g., organic molecular antennas, mimicking the natural
systems, are designed for maximum capability of converting solar light into electric
energy.13-16 Both the photophysical features and the molecular arrangement are key
parameters for overall efficiency of the photovoltaic cell.17,18 Therefore, the
controlled manipulation and tuning of the molecular arrangement of the organic
dyes is highly desirable for the supramolecular design.
H-aggregates of a dye occur for the case of a parallel arrangement of the
dye units (face-to-face), leading to a blue shift of the absorption band.19 The
controlled formation of H-aggregates of organic molecules is a current challenge
for organic synthesis, as the H-aggregates have proved to enhance stable
morphologies in thin films, leading to reproducible features in organic thin film
transistors.20
The Langmuir technique allows for the preparation of a monomolecular
layer at the air/water interface. As a 2D system, a Langmuir monolayer is
molecularly well-defined, as well as easy to be prepared. The Langmuir technique
offers an accurate control of the molecular area and the application of a certain
surface pressure.21,22 Different experimental techniques allow for a in situ
characterization of the monolayer at the air/water interface.23 Therefore, the design
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and study of Langmuir monolayers containing organic dyes are interesting options
for getting new insights on supramolecular assemblies. The most relevant
information offered by the dye-containing Langmuir monolayers concerns the
molecular arrangement of the organic dyes at the air/water interface.24
Herein, an amphiphilic derivative of the acridine orange dye is used as a
photoactive building block of mixed Langmuir monolayers at the air/water
interface. The derivative of acridine used in this work is N-10-dodecyl-acridine
orange (DAO). The DAO molecule is formed by an acridine polar group and a
single hydrocarbon chain, covalently attached to the acridine moiety. The DAO
molecule bears a single positive charge at neutral pH. To enhance the stability of
the DAO presence at the interface, a common anionic surfactant, stearic acid, is
included in the Langmuir monolayer. Therefore, mixed Langmuir monolayers with
different molar ratios are studied. The DAO head group consists in the acridine
moiety. The acridine group includes different derivatives as organic dyes with
similar features, such as: cationic charge at neutral pH, self-assembly into stacked
dimers and/or H-aggregates.25-32 Acridine has been widely used for the
characterization of biopolymers.33,34 In fact, the aggregation features of the dye
acridine orange (AO) is of high relevance concerning the use of AO as a molecular
probe for intercalation in DNA.35-39 Moreover, new derivatives of DNA with
attached units of AO have been reported, revealing interesting optical properties.40
The interaction of AO with anionic polyelectrolytes as models for technical
applications has also received attention.41,42 The aggregates of AO have been object
of theoretical interest as well.43
Water-soluble organic dyes can be adsorbed underneath a surfactant, e.g., a
lipid Langmuir monolayer, resulting in the formation of defined molecular
aggregates.24 An alternative approach is the use of surface active derivatives of the
dyes, to be used in combination with other surfactants. Previous studies have
demonstrated that a relevant difference between the molecular areas of the polar
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head group and the non polar chain promotes distortion and molecular
disordering.44,45 The head group of DAO occupies a larger area than a single
hydrocarbon chain in all-trans conformation. Therefore, stearic acid has been
included in the monolayer, in order to achieve an adequate balance between the
areas of the polar and non polar parts of the mixed Langmuir monolayer. The
stearic acid is composed of a single hydrocarbon chain and a small head group. In a
pure monolayer of stearic acid at neutral pH, the polar head group is mostly
protonated, as the apparent pKa of stearic acid is ca. 9.46-49 A scheme of the
molecular structures of both components is shown in Figure 1. The stearic acid
interacts with the acridine derivative via electrostatic interactions. The ionic pair
formed by DAO:SA displays an adequate proportion of molecular areas between
polar and non polar region of the monolayer. The aggregation of the DAO
headgroups is mainly promoted by their self-assembly tendency. The main role of
the SA molecules in the mixed monolayer is the effective anchoring of DAO at the
interface. Additionally, by changing the molar ratio DAO:SA, significant
differences in the aggregation properties of DAO are observed. In this regard, SA
serves as spacer between the DAO molecules, obtaining a less crowded
environment with the enrichment of SA in the monolayer.
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Figure 1: Molecular structures of N10-dodecyl-acridine orange (DAO)
and stearic acid (SA).
The mixed monolayers have been studied by surface pressure-molecular
area (-A) isotherms, UV-Vis reflection spectroscopy, surface potential
measurements and Brewster Angle Microscopy (BAM). UV-Vis reflection
spectroscopy at the air/water interface offers quantitative information on the
formation of aggregates, as well as on the orientation of the dyes.50 Brewster angle
microscopy (BAM) allows for a in situ direct visualization of the Langmuir
monolayer.51 BAM imaging offers a description of the morphology of the
Langmuir monolayer at the micrometer level. Information on phase segregation at
the micrometer level is especially relevant for the Organic Electronics field, where
the phase separation leads to dramatic changes in the performance of the devices.52
Different molar ratios of DAO:SA are used in the present work, in order to
analyze the impact on aggregation and/or ordering of each component. A deeper
understanding of the molecular interactions present in the mixed monolayers is
expected to be useful for the rationale design of further supramolecular structures.
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2.
EXPERIMENTAL
Materials. N-10-dodecyl-acridine orange (DAO) bromide salt and stearic
acid (SA) were purchased from Fluka and Sigma-Aldrich, respectively, and used as
received. Their molecular structures are depicted in Figure 1. A mixture of
chloroform:methanol, ratio 3:1 (v/v), was used as the spreading solvent for
dissolving both components. The pure solvents were obtained without purification
from Aldrich. XSA denote the molar ratio in the mixed monolayers of SA
molecules, XSA = nSA/(nDAO+nSA). Ultrapure water, produced by a Millipore Milli-Q
unit, pretreated by a Millipore reverse osmosis system (18.2 MΩ cm), was used as
a subphase. The subphase temperature was 21 C with pH 5.7.
Methods. Two different models of Nima troughs (Nima Technology,
Coventry, England) were used in this work, both provided with a Wilhelmy-type
dynamometric system using a strip of filter paper: a NIMA 611D with one moving
barrier for the measurement of the reflection spectra, and a NIMA 601, equipped
with two symmetrical barriers to record BAM images. The monolayers were
compressed at a speed of ca. 0.1 nm2 min-1 molecule-1. UV-visible reflection
spectra at normal incidence as the difference in reflectivity (ΔR) of the dye filmcovered water surface and the bare surface53 were obtained with a Nanofilm
Surface Analysis Spectrometer (RefSpec2 supplied by Accurion GmbH,
Goettingen, Germany). All the surface pressure-molecular area isotherms and UVVis reflections spectra presented herein have been performed at least three times,
showing good reproducibility. No dependence of the number of molecules spread
on the surface vs mean molecular area was observed for the different experiments.
Images of the film morphology were obtained by Brewster angle microscopy
(BAM) with a I-Elli2000 (Accurion GmbH), using a Nd:YAG diode laser with
wavelength 532 nm and 50 mW, which can be recorded with a lateral resolution of
2 μm. The image processing procedure included a geometrical correction of the
image, as well as a filtering operation to reduce interference fringes and noise. The
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microscope and the film balance were located on a table with vibration isolation
(antivibration system MOD-2 S, Accurion, Goettingen, Germany) in a large class
100 clean room. Surface Potential at the Air/Water Interface: Surface potential was
measured with a surface-potential probe equipped with a vibrating plate (Kelvin
Probe SP1, Nanofilm Technologies, Gottingen, Germany). Variation of the
monolayer surface potential of the monolayer was obtained at the same time as the
surface pressure/molecular area isotherm. HyperChem 7.5154 was used to attain
insights into the most stable conformers of the DAO molecule. The semiempirical
method RM155 was used for modeling the DAO molecule. Prior to the testing of
conformers, an energy minimization of a single DAO molecule in vacuo was
conducted.
3.
RESULTS AND DISCUSSION
3.1. Surface pressure-molecular area (-A) isotherms
The surface pressure-molecular area (-A) isotherms offer thermodynamic
information about the mixed monolayers DAO:SA. Different mixed monolayers
DAO:SA have been prepared by varying the molar ratio between DAO and SA.
The cospreading method that is, mixing of the stock solutions of DAO and SA
prior to spreading at the air/water interface has been used for preparation of the
mixed monolayers. The -A isotherms for the different DAO:SA mixed
monolayers are shown in Figure 2. The -A isotherm of pure stearic acid is
included as a reference. The molar ratio of DAO in the mixed monolayer is defined
as XDAO = nDAO/(nDAO+nSA), where nDAO and nSA accounts for the number of moles
of DAO and SA, respectively, in the mixed monolayer. The
mixed
monolayers
with XDAO ≤ 0.5 are stable at the air/water interface. There is no significant shift in
area for two subsequent compression -A isotherms. Moreover, the absence of a
relevant loss of DAO into the subphase has been checked by UV-Vis reflection
spectroscopy during the two compression isotherms, as discussed below (shown in
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Fig. SI6-8). However, the mixed Langmuir monolayers with a molar ratio of X DAO
≥ 0.6 are only partially stable, i. e., a partial loss of DAO molecules into the
subphase is observed. The lack of stability of the mixed monolayers with XDAO ≥
0.6 leads to a light orange coloration of the subphase during the experiments. The
DAO molecule is partly soluble in water, in the form of micelles.56
Figure_2. Surface pressure-molecular area (π-A) isotherms for the mixed Langmuir
monolayers DAO:SA with different molar ratios of DAO (X DAO). Isotherm of pure stearic
acid is shown for comparison. All the isotherms were recorded at T = 21&ordm;C.
The -A isotherm for the mixed monolayer with XDAO = 0.6 is shown in
Figure 2. For low values of surface pressure, the -A isotherms for XDAO = 0.6 and
XDAO = 0.5 are almost overlapped. However, an increase of the applied surface
pressure leads to an intercrossing of the -A isotherm for XDAO = 0.6 with the
isotherms for XDAO = 0.5 and 0.4. This intercrossing is attributed to a partial
solubilization of the DAO molecules in the subphase. Therefore, the present study
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has been carried out for the mixed Langmuir monolayers DAO:SA with a molar
ratio of xDAO ≤ 0.5. In other words, mixed monolayers with equimolar ratio
between DAO and SA, and those enriched in stearic acid are considered. Three
remarkable features are present in the -A isotherms (see Figure 2):
1. The -A isotherms for the mixed monolayers DAO:SA show a
significant expansion to larger areas when compared to the -A isotherms for the
pure stearic acid. This expansion is due to the presence of the head group of the
DAO molecule at the air/water interface.
2. A phase transition from liquid expanded phase to liquid condensed
phase, LE-LC, at the interval of surface pressures of ca. 12-15 mN/m, is observed
for all the mixed monolayers. In the case of the mixed monolayer with equimolar
ratio, XDAO = 0.5, the phase transition takes place at ca. 15 mN/m. With increasing
content of stearic acid of the monolayer, the surface pressure of the transition phase
reaches lower values. In the case of the mixed monolayer with X DAO = 0.1, the
phase transition occurs at ca. 12 mN/m. Note that there is no phase transition for a
Langmuir monolayer of pure stearic acid, in which the surface pressure raises
steeply at a molecular area of ca. 27 &Aring;2 per molecule of stearic acid.57
3. The value of the surface pressure for the collapse of the mixed
monolayer is dependent on the molar ratio of DAO. An increase in the relative
content of DAO in the mixed monolayer leads to a lowering in the surface pressure
of collapse of the monolayer, as well as a promotion of the collapse at larger
molecular areas.
In spite of the solubility in water of the DAO molecule, the formation of
mixed monolayer with SA leads to a stable attachment of the DAO molecules at
the air/water interface. The intermolecular interactions between the DAO and SA
molecules might be mainly electrostatic interactions. Although for pure stearic acid
monolayers the headgroup is mostly protonated at neutral pH, a significant fraction
of the SA molecules in the mixed monolayers might exist in the anionic form,
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being the dissociation of the acid headgroup promoted by the positive charge of the
DAO molecule.58 The hydrophobic interactions between the alkyl chains of the
DAO and SA molecules are present in the monolayer, and may contribute to a
certain extent to the stability of the monolayer, as reported for similar systems. 45,59
However, the lack of stability observed for the mixed monolayers with a molar
ratio of XDAO &gt; 0.5 points out that the hydrophobic interactions are not enough to
effectively retain all the DAO molecules at the air/water interface. To the best of
our knowledge, there have been no specific reports in the protonation state of fatty
acids in mixed monolayers with cationic surfactants. A deep study in the
protonation state of stearic acid in the mixed monolayers described in the
manuscript is beyond the scope of the manuscript.
A miscibility study between DAO and SA at the air/water interface has
been carried out by applying the additivity rule.60,61 The following equation can be
applied in the case of an ideal mixture with non-interacting components, that is,
totally non miscible components:
A = XDAO ADAO + XSA ASA
(1)
A accounts for the total surface are occupied by both components, DAO
and SA. ADAO and ASA are the values of the surface area in the mixed monolayers
for the DAO and SA molecules, respectively. XSA denote the molar ratio in the
mixed monolayers of SA molecules, XSA = nSA/(nDAO+nSA). For an ideal mixture,
the plotting of A versus a molar ratio, either XDAO or XSA, would display a linear
trend. According to the experimental data, the intermolecular interactions between
the DAO and SA molecules lead to a deviation in the linearity of the plot of A
(total surface area) versus XDAO or XSA at a given surface pressure.
Figure 3 shows the plot of A versus XDAO for different values of surface
pressure. There is no linear behavior for the plot of A vs. XDAO. Therefore, the
DAO and SA molecules are partially miscible at the air/water interface. As
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previously commented, the solubility in water of the DAO prevents the use of the
mixed monolayers with XDAO &gt; 0.5.
Figure 3. A) Plot of total molecular area for the mixed monolayers DAO:SA at different
surface pressures versus the molar ratio of DAO (XDAO). B) Schematic representation of the
possible orientations of the DAO head group with respect to the air/water interface. The red
arrow indicates the main axis of the molecule. The alkyl chain covalently attached to the
acridine group has been omitted for clarity.
Three main orientations of the acridine group of the DAO are considered,
as depicted in Figure 3B. A parallel orientation of the molecular plane of the
acridine group with respect to the air/water interface is presented in Fig. 3B-I. The
occupied surface area is ca. 130 &Aring;2 per DAO molecule. In the case of a
perpendicular arrangement between the molecular plane of the acridine and the
air/water interface, two main orientations are considered: a) a parallel orientation of
the longitudinal axis with respect to the interface, as shown in Fig. 3B-II,
occupying a surface area of ca. 62 &Aring;2 per DAO molecule, and b) a perpendicular
orientation of the longitudinal axis with respect to the interface as shown in Fig.
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3B-III, occupying a surface area of ca. 34 &Aring;2 per DAO molecule. Note that a single
alkyl chain in the all-trans conformation occupies a surface area of ca. 19 &Aring;2 per
alkyl chain.62
For large values of surface pressure (condensed state of the mixed
monolayer) of ca. 25-35 mN/m, two main phenomena are observed as a function of
surface pressure. Given a low relative content of DAO, i. e., XDAO = 0.1 and 0.2,
the surface area is ca. 19 &Aring;2 total area per molecule, a coincident value with the
surface area occupied by a single alkyl chain. The acridine group is not
contributing to the surface area in this case. Therefore, the acridine group is
assumed to be immersed into the subphase, beneath the alkyl chain region. For the
case of the mixed monolayers with the largest content of DAO, XDAO = 0.5, the
total area per molecule is ca. 24 &Aring;2 per molecule. In this case, the mixed monolayer
comprises an equimolar mixture. The surface area of a DAO:SA complex is 2 x 24
&Aring;2 = 48 &Aring;2. For the case of an inclusion of the acridine group between the
hydrocarbon chains, the minimum area for the DAO:SA equimolar complex would
be 19 &Aring;2 (alkyl chain of DAO) plus 19 &Aring;2 (alkyl chain of SA) plus 34 &Aring;2
(minimum occupied area by the acridine group), giving a minimum total surface
area of 72 &Aring;2 per DAO:SA equimolar complex. The experimental value of
minimum area is significantly lower than the calculated value, therefore indicating
the absence of the acridine group in the hydrophobic region. However, the value of
total area is slightly larger than the area occupied by two alkyl chains, revealing the
distortion of the hydrophobic region by the acridine group. Therefore, the acridine
group is suggested to exist in an intermediate arrangement between those presented
in Figure 2B-II and 2B-III.
In conclusion, for all the mixed monolayers, the acridine group is located
underneath the hydrocarbon region. The distortion of the hydrocarbon region by
the DAO head group is significant for the mixed monolayers with a high content of
DAO.
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3.2. Surface potential
In order to check the above discussed rearrangement of the acridine group
at the mixed monolayer, surface potential measurements were carried out. The
surface potential of a Langmuir monolayer is dependent on three main factors: a)
the dipole moments of the components of the monolayer, b) the relative orientation
of the water molecules, and c) the ionic environment and state of the headgroups
and subphase.
Figure 4. Left axis: Surface potential multiplied by area plotted versus molecular area for
stearic acid and the mixed monolayer DAO:SA, XDAO = 0.5. Right axis: Surface pressuremolecular area isotherms of stearic acid and the mixed monolayer DAO:SA, XDAO = 0.5.
The corresponding axis for each plot is indicated by the arrows. Black line: stearic acid.
Blue line: mixed monolayer DAO:SA. , XDAO = 0.5.
The contribution to the surface potential of the hydrophobic chains is
similar for the DAO and SA molecules, bearing no functional groups. Thus, only
the contribution of the dipole moments of the headgroups of DAO and SA is
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considered as relevant for any change in the surface potential of the monolayer. For
the present case, we adopt the general assumption to consider no significant
reorientation of the water molecules with the compression of the monolayer. No
ions have been added to the pure water subphase. Therefore, exclusively the ionic
state of the DAO and SA polar headgroups is considered to have an impact on the
ionic environment at the air/water interface. In this regard, only the DAO:SA
monolayer in equimolar ratio is examined, as the total charge might be closer to
zero, as discussed previously from the enhanced dissociation of the SA headgroup
in the mixed monolayer. Other molar proportions will lead to a total charge further
different from zero, which might lead in turn to changes in the protonation state
with compression. A study of the protonation state of the DAO and SA molecules
at the air/water interface is beyond the scope of this report.
According to the Hemholtz model, the surface potential of a Langmuir
monolayer is described by the equation:
V 

A  v  0
(2)
where V is the experimentally measured surface potential,is the total
dipole moment of the Langmuir monolayer with a perpendicular orientation to the
air/water interface, and v and 0 are the relative dielectric constant at the interface
and the permittivity of free space, respectively. v might change its value with
monolayer compression.63 Therefore, the value of the product V x A will provide
only a qualitative estimation of the normal component of the total dipole moment
of the monolayer. Figure 4 shows the plot of V x A with monolayer compression
for the stearic acid and the DAO:SA (XDAO = 0.5) monolayers. The normal dipole
moment of the polar head group of stearic acid in the pure SA monolayer suffers
no significant change along the isotherm, except for a small diminution at highly
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compressed state. This small change at the solid phase of the SA monolayer might
be provoked by a change in the protonation state of some carboxylic groups, in
order to reduce the electrostatic repulsion between polar heads. A slight
rearrangement of the dipole moment of the headgroups with compression might
also contribute. However, for the case of the DAO:SA (XDAO = 0.5) monolayer, the
V x A value is almost constant until a surface pressure of ca. 10 mN/m, showing a
reduced impact of the compression on the normal dipole moment, most likely
related with the DAO head group orientation. With further compression of the
monolayer, the V x A is diminished to less than a half its initial value. As
commented previously, the surface potential measurements allow exclusively for a
qualitative picture of the molecular rearrangements in the mixed monolayer. Note
that no detailed study on the protonation state of the SA molecule with
compression has been carried out. The measurements of UV-Vis reflection spectra
further confirm the rearrangement of the DAO head group at the air/water interface
as a function of the applied surface pressure. These UV-Vis measurements offer
quantitative data on orientation degree, as presented below.
3.3. Brewster Angle Microscopy: Mesoscopic Arrangement
Brewster angle microscopy has been used to study the morphology of the
mixed Langmuir monolayers. The acquisition of the BAM pictures has been
performed simultaneously to the recording of the -A isotherms. Representative
BAM pictures for the mixed monolayers DAO:SA with XDAO = 0.1, 0.2 and 0.5 are
shown in Figure 5. Additional BAM pictures of the mixed monolayers along the
isotherm can be found in the Supporting Information (Figures SI 1-3)
In the case of the mixed monolayer in equimolar ratio, X DAO = 0.5, the
monolayer appears homogeneous at low values of surface pressure. However, as
the monolayer is compressed to a surface pressure of ca. 15 mN/m, that is, the
surface pressure for the phase transition, bright irregular domains appear. These
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bright domains should correspond to more condensed regions of the monolayer.
The domains tend to disappear with increasing surface pressure, giving again a
homogenous monolayer at high surface pressures.
For the mixed monolayer with XDAO = 0.2, the monolayer is homogeneous
only at a zero value of surface pressure, a highly expanded state of the monolayer.
However, domains appear at low surface pressures. At 5 mN/m, domains with
almost circular shape are observed. These domains display different inner textures.
In general, the domains consist of a dark core with a surrounding bright corona.
With compression, the distance between domains is reduced, but no coalescence
has been observed. The domains do not significantly change their size along the
isotherm. For high values of surface pressure, the monolayer is composed mainly
of agglomerated dark regions with occasional bright regions encircling the
domains. The presence of different inner textures within the domains has been
ascribed to two main factors: the anisotropy in the molecular orientation and/or
differences in molecular composition.64
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Figure 5. Representative Brewster Angle Microscopy pictures for the mixed monolayers
DAO:SA with XDAO = 0.5, 0.2 and 0.1 at different points of the -A isotherms. From top to
bottom: XDAO = 0.5, 0.2 and 0.1, respectively. Each side of the picture equals to 220 m.
For the monolayer with XDAO = 0.1, the morphology is almost homogenous
along the whole isotherm. At intermediate surface pressures of ca. 20 mN/m, small
dark domains and bright regions appear. The difference in brightness might be
related with the appearance of small domains, most likely consisting in condensed
areas. These domains exist in the few micrometers size, therefore not being clearly
defined by Brewster Angle Microscopy.
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3.4. UV-Vis reflection spectroscopy at the air/water interface
The UV-Vis reflection spectroscopy at the air/water interface offers in situ
quantitative information on the presence and orientation of the chromophores at the
air/water interface. In the seminal paper of Moebius it was described that in bulk
solution, the molecules fluctuate and the scattered light waves interfere sometimes
positively and sometimes negatively. The intensity of scattered light is only
linearly proportional to the dye concentration and therefore too weak to be detected
although the light is penetrating a layer of the solution which contains many more
dye molecules than a monolayer.53 The UV-Vis reflection spectroscopy is
exclusively sensitive to the molecules existing at the air/water interface, thus
discarding any signal from the subphase. For a Langmuir monolayer containing
UV-Vis absorbing molecules, the reflection of an incident light at the interface is
enhanced by:53
R  RD,S  RS  2.303 103 f o RS 
(3)
where RS and RD,S are the reflectivity of the interface without and with the
presence of the Langmuir monolayer, respectively. RS is 0.02, and  is the molar
absorption coefficient with mol&middot;L-1&middot;cm-1 units,  is the surface concentration of the
monolayer, with mol&middot;cm-2 units, f0 is the orientation factor, which accounts for the
preferred orientation of the transition dipole at the interface. The  coefficient is
obtained from bulk measurements, i. e., DAO solution, therefore no preferred
orientation is included. However, anisotropy in the orientation of the dipoles is
expected at the air/water interface.
The orientation factor, f0, accounts for the change in the absorption
properties of the chromophore due to anisotropy.
Given a non-degenerate absorption band, that is, with only one component
of the transition dipole, the orientation factor is:65
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3
sin( )2
2
f0 
(4)
where  is the angle formed by the transition dipole and the Z axis, i. e., the
normal axis to the air/water interface. The brackets indicate a mean value. UV-Vis
reflection spectra are often expressed in normalized units in order to discard any
additional effect to the variation of the surface concentration of the chromophore
units at the interface. The surface concentration of the dye, the DAO molecule, is
expressed by:

1014
N A ADAO
(5)
where NA is the Avogadro number, and ADAO is the molecular area of DAO.
ADAO is obtained from the -A isotherms by ADAO = ATOTAL/XDAO. The normalized
reflection signal is the product of the absolute reflection signal by the molecular
area of the chromophore:
Rnorm  ADAO  R 
2.303 1017 f 0
NA
RS  5.41 108 f 0
(6)
Rnorm has nm2&middot;molec-1 units. The normalized reflection spectra offer
information on molecular aggregation, as well as molecular orientation.
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Figure 6. Top: UV-Vis reflection spectra (R) for the mixed monolayers DAO:SA with
XDAO = 0.1, 0.2 and 0.5, in A), C) and E), respectively. The UV-Vis absorption spectrum of
a DAO solution in methanol is shown for comparison (grey dashed line). Arbitrary unit has
been used. Bottom: Normalized reflection spectra (R&middot;ADAO) for the mixed monolayers
DAO:SA with XDAO = 0.1, 0.2 and 0.5 in B), D) and F), respectively. The values of total
area per molecule are noted in the boxes.
Figure 6 shows the UV-Vis reflection spectra for the mixed monolayers
DAO:SA with XDAO = 0.1, 0.2 and 0.5 at different stages of the isotherm. Both
reflection and normalized reflection spectra are displayed. For the sake of clarity,
only four spectra are shown in each set. Additional spectra supporting the tendency
commented herein are shown in Figure SI4.
For comparison, the UV-Vis absorption spectrum of the DAO molecule in
solution (bulk medium) is also included (see Fig. SI5). Methanol has been used as
a solvent. No significant changes in the shape of the spectra and relative intensities
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of the bands have been found for an interval of concentration ranging from 2&middot;10 -5
M to 2&middot;10-7 M. The maximum in the absorption spectra is located in  = 494 nm,
close to the value of maximum wavelength reported in the literature for the
monomer of Acridine Orange, monomer = 497 nm.66 Therefore, the absence of
aggregation in solution is assumed for the mentioned interval of concentration.
Although the shape and the maximum wavelength of the bands vary with
the molar ratio of DAO in the mixed monolayer (XDAO), there are common features
for all the mixed monolayers. At high values of total area per molecule, the
monolayer is in the expanded state, and the reflection spectrum of the DAO:SA
mixed monolayer and the absorption spectrum of DAO in methanol are almost
coincident in shape. The reflection spectra show an intense band centered at
monomer = 497 nm. The same band appears with a slight shift in the solution
spectrum at monomer = 494 nm. This band has been associated with the monomer of
the DAO molecule, that is, in absence of aggregation. Additionally, the absorption
spectra display a weaker band centered at aggregate = 474 nm. This band has been
ascribed to the 0-1 vibration and/or the dimer absorption band.27,67,68
The
maximum wavelength of this band varies significantly with the molar ratio of DAO
in the case of reflection spectra of the mixed monolayers.
The shape of the normalized UV-Vis reflection spectrum for the DAO:SA
mixed monolayers is dependent mainly on the aggregation state of the
chromophore, whereas the intensity of the bands is mainly dependent on the
relative orientation of the dipole transition moment with respect to the interface.
An increase in the absolute R intensity with increasing XDAO, as well as
with the compression of the monolayer for a given mixed monolayer, is expected,
as the interface is enriched in chromophore. Indeed, the experimental results agree
with this trend, as shown in Figure 6 for the UV-Vis reflection spectra.
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The mixed Langmuir monolayer with XDAO = 0.5 (equimolar mixture)
shows an increase of the absolute reflection signal with compression of the
monolayer (see Fig. 6A). Note that the intensity of the band at aggregate = 476 nm
increases largely in comparison with the band centered at monomer = 497 nm. For a
highly compressed state of the monolayer, there is an inversion of the relative
intensity: the band at aggregate = 476 nm is more intense than the band at monomer =
497 nm. This phenomenon is ascribed to an induced aggregation of the
chromophores with the compression of the monolayer. The absolute value of the
signal for the normalized reflection spectra decreases with compression of the
monolayer (see Fig. 6B). The decrease of the signal in the normalized reflection
spectra is related with the change of the relative orientation to the interface of the
chromophore group, that is, the acridine group of DAO, with the compression of
the monolayer. This phenomenon will be quantitatively analyzed below.
The mixed monolayer with XDAO = 0.2 shows some significant differences
with respect to the previous case. Figure 6C and 6D shows the UV-Vis reflection
and normalized reflection spectra, respectively. Similarly to the case of X DAO = 0.5,
there is an increase in the absolute signal with the compression of the monolayer,
as well as an inversion on the relative intensities of the two bands monomer and
aggregate. However, for the monolayer with XDAO = 0.2, the band of the monomer at
monomer = 497 nm is significantly reduced at small values of area, as seen in Fig.
4C. Moreover, the band of the aggregate appears at aggregate = 464 nm, whereas for
the case of XDAO = 0.5 appears at aggregate = 476 nm.
The mixed Langmuir monolayer with XDAO = 0.1 shows the smallest
intensity in the absolute reflection intensity (see Fig. 6E), as expected from the
reduced content of DAO in the monolayer. The surface density of the acridine
group is lower for the monolayer with XDAO = 0.1 than for the monolayers with
XDAO = 0.2 and 0.5, leading to a lower reflection. The band of the monomer at
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monomer = 497 nm is almost non existent at high compression of the monolayer. The
band of the aggregate is centered at aggregate = 460 nm.
The molar absorption coefficient of DAO, as determined by UV-Vis
absorption measurements in solution, is DAO = 7.1 M1&middot;cm-1. Then, from equation
(6),
Rnorm  0.384 102  f0
(7)
The orientation factor, f0, might reach a maximum value of f0 = 1.5, which
corresponds to a parallel orientation of the transition dipole with respect to the
air/water interface. Assuming f0 = 1.5, a calculated value of ΔRnorm = 0.576 is
obtained. As shown in Figure 6F, only the monolayer with XDAO = 0.1 at an
expanded state of the monolayer, low values of surface pressure, reaches a value of
ΔRnorm of ca. 0.57. Therefore, exclusively for the mixed monolayer DAO:SA with
XDAO = 0.1 at expanded state, the acridine group of the DAO molecule is arranged
parallel to the interface.
The observed shifting of the bands is caused by DAO aggregation. The
aggregation between chromophore groups is expected to be enhanced for a larger
XDAO and with monolayer compression, as chromophore units get closer to each
other. According to the experimental results, the compression of a given monolayer
promotes the aggregation between chromophore units, as expected. In other words,
the ratio between the intensities of the bands of the aggregate and the monomer is
proportional to the applied surface pressure. The compression of the monolayer
leads to a decrease of the distance between molecules at the interface. Therefore,
the aggregation of the DAO molecules can be tuned with compression of the
monolayer. Moreover, the tilting angle of the DAO head group can be finely
adjusted by the applied surface pressure, as shown below.
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The experimental results show that a reduced XDAO leads to a self-assembly
of the DAO headgroups when compared to larger XDAO. The UV-Vis absorption
band corresponding to the aggregates of the acridine group of the DAO molecule
appears at aggregate = 474, 464 and 460 nm for the mixed monolayers DAO:SA with
XDAO = 0.5, 0.2 and 0.1, respectively. A larger blue shifting, corresponding to welldefined molecular aggregates, is observed for smaller molar ratio of DAO in the
mixed monolayer. Although this result seems counterintuitive, given the lower
content of DAO in the monolayer, it has been previously described for similar
systems.24
The shifting of the UV-Vis band is proportional to the number of
molecules that form the aggregates, as well as the relative orientation between the
chromophores.65 For small molar ratios of DAO in the mixed monolayers, e. g.,
XDAO = 0.1, a reduced concentration of DAO molecules at the interface is found. In
this scenario, the intermolecular interactions between the DAO headgroups might
lead to the formation of well-defined linear H-aggregates. However, for the case of
large molar ratios of DAO in the mixed monolayers, e. g., XDAO = 0.5, the interface
is crowded with the DAO molecules. As a result, an organized aggregation
between DAO headgroups is impeded. In this case, the DAO aggregates are not
homogeneous, being instead a mixture of different aggregates. Therefore, the role
of SA in the mixed monolayers is not only the anchoring of DAO at the interface,
but also the spacing between the DAO molecules. A suitable spacing leads to the
formation of well-defined aggregates with an adequate molar ratio DAO:SA.
Therefore, the molar ratio in the mixed monolayers DAO:SA should be
carefully chosen, in order to promote the formation of molecularly defined
aggregates. These results might be applied to the design and building of new
molecular assemblies.
The aggregation between the DAO headgroups is reversible. The
reversibility of the process of aggregation was monitored by compressing the
100
Derivados de acridina
Cap&iacute;tulo III
mixed monolayers, with a subsequent expansion and further compression of the
monolayer. When comparing the UV-Vis reflection spectra during the two
compression isotherms at the same stage of molecular area and surface pressure,
significant changes neither in intensity nor in shape were observed (see Fig. SI5-7).
Therefore, the mixed monolayers are stable, with no loss of DAO
molecules from the monolayer. Moreover, the aggregation between the DAO
headgroups is reversible.
3.5. Quantitative analysis of the tilting angle of the DAO head group
The intensity of the band corresponding to a given spectroscopic transition
is proportional to the strength of the oscillator, f, defined as:67
f 
4 0 2.303me c0
 d  1.44 1019   d
2

N Ae
band
band

0 is the permittivity of the vacuum, me y e are the mass and charge of the
electron, respectively. c0 denotes the speed of light in vacuum. The numeric factor
1.44&times;10-19 has mol&middot;L-1&middot;cm&middot;s units.
The strength of the oscillator, f, for DAO in methanol solution has been
calculated by integration of the UV-Vis band in the interval of wavelength from
375 to 540 nm (see Fig. SI4). The obtained value was f = 0.55. Note that the
transition dipole of the monomer band is coincident with the main axis of the
molecule (depicted as an arrow in Fig. 2B).27
The strength of the oscillator can also be calculated from the reflection
spectra. The combination of equations (6) and (8) gives the following equation:
f 
1.44 1019
2.66 1012

R
d


 norm
 Rnorm d 
5.41108 f o band
f0
band
(9)
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The orientation factor, f0, can not be obtained directly. Therefore, the
apparent strength of the oscillator, fapp, is defined as:
f app  f  f 0  2.66 1012

Rnorm d 
(10)
band
where the numeric factor of 2.66x10-12 has units of nm-2&middot;s.
According to the model of excited states developed by Davidov, the
strength of the oscillator is not modified for the molecules that are part of a
molecular aggregate.67,69,70 This approximation is valid in the case of exclusively
weak interactions between chromophores. Therefore, the experimentally obtained
values of fapp offer quantitative information on the relative orientation of the
transition dipole with respect to the air/water interface. By integration of the UVVis bands corresponding to the first electronic transition, the values of fapp can be
obtained. Every band in the range of wavelengths from 375 to 540 nm was
included in the integration. The mentioned interval was chosen in order to include
the contribution to the spectra of both the monomer and the aggregates.
The obtained data are plotted as a function of the surface area available to a
DAO molecule in Figure 7. The apparent strength of the oscillator, fapp, diminishes
with the reduction in the molecular area, in other words, with the increase of the
applied surface pressure. The value of the strength of the oscillator for DAO in
methanol solution, f = 0.55, is displayed as a dashed line in Fig. 7A. For the mixed
monolayers DAO:SA with XDAO = 0.1, 0.2 and 0.5, generally a value of fapp &gt; f
have been found, with the exception of highly compressed states, in other words,
high applied surface pressure.
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Figure 7. A) Plot of the apparent strength of the oscillator, fapp vs. the molecular area per
DAO molecule, ADAO. The dashed line indicates the value of the strength of the oscillator
for DAO in methanol solution, f = 0.55. B) Plot of the tilting angle, , of the dipole
transition of the DAO head group with the Z axis, that is, the normal axis to the air/water
interface. The dotted lines indicates the three main regions of the -A isotherm, namely, gas
phase with a  &lt; 0.3 mN/m, liquid expanded phase with 0.3 mN/m &lt;  &lt; 15 mN/m, and the
liquid condensed-solid phase with a  &gt; 15 mN/m.
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The average tilting of the transition dipole of the DAO head group with
respect to the air/water interface might be calculated from the following equation:
f0 
f ap
f

3
sin( )2
2
(11)
The calculated tilting angles are plotted in Fig. 7B. The calculation of a
discrete value for the tilting angle is performed under the assumption of a uniform
orientation of the dipoles. This approximation is consistent with the experimental
results. A uniform orientation of the dipoles is expected given the confinement of
the DAO molecules at the air/water interface. There are three main regions in the
graph, corresponding to the three main regions of a -A isotherm. First, a highly
expanded state of the monolayer, corresponding to a tilting of the DAO head group
of  &gt; 65&deg;. In this case, the monolayer is under a low applied surface pressure,  &lt;
0.3 mN/m. According to the literature, this situation corresponds to the gas phase
of the mixed monolayer. As previously commented, only for the mixed monolayer
with XDAO = 0.1 at large surface areas, a value of f0 = 1.5 is obtained, indicating a
tilting angle of the DAO head group of  = 90&deg;. Second, an intermediate situation
with a tilting angle of the DAO head group of  ca. 60&deg;. The intermediate situation
occurs at moderate values of applied surface pressure of  = 0.3 – 15 mN/m. This
situation corresponds to the liquid expanded (LE) state of the monolayer. Third, for
high values of applied surface pressure, that is,  &gt; 15 mN/m, the monolayer
reaches the liquid condensed and solid state (LC/S). In this state, fapp &lt; f , and a
tilting angle of the DAO head group of  &lt; 55&deg; is obtained.
In conclusion, by adjusting the applied surface pressure to the mixed
monolayer, it is possible to finely tune the tilting angle of the DAO head group
with respect to the interface.
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3.6. Molecular mechanism for rearrangement of the DAO head group at the
air/water interface
The tuning of the degree of tilting of the DAO head group by applying a
given surface pressure to a mixed monolayer has been described above by the
experimental technique UV-Vis reflection spectroscopy. Although this technique
gives accurate information on the arrangement of the DAO head group at the
air/water interface, the UV-Vis spectra do not offer mechanistic insights.
A significant tilting of the DAO head group has been observed for all the
mixed monolayers DAO:SA studied herein. The tilting of the DAO head group
might be expected for the mixed monolayer with XDAO = 0.5, given the larger
content of DAO at the interface. For the mixed monolayers with low content of
DAO, e.g., XDAO = 0.1, no tilting might be expected, as the DAO molecules are
likely to be distant from each other. However, the experimental results show the
existence of aggregation and tilting of the DAO head group even for reduced
values of XDAO, as already commented. Therefore, there should be a driving force
for the DAO tilting other than the mere effect of a large enough surface
concentration of DAO at the air/water interface.
The DAO molecule has been analyzed by a computational approach. The
quantum semiempirical method RM155 has been used to analyze the different
conformations of the DAO molecule, as a first step to determine the most stable
conformation. Using the most probable conformation of the DAO molecule at the
air/water interface, the formation of the simplest aggregate between the DAO
molecules, that is, a dimer of DAO, has been checked. The calculated data agrees
with the experimental data. Note that the calculations are performed in vacuo, that
is, in absence of water molecules and other interacting molecules. The results offer
valuable insights on the rearrangement at the molecular level.
The Figure 8A shows the optimized molecular structure of DAO, as well,
as the atom numbering for those atoms that might be involved in the
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conformational changes. The main rotation concerning the tilting of the DAO head
group is assumed to take place around the bond between the C(4) and C(5) atoms.
In other words, the dihedral angle formed by the atoms C(3)-C(4)-C(5)-C(6) should
rearrange with compression of the monolayer. Other suitable options would be the
rotation of the dihedral angles formed by the C(1)-N(2)-C(3)-C(4) and N(2)-C(3)C(4)-C(5) atoms. However, in the former case the steric hindrance between the
N(CH3)2 groups and the alkyl tail negates a free rotation around the dihedral angle.
For the latter case, the obtained values of molecular area are significantly larger
than the experimental values, being non realistic. Therefore, the two mentioned
options are discarded.
Figure_8. A) Molecular
scheme for the most
stable conformation of
DAO. The red arrow
indicates
the
main
transition dipole of the
DAO head group. B)
Plot
of
the
total
electronic energy of the
DAO molecule versus
the
dihedral
angle
formed by the atoms
C(3)-C(4)-C(5)-C(6). C)
Rotation of the dihedral
plane C(3-6) from 180&deg;
to 70&deg;. D) Model of
aggregation of DAO
molecules
at
the
air/water interface.
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The Figure 8B shows the calculated values of the total electronic energy
for the DAO molecule as a function of the dihedral angle C(3-6). There are two
maxima of energy, corresponding to the largest steric hindrance between the
hydrogen atoms of the N(CH3)2 groups and the hydrogen atoms of the alkyl chain.
Two minima of energy are obtained for values of the C(3-6) dihedral angle of 70&deg;
and 180&deg;. A dihedral angle of 180&deg; corresponds to an all-trans conformation of the
DAO molecule. This conformation is highly unlikely to occur at the air/water
interface. A dihedral angle of 70&deg; is related with the absence of steric hindrance.
Therefore, a C(3-6) dihedral angle of 70&deg; is highly likely to occur for a DAO
molecule at the air/water interface. The Figure 7C shows the rotation of the C(3-6)
dihedral angle from 180&deg; to 70&deg;. Assuming a vertical orientation of the
hydrophobic chain with respect to the air/water interface, a value of ca. 50 &Aring; 2 per
DAO molecule is obtained. Moreover, the angle formed by the transition dipole of
the DAO head group and the Z axis is ca. 55&deg;. These values are in total coincidence
with the molecular area and tilting of the head group for the mixed monolayer
DAO:SA with XDAO = 0.5 at high surface pressures. Therefore, the proposed
molecular mechanism for the DAO rearrangement at the interface is the rotation
around the C(3-6) dihedral angle, as a function of the applied surface pressure.
As previously commented, given the tilting of the DAO head group in the
absence of molecular crowding, the driving force for the tilting should be other
than non specific intermolecular interactions. The self-assembly of the DAO
headgroups is proposed as the driving force for the molecular arrangement of the
DAO at the air/water interface. In this scenario, the applied surface pressure would
play the role of tune this self-assembly. The spontaneous formation of Haggregates for similar systems has been observed in bulk and 2D media20,24.
The DAO molecule in all-trans conformation bears a large dipole moment,
originating a strong repulsion between the adjacent DAO molecules. Given the
tendency of DAO to self-assemble into H-aggregates, a partial rotation of the DAO
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headgroups is assumed to compensate this dipolar repulsion, as shown in Figure
8D. This rotation corresponds to the already described rotation of the C (3-6)
dihedral plane. These results are supported by the variation of the orientation of the
dipolar moment of the DAO head group with compression (see Figure 4).
The effect of the counterions in the structure of the mixed monolayers is
considered negligible for the case presented herein. For the acridine orange dye the
 stacking between AO units is regarded as the main interactions for the
formation of aggregates, with a partial rotation of the AO units as a function of the
dipole moment. In this sense, we would expect some influence of ions in the
subphase, although the impact of ions in the structure of the aggregates would be
reduced, at least for small values of ionic strength. However, given that there is a
significant contribution of electrostatic interactions between the DAO and the SA
molecules, as discussed previously, ions in the subphase might screen the
electrostatic interactions effectively, leading to a disruption of the structure of the
monolayer. It would be intriguing to study the effect of different ions, as one could
expect a certain correlation to the Hofmeister series.71 The interplay of these factors
would lead to different extent of impact of the ions in the monolayer structure as a
function of ionic strength, as well as ion type. Although of high interest, a further
study concerning the detailed effect of ions in the structure of the mixed
monolayers is beyond the scope of this manuscript.
In summary, the driving force for the conformational changes of the DAO
molecules is the self-assembly between DAO headgroups. The tuning of the
aggregation can be performed by controlling the applied surface pressure and the
molar ratio of DAO in the mixed monolayers. Therefore, it is possible to establish a
reversible and accurate adjustment of the aggregation degree.
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CONCLUSIONS
Mixed Langmuir monolayers of a surface active organic dye (DAO) and
stearic acid (SA) have been successfully built by the cospreading method. Those
mixed monolayers with a molar excess of DAO, i. e., with XDAO &gt; 0.5 are not
stable at the air/water interface. A significant solubilization of DAO into the
subphase has been observed. The mixed monolayers with XDAO ≤ 0.5 are not
soluble in the subphase at this monolayer concentration at the air/water interface.
Moreover, performing two subsequent complete  -A isotherms shows that not only
that the amount of DAO at the interface is kept constant, but also that the molecular
arrangement of the DAO molecule is reversibly achieved. The reversibility on the
molecular orientation of the DAO headgroup is assessed by UV-vis reflection
spectroscopy during a second compression cycle of the mixed monolayers.
The A isotherms of the mixed monolayers show a LE-LC phase
transition at a surface pressure of ca. 12-15 mN/m. The surface pressure for the
phase transition depends on the molar ratio of DAO in the mixed monolayer
(XDAO). There are interactions between DAO and SA molecules in the mixed
monolayers, therefore being miscible, at least to a certain extent.
The mixed monolayer with XDAO = 0.5 appears quite homogeneous at the
mesoscopic level, indicating the formation of an ionic pair DAO:SA. In the case of
the mixed monolayers with XDAO = 0.1 and 0.2, the interactions between DAO
and SA molecules give rise to bright circular domains.
The UV-Vis reflection spectra from the mixed monolayers show two main
phenomena involving the DAO head group: first, formation of H-aggregates,
indicated by a blue shifting of the UV-Vis bands. Second, a change of tilting of the
main dipole of the DAO head group is observed with the applied surface pressure.
The formation of H-aggregates is enhanced for the mixed monolayers with a lower
content of DAO. Although the absolute content of DAO molecules is reduced for
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those mixed monolayers, the absence of molecular crowding at the interface favors
the formation of linear and well-defined H-aggregates.
The tilting of the DAO head group can be tuned by applying a certain
surface pressure to a given mixed monolayer. The tilting angle formed between the
main axis of the DAO head group and the Z axis,, ranges from  = 90&deg; (low XDAO
content and low applied surface pressure) to  of ca. 55&deg; (large applied surface
pressure). The interval of that a given mixed monolayer might achieve can be
controlled by using a certain molar ratio of DAO.
The molecular mechanism of the conformational changes of the DAO
molecule has been elucidated by using the quantum semiempirical method RM1.
The dihedral angle formed by the atoms C(3)-C(4)-C(5)-C(6), that is, the closer
methylene groups of the alkyl chains to the DAO head group, is the main
molecular parameter affected by the conformational changes of the DAO molecule
at the interface. The experimental data of surface potential support this statement,
as a significant variation of the orientation of the dipolar moment with the
compression of the monolayer is observed.
The spontaneous formation of H-aggregates at the mixed monolayers
DAO:SA is driven by the tendency of the DAO headgroups to self-assemble. The
tilting of the DAO head group, as well as the degree of aggregation, can be
accurately tuned by adjusting the molar ratio of DAO and the applied surface
pressure. Additionally, the process of formation of aggregates is reversible.
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SUPPORTING INFORMATION
Figure S1. BAM pictures for the mixed monolayer DAO:SA with XDAO = 0.5. The values
of surface pressure and molecular area are indicated in the foot of each picture. The width
equals to 220 μm.
111
1. Self-assembly of Acridine Orange into H-aggregates…
Figure S2. BAM pictures for the mixed monolayer DAO:SA with XDAO = 0.2. The values
of surface pressure and molecular area are indicated in the foot of each picture. The width
equals to 220 μm.
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Figure S3. BAM pictures for the mixed monolayer DAO:SA with XDAO = 0.1. The values
of surface pressure and molecular area are indicated in the foot of each picture. The width
equals to 220 μm.
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Figure S4. Top: UV-vis reflection spectra (ΔR) for the mixed monolayers DAO:SA with
XDAO = 0.1, 0.2 and 0.5, in A), C) and E), respectively. The UV-vis absorption spectrum of
a DAO solution in methanol is shown for comparison. Arbitrary unit has been used.
Bottom: Normalized reflection spectra (ΔR&middot;ADAO) for the mixed monolayers DAO:SA with
XDAO = 0.1, 0.2 and 0.5 in B), D) and F), respectively. The values of total area per molecule
are noted in the boxes.
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Figure S5. Top: UV-vis spectra for a DAO solution in methanol. The concentration of
DAO ranges from 2x10-5 M to 2x10-7 M. Inset: Value of the integration of the band versus
concentration of DAO (circles) and linear regression with r 2=0.999 (line). Bottom: UV-vis
absorption spectra of DAO at a concentration value of 2x10 -5 M and 2x10-7 M. The spectra
are normalized to unity.
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Figure S6. UV-vis reflection spectra for the mixed monolayer DAO:SA with X DAO = 0.5.
Solid line: First compression π-A isotherm. Dashed line: Second compression π-A
isotherm. The spectra were acquired at different values of surface pressure, as follows: A) 5
mN/m, B) 15 mN/m, and C) 25 mN/m.
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Figure S7. UV-vis reflection spectra for the mixed monolayer DAO:SA with X DAO = 0.2.
Solid line: First compression π-A isotherm. Dashed line: Second compression π-A
isotherm. The spectra were acquired at different values of surface pressure, as follows: A) 5
mN/m, B) 15 mN/m, and C) 25 mN/m.
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Figure S8. UV-vis reflection spectra for the mixed monolayer DAO:SA with XDAO = 0.1.
Solid line: First compression π-A isotherm. Dashed line: Second compression π-A
isotherm. The spectra were acquired at different values of surface pressure, as follows: A) 5
mN/m, B) 15 mN/m, and C) 25 mN/m.
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TRILAYER FORMATION INDUCED BY THE ACRIDINE
SELF-AGGREGATION IN MIXED MONOLAYERS WITH
STEARIC ACID
ABSTRACT
The formation of well-defined supramolecular structures with a nanoscopic
thickness is a fundamental step in nanotechnology. The fine control of the layerby-layer growth of the supramolecular assemblies at interfaces is most desirable.
This study analyzes the collapse of a mixed monolayer composed of two
surfactants in equimolar ratio: the organic dye N-10-dodecyl acridine (DAO) and
stearic acid (SA). The collapse process of the DAO:SA mixed monolayer has been
monitored using surface pressure-molecular area (π-A) and surface potential
isotherms, UV-visible reflection spectroscopy, Polarization-Modulated Infrared
Reflection-Absorption Spectroscopy (PM-IRRAS), Brewster Angle Microscopy
(BAM), and synchrotron-based in situ X-ray Reflectivity (XRR) measurements.
The experimental results indicate that the collapse of the DAO:SA mixed
monolayer leads to an ordered trilayer.
Remarkably, the growth of hexagonal 2D domains of micrometric size
with internal anisotropy is observed during the formation of the trilayer. The
anisotropy has been related to the ordering of the acridine polar headgroups. The
trilayer is organized as follows: the first and third monolayers display the polar
headgroups pointing to the aqueous subphase, whereas the intermediate layer
display the polar headgroups pointing to the air. This molecular arrangement
promotes the favorable interactions between the hydrophilic polar headgroups, as
well as between the hydrophobic alkyl chains. The trilayer is particularly stable due
to the strong tendency of the dye moiety at the polar headgroup of the DAO
molecule. The different length of the alkyl chains of the DAO and SA molecules
Manuscript to be submitted
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allows the effective intercalation between those molecules within the trilayer. The
controlled transition from a monolayer to a trilayer described herein is proposed as
a model for further supramolecular structures of tunable thickness comprising
organic dyes.
1. INTRODUCTION
The collapse of Langmuir monolayers is of capital importance from a
nanotechnological point of view, given that during this process the molecules are
self-assembled into 3D supramolecular structures.1 Moreover, the collapse of a
monolayer plays a fundamental role in highly relevant biophysical processes, e. g.,
pulmonary surfactants in the breathing cycle.2,3 Therefore, the rationale
understanding of collapse process of a Langmuir monolayer including a
quantitative model is highly desirable. The collapse of a Langmuir monolayer can
be described as a phase change in which the Langmuir monolayer is transformed
into bulk surfactant under conditions of film compression.4 In absence of additional
parallel phenomena, e.g., the aggregation of surfactant molecules into soluble
aggregates, the decrease in the surface area of the monolayer with time and
compression while keeping at a constant value of surface pressure quantitatively
describes the collapse of the Langmuir monolayer.5,6
In spite of the association of a disordered structure to the term “collapse”, a
number of examples have been reported in the literature describing the collapse of
a Langmuir monolayer spontaneously leading to 3D ordered structures, either
bilayers,7-13 trilayers,7,12,14-24 or multilayers.25-32 The study of the process of the
collapse of an ordered monolayer is a subject of large interest due to the possibility
of controlling the growth of these 3D supramolecular structures by the
understanding of the interplay of the involved short- and long-range forces.
Two different mechanisms have been proposed by which a trilayer can
grow from a Langmuir monolayer. First, the folding of the Langmuir monolayer
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leads to a trilayer. Second. the direct trilayer growth at the domain edge.17-20,33 In
the former case, a bilayer is sliding above the monolayer. In the latter case, the
domain might be formed by the bilayer, as in the previous case, or alternatively by
the trilayer, adopting a more rigid structure than the monolayer.34
This study analyzes the collapse of a mixed monolayer composed of two
surfactants in equimolar ratio: the organic dye N-10-dodecyl acridine (DAO) and
stearic acid (SA). See Figure 1A for the molecular structures of both components.
The mixed Langmuir monolayer DAO:SA has been built by the cospreading
method, i. e., mixing of both components in the same organic solvent prior to the
spreading of the Langmuir monolayer. A number of in situ experimental techniques
for the study of Langmuir monolayers have been used. Surface pressure-molecular
area (π-A) and surface potential isotherms provide information on the
thermodynamical aspects of the collapse process. UV-visible reflection
spectroscopy
and
Polarization-Modulated
Infrared
Reflection-Absorption
Spectroscopy (PM-IRRAS) offer quantitative information on the polar headgroup
and alkyl chain arrangement, respectively. Brewster Angle Microscopy (BAM)
allows the direct visualization of the monolayer at the micrometric scale.
Synchrotron-based in situ X-ray Reflectivity (XRR) provides the electron density
profile of the monolayer.
A previous study in pre-collapse conditions on the mixed Langmuir
monolayer DAO:SA showed a quite homogeneous appearance at the mesoscopic
size, indicating the formation of an ionic pair DAO:SA.35 In the absence of
collapse, two main phenomena are present concerning the polar headgroup of the
DAO molecule. First, the spontaneous formation of self-assembled H-aggregates
was observed. Second, a change of tilting of the main dipole of t the polar
headgroup of the DAO molecule was monitored. The spontaneous formation of Haggregates at the mixed monolayer DAO:SA is driven by the tendency of the DAO
headgroups to self-assemble into large aggregates. The DAO molecule in all-trans
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conformation bears a large dipole moment, originating a strong repulsion between
the adjacent DAO molecules. Given the tendency of DAO to self-assemble into Haggregates, a partial rotation of the DAO head groups was assumed to compensate
this dipolar repulsion, see Figure 1B. The tilting angle formed between the main
axis of the DAO head group and the normal to the air/water interface (θ) ranges
from θ = 90&deg; (low applied surface pressure) to θ ≈ 55&deg; (large applied surface
pressure). From a structural point of view this tilt is caused by the rotation of
dihedral angle formed by the atoms C(3)-C(4)-C(5)-C(6), see Figure 1C.35 The
different length of the alkyl chains of the DAO and SA molecules, and the
bulkiness of the polar headgroup of the DAO molecule prevent the formation of a
highly condensed phase in the monolayer. In other words, the alkyl chains are not
oriented fully perpendicular to the interface, adopting a crystalline organization, in
the mixed monolayer DAO:SA.
This study shows the formation and growth of hexagonal domains with
internal anisotropy during the collapse of the mixed monolayer DAO: SA. The
domains indicate a high degree of molecular order, consisting of a highly ordered
trilayer. Two factors contribute to the formation of a trilayer; the large tendency to
self-aggregation of the polar headgroup of the DAO molecule and the
interdigitation of the alkyl chains of different layers, facilitated by the different
length of the alkyl chains of both components DAO and SA.
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Figure 1. A) Molecular structures of N-10-dodecyl acridine (DAO) and stearic acid (SA).
B) Model of aggregation of DAO at the air-water interface. C) Rotation of the dihedral
plane C(3-6) and tilt angle of the DAO headgroup.
2. EXPERIMENTAL SECTION
Materials:
DAO bromide salt and SA were purchased from Fluka and Sigma-Aldrich,
respectively, and used as received. Their molecular structures are depicted in
Figure 1. Chloroform was used as the spreading solvent for dissolving both
components. The pure solvent was obtained without purification from Aldrich.
Ultrapure water, produced by a Millipore Milli-Q unit, pretreated by a Millipore
reverse osmosis system (&gt;18.2 MΩ cm), was used as a subphase. The subphase
temperature was 21&ordm;C with pH 5.7.
Methods:
Surface pressure-molecular area isotherms
Two different models of Nima troughs (NimaTechnology, Coventry, England)
were used in this work, both provided with a Wilhelmy-type dynamometric system
using a strip of filter paper: a NIMA 611D with one moving barrier for the
measurement of the reflection spectra, and a NIMA 601, equipped with two
symmetrical barriers to record BAM images. The monolayers were compressed at a
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speed of ca. 0.1 nm2&middot;min-1&middot;molecule-1. An equimolar mixed monolayer (1:1) of a
cationic acridine dye (DAO), and a fatty acid (SA) was studied by Langmuir
technique. The cospreading method has been used for preparing the mixed
monolayer (1:1), it consists on mixing of the stock solutions of DAO and SA prior
to spreading at the air/water interface.
Surface potencial curves
Surface potential at the air/water interface was measured with a surface-potential
probe equipped with a vibrating plate (Kelvin Probe SP1, Accurion Technologies,
Gottingen, Germany). Variation of the monolayer surface potential of the
monolayer was obtained at the same time as the surface pressure/molecular area
isotherm.
UV-vis reflection spectra
UV-vis reflection spectra at normal incidence as the difference in reflectivity (ΔR)
of the dye film-covered water surface and the bare surface36 were obtained with a
Accurion Surface Analysis Spectrometer (RefSpec2 supplied by Accurion GmbH,
Goettingen, Germany). All the surface pressure-molecular area isotherms and UVvis reflections spectra presented herein have been performed at least three times,
showing good reproducibility. No dependence of the number of molecules spread
on the surface versus mean molecular area was observed for the different
experiments.
BAM images
Images of the film morphology were obtained by BAM with a I-Elli2000
(Accurion GmbH), using a Nd:YAG diode laser with wavelength 532 nm and 50
mW, which can be recorded with a lateral resolution of 2 μm. The image
processing procedure included a geometrical correction of the image, as well as a
filtering operation to reduce interference fringes and noise. The microscope and the
film balance were located on a table with vibration isolation (anti-vibration system
MOD-2 S, Accurion, Goettingen, Germany) in a large class 100 clean room.
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PM-IRRAS measurements
PM-IRRAS spectra were recorded using a KSV PMI 550 (KSV NIMA, Espoo,
Finland) equipped with an MCT detector. A detailed description of the PM-IRRAS
setup and the experimental procedure has already been given elsewhere
37
. The
setup consists of an IR source, a Michelson interferometer and an external
reflection unit. The infrared radiation intensity was modulated by the
interferometer and polarized with a ZnSe polarizer. The beam was then passed
through a ZnSe photoelastic modulator, which modulated it between polarization in
the plane of incidence (p) and polarization perpendicular to this plane (s) with a
fixed frequency of 100 kHz. From the detected intensity (using electronic filtering
and demodulation) the two signals, (Rp – Rs) and (Rp + Rs), were obtained. Only
anisotropic absorption contribute to the PM-IRRAS signal S ≈ (Rp – Rs)/(Rp + Rs).
Normalized signals were obtained directly by using the following expression: ΔS =
(Sd – So)/So, where Sd and So are the signals in the presence and absence of a
monolayer, respectively. The angle of incidence of the infrared beam with respect
to the surface normal was 80&ordm;. Spectra were recorded with a spectral resolution of 8
cm-1 and collected using 3000-6000 scans during 5-10 min.
Specular X-Ray Reflectivity (XRR):
The specular X-Ray reflectivity (XRR) measurements were performed on the
undulator beamline BW1 at HASYLAB, DESY (Hamburg, Germany). XRR
provides an averaged electron density profile normal to the interface of all
molecules. For reflectivity measurements, the angles of incidence αi and reflected
αf beams are equal and varied in a range 0.5αc &lt; αi (αf) &lt; 30 αc, where αc =0.138.
The reflected intensity was measured by a NaI scintillation detector in the plane of
incidence as a function of the vertical scattering vector component Qz. The electron
density profile was obtained from the reflectivity curve using a linear combination
of b-splines following the approach of Pedersen and Hamley. The electron density
profiles were calculated using the StochFit software.38
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3. RESULTS AND DISCUSSION
3.1. Surface pressure – molecular area (π-A) isotherm
Figure 2 shows the π-A isotherm of the mixed monolayer DAO:SA, where
A represents the mean area per molecule, i. e., the DAO and SA molecules are
considered equivalent. The onset of the surface pressure is observed at a mean area
per molecule of ca. 0.8 nm2. The starting point of the collapse is observed at a
surface pressure of ca. 37.5 mN/m and a mean area per molecule of ca. 0.24 nm2.
During the collapse process the surface pressure decreases slightly to a fixed value
of ca. 36.5 mN/m, while the area decreases. A slight increase of the surface
pressure is observed at the final point of the collapse process at a mean area per
molecule of ca. 0.12 nm2. A sharp increase in surface pressure is observed for a
mean area per molecule of ca 0.08 nm2. The collapse of the mixed monolayer
DAO:SA from a 2D to a 3D film takes place in the region of the π-A isotherm with
a value of mean area per molecule ranging from 0.24 to 0.08 nm2. Note that the
surface pressure is approximately constant along the complete process of collapse.
Remarkably, the value of area per molecule at the final point of the collapse, i. e.,
0.08 nm2, is approximately 1/3 of the initial area, i. e., 0.24 nm2, therefore
suggesting the formation of a trilayer.
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Figure 2. Solid line:
Surface pressure area (π-A) isotherm
(solid
line)
and
apparent
dipole
moment - area (μA-A)
isotherm
(dashed
line) of the mixed
monolayer DAO:SA
at T=21&ordm;C.
3.2. Surface potential – area isotherm (ΔV-A)
The surface potential of a Langmuir monolayer is dependent on three main
factors: a) the dipole moments of the components of the monolayer, b) the relative
orientation of the water molecules, and c) the ionic environment and state of the
headgroups and subphase. The contribution to the surface potential of the
hydrophobic chains is similar for the DAO and SA molecules, given both are
saturated linear hydrocarbon chains. Thus, only the contribution of the dipole
moments of the headgroups of DAO and SA is considered as relevant for the
observed changes in the surface potential of the mixed monolayer DAO:SA. We
adopt herein the general assumption to consider no significant reorientation of the
water molecules with the compression of the monolayer. No ions have been added
to the pure water subphase. Therefore, exclusively the ionic state of the DAO and
SA polar headgroups is considered to have an impact on the ionic environment at
the air/water interface. According to the Hemholtz model, the surface potential of a
Langmuir monolayer is described by the equation:
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V 

A&middot; v &middot; 0
(1)
where μ┴ is the total dipole moment of the Langmuir monolayer with a
perpendicular orientation to the air/water interface, and εv and ε0 are the relative
dielectric constant at the interface and the permittivity of free space, respectively.
The apparent dipole moment, A, is defined as:
A  V  A   0 

v
(2)
The plot A – A is shown in Figure 2 (dashed line). For A &gt; 0.5 nm2, A 
0.58 D. By decreasing the area, A decreases, reaching before the collapse a value
of A  0.25 D (A = 0.24 nm2 ). This decrease was related to the partial rotation of
the acridine group, i. e., the polar headgroup of the DAO molecule.35 The alkyl
chains of the DAO molecule are arranged in all-trans conformation, resulting in a
large dipole moment of the whole molecule. This large dipole moment leads to a
significant repulsion between adjacent DAO molecules. Adjacent DAO headgroups
can rotate in opposite direction to reduce the repulsion between the dipole
moments, see Figure 1B. This rotation reduces the electrostatic repulsion and the
value of A value of the mixed monolayer DAO:SA.
For A &lt; 0.24 nm2, A decreases linearly with decreasing area with a slope
approximately equal to unity. Thus, for A  0.08 nm2, A is approximately one third
of the value at the beginning of the collapse (0.09 D). This sharp decline of the
dipole moment per molecule can exclusively be explained by the formation of a
trilayer at the air/water interface. The top bilayer should have the two monolayers
with opposite orientation, resulting in the cancelation of their contribution to the
apparent dipole moment.
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3.3. Brewster Angle Microscopy (BAM)
The Brewster Angle Microscopy (BAM) allows for the in situ obtaining of
images of the mixed monolayer DAO:SA at the air/water interface. The BAM can
resolve the formation of domains with micrometer resolution. Figure 3 shows
representative BAM images of the mixed monolayer DAO:SA. As previously
described, for A  0.24 nm2, the mixed monolayer DAO:SA appear homogeneous
in the BAM images, with no apparent formation of domains. 35 The homogeneity of
the mixed monolayer DAO:SA has been related to the complete miscibility of the
components. On the contrary, for A  0.24 nm2, the formation of hexagonal
domains is observed, see Fig. 3B,C. These domains increase in size with the
decrease of the area, eventually deforming as shown in Fig. 3D.
Figura 3: BAM images of the mixed monolayer DAO:SA. A) Previous collapse region. B),
C) and D) following collapse region. The width of each frame is 215 m.
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Remarkably, the hexagonal domains display internal anisotropy, i.e., there
are bright and dark regions inside de domain. Note that the dark regions of the
domains are always brighter than the surrounding. The dark areas of the domains
are always extended horizontally, i.e. perpendicular to the incidence direction of
the laser used in the BAM experiments. The existence of anisotropy inside the
domains indicates the existence of distinct molecular ordering for the different
regions within the domain.
3.4. UV-vis reflection spectra
The UV-vis reflection spectroscopy at the air/water interface offers in situ
quantitative information on the presence and orientation of the chromophores at the
air/water interface. The UV-vis reflection spectroscopy is exclusively sensitive to
the molecules existing at the air/water interface, thus discarding any signal from
the subphase. For a Langmuir monolayer containing UV-vis absorbing molecules,
the reflection of an incident light at the interface is enhanced by36
R  RD,S  RS  2.303  103  fo    RS  Γ
(3)
where RS = 0.02 and RD,S are the reflectivity of the interface without and with the
presence of the Langmuir monolayer, respectively, ε is the molar absorption
coefficient in mol&middot; L-1&middot;cm-1 units, Γ is the surface concentration of the monolayer,
in mol&middot;cm-2 units, and f0 is the orientation factor. In equation (3), ε coefficient is
obtained from bulk measurements, i.e., DAO solution, therefore no preferred
orientation is included. However, anisotropy in the orientation of the dipoles is
expected at the air/water interface. The orientation factor, f0, accounts for the
change in the absorption properties of the chromophore due to anisotropy. Given a
nondegenerate absorption band, that is, with only one component of the transition
dipole, the orientation factor is39
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sin( )2
2
(4)
where θ is the angle formed by the transition dipole and the Z axis, i.e., the normal
axis to the air/water interface. The brackets indicate a mean value. UV-vis
reflection spectra are often expressed in normalized units in order to discard any
additional effect to the variation of the surface concentration of the chromophore
units at the interface. The surface concentration of the dye, the DAO molecule, is
expressed by
1014
Γ
N A ADAO
(5)
where NA is the Avogadro number, and ADAO is the molecular area of DAO.
ADAO is obtained from the π-A isotherms by ADAO = A/XDAO, where XDAO = 0.5 is
the molar ratio of the DAO component. The normalized reflection signal is the
product of the absolute reflection signal and the molecular area of the
chromophore:
Rnorm  ADAO  R 
2.303 1017 f 0
NA
RS  5.41 108 f 0
(6)
ΔRnorm has nm2&middot;molec-1 units. The normalized reflection spectra offer
information on molecular aggregation, as well as molecular orientation.
Figure 4A shows representative UV-vis reflection spectra corresponding to
different values of molecular area, both before and during the collapse of the mixed
monolayer DAO:SA. After the collapse of the mixed monolayer has taken place,
the absolute value of the UV-vis reflection is increased approximately three-fold
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with respect to the value before the collapse. This increase of the UV-vis reflection
signal is related to an increase in the surface concentration of the DAO molecule at
the air/water interface, eq. 3 and 5.
The normalized UV-vis reflection spectra, ΔRnorm, are shown in Figure 5B.
The spectra obtained immediately before the collapse (blue) and at the end of the
collapse (red) are nearly coincident, therefore confirming that the previously
described increase of the UV-vis reflection signal is due to an increase of the
surface concentration of DAO molecules and not to a reorientation of the
chromophore groups.
Figure 4. Left: UV-vis reflection spectra (R) for the mixed monolayer DAO:SA = 1:1.
Right: Normalized reflection spectra (RnormR&middot;ADAO). The values of total area per
molecule, A, are noted in the inset.
The comparison of the UV-vis reflection spectroscopy results shown in
Figure 5B with he apparent dipole moment, A, shown in Figure 2 is relevant to
the model of the trilayer proposed herein. Both A and ΔRnorm represent physical
properties per individual molecule, being obtained by multiplying the surface
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potential or UV-vis reflection, V and R, respectively, by the mean molecular
area. However, while A, decreases linearly along the collapse, ΔRnorm remain
approximately constant. This different behaviour can be explained taking into
account that the apparent dipole moment is resulting from the individual dipole
moments, including the sign or orientation of each monolayer, whereas the
normalized reflection depends on the molar absorption coefficient, which in turn is
a function of the transition dipole component squared, and therefore unaffected by
the monolayer sign or orientation respect to the air/water interface. These data
reinforce the hypothesis of the formation of a trilayer at the interface, where a
bilayer is positioned on the monolayer in direct contact with the aqueous phase, as
shown in Figure 5. This molecular arrangement agrees with the observed
experimental data from the two commented techniques. First, the dipole moments
of the top bilayer are cancelled against each monolayer leaflet. Second, the UV-vis
reflection signal is increased by three-fold. This trilayer model is consistent as well
with the observed hexagonal domains in BAM, see Figure 5 for schematics.
A slight red shift of the absorption band corresponding to the acridine
group of ca. 4 nanometers is observed, as shown clearly in Figure 4, right in red
and blue lines. This shift is related to the different state of aggregation of the
acridine groups in the bilayer when compared to the acridine groups
in the
monolayer, see Figure 5.
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Figure 5. Schematic model of the trilayer structure formed during the collapse process.
DAO molecules are red colored (or green when are superimposed), and SA molecules are
blue colored.
3.5. Synchrotron-based in situ X-ray Reflectivity (XRR)
XRR experiments allows the determination of the vertical electron density
profile of soft matter thin films.40,41 Figure 6 shows the reflectivity data of the
mixed monolayer DAO:SA monolayer before the collapse (Fig. 6A, π = 30 mN/m,
A = 0.28 nm2) and after the collapse (Fig. 6B, π = 36.8 mN/m, A = 0.10 nm2).
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Figure 6. A) Red circles: X-ray reflectivity for DOA:SA = 1:1 sistem at π = 30 mN/m and
A = 0.28 nm2. Black line: numerical fit using a three box model. The parameters are show
in Table 1 (right). B) Blue circles: X-ray reflectivity for DOA:SA = 1:1 sistem at π = 36.8
mN/m and A = 0.10 nm2. Red line: numerical fit using five box model. Parameters are
show in Table 2 (model I). Black line: Numerical fit using the five box model II (see
parameters in Table 2).
The X-ray reflectivity data for π = 30 mN/m show a single decreasing trend
in the reflectivity, therefore corresponding to a monolayer, see red circles in Figure
6A. These data can be fitted to a two-box modelbeing the fitting parameters shown
in Table 1. The fitting of the reflectivity using this model is not displayed in Figure
6A, although is coincident with the shown black line.
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2 box model
box 1
box 2
0.821
1.119
ρ/ρwater
&plusmn; 0.07 &plusmn; 0.096
Length 0.809
1.723
/ nm &plusmn; 0.001 &plusmn; 0.001
σ*
3.189 &plusmn; 0.03
Total
2.532 nm
Length
Theoretical 3 box model
box 1
box 2
box 3
--
3 box model
box 1
box 2
box 3
0.269
0.8
1.35
&plusmn;0.021
0.842
0.837
0.956
&plusmn; 0.002 &plusmn;0.005 &plusmn;0.007
3.158 &plusmn; 0.425
3.01 nm
2.635 nm
0.4
0.8
1.35
1.13
0.92
0.96
Table 1. Numerical fit of the reflectivity data obtained at π = 30 mN/m and A = 0.28 nm2.
Left: parameter obtained from the 2 box model. Center: Parameters obtained in the
theoretical model develop in Figure 7. Right: parameter obtained from the 3 box model by
fixing the electron densities of the boxes 2 (ρ/ρwater = 0.8) and 3 (ρ/ρwater = 1.35).
*σ, interfacial roughness
The vertical profile of relative electron density (ρ/ρwater) to the air/water
interface plane was determined from the spatial distribution of different atoms
using HyperChem.42 An all-trans configuration of the alkyl chains and a tilting
angle of the acridine group of 55&ordm;, according to the previously deduced value, have
been assumed.35 Figure 7 shows the detailed results of electron denisty. The
relative contributions of the electron densities of the DAO and SA molecules to the
total signal is shown as red and blue dashed lines, respectively. The electron
density corresponding to the is modelled water subphase as a gaussian distribution
for the contact region with the polar group and plot as the dashed black line. The
overall relative electron density is represented as a green solid line. Using this
simplified theoretical model the mixed monolayer DAO:SA can be represented by
a three-box model, despite the above numerical fit which only used a two boxes
model. The fitting parameters of this theoretical model are shown in Figure 7 and
Table 1 as theoretical model. In this model, the polar headgroups of both DAO and
SA, i. e., acridine and carboxylate occupy the closest box to the water, and are
noted as box 3. The segment for the alkyl chains of both molecules DAO and SA
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coexisting is included in the box 2. Given the shorter length of the alkyl chain of
the DAO molecule compared to the SA molecule, a segment of the alkyl chains of
the SA molecules is standing above the monolayer, being modelled in box 1. Note
that using a 3-box model includes a large number of input parameters for the
fitting, allowing different good fits for different collections of input parameters.
Therefore, a single numerical fit using a three boxes model can not be performed,
being desirable for the validation of the theoretical model. By fixing the electron
densities of the box 2 and 3 to ρ/ρwater = 0.8 and 1.35, respectively, the fitting
parameters of the relative electron density of box 1 as well as the thicknesses of
the three boxes are left as adjustable parameters. The fitting parameters obtained in
this case are shown in Table 1, right. The continuous line in Figure 6A represents
the reflectivity using those fitting parameters. The thickness values obtained for the
different boxes are quite consistent with the theoretical, taking into account that in
box 1 the alkyl chains do not adopt all trans configuration. The total thickness of
the film is in this case is 2.635 nm.
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Figure 7. Left: Theoretical vertical profile of the relative electron density for DAO (blue
dashed line), SA (yellow dashed line), water (black dashed line) and overall (red solid line).
The solid black line represent the three box theoretical model. Right: Vertical spatial
distribution of DAO and SA.
There are significant similarities between the fitting parameters obtained
by adjusting the reflectivity with a 2-box and the theoretical model. First, the
thickness of the second box in the adjustment, 1.72 nm, is quite close to the sum of
the thicknesses of the boxes 2 and 3 of the theoretical model, 1.88 nm. The relative
electron density of this second box is ρ/ρwater = 1.119, almost exactly the arithmetic
mean value of those electron densities obtained in the theoretical model, ρ/ρwater =
0.8 and 1.35. On the other hand, some discrepancies are found in the parameters of
the first box. Note that the alkyl chains hardly retain the all-trans configuration in
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this section. Additionally, the electron density of the fisrt box is averaged with the
preceding box in the two boxes model. The total thickness of the films is in both
cases within the same order of magnitude, 2.53 nm for the two-box model,
compared to 3.0 nm for the theoretical model.
The reflectivity data for the mixed monolayer DAO:SA at the finalization
of the collapse process, shown in Figure 6B as blue circles, have been fitted using a
5-box model. This model is based on the existence of a trilayer fo DAO:SA at the
air/water interface, as depicted in Figure 5 and Figure 8.. In the trilayer model, the
alkyl chains of the DAO and SA molecules are interdigitated to a certain extent,
given the different length. The interdigitation of the alkyl chains leads to an
imbricated network, contributing to the stability of the trilayer. An all-trans
configuration and a perpendicular orientation to the air/water interface of the alkyl
chains is assumed. The total thickness of the trilayer is therefore ca. 8.7 nm. The
thickness and the relative densities of each boxes are shown in Figure 8.
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Figure 8. Left: Theoretical vertical profile of the relative electron density for DAO (blue
dashed line), SA (yellow dashed line), water (black dashed line) and overall (red solid line).
The solid black line represent the five box theoretical model. Right: Vertical spatial
distribution of DAO and SA. DAO molecules are red colored, and SA molecules are blue
colored.
Figure 6B shows the experimental data and the numerical fitting of the reflectivity
data for the DAO:SA trilayer, blue circles and red line, respectively. The fitting
parameters are shown in Table 2 as Model I. A certain discrepancy between the
fitting parameters and the theoretical model is observed. The most relevant
difference concerns the fitting parameters of the boxes 2 and 3.
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The values of thickness and electron density of box 2 increases by
decreasing the parameters of the box 3, keeping approximate constant values of
thickness and average electron density. This variation in the fitting parameters of
the box 2 can be related to a separation between the boxes 2 and 3, rather rougher
than that shown in Figure 8. The total thickness of the trilayer obtained from the
fitting of the reflectivity data is 7.566 nm. The thickness of the trilayer according to
the previously described theoretical model is 8.72 nm. Therefore, the agreement
between the values of thickness is not satisfactory. This discrepancy can be
attributed to two reasons; the alkyl chains in the trilayer are not completely
perpendicular to the air/water interface, and the inhomogeneity of the monolayer
results in a certain coexistence of monolayer and trilayer at the air/water interface,
even for π = 38 mN/m, A = 0.10 nm2.
The fitting model can be refined as follows. The values of the relative
electron densities for the boxes 3, 4 and 5, i. e., those closest to the aqueous
subphase, are fixed to a constant value. The rest of fitting parameters are then
fitted; thickness of boxes 1-5, and relative electron densities for the boxes 1 and 2.
The results of this modified fitting are represented as black line in Figure 6B, being
the obtained parameters shown in Table 2 as Model II. The result of this second
numerical fit also predicts correctly reflectivity variations, see Figure 6B, while
allowing the obtention of the values of thickness approximately coincident with the
theoretical: total thickness is 8.25 nm.
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Box 1
0.356
ρ/ρwater
&plusmn;
0.082
0.834
Length
&plusmn;
/ nm
0.001

Total
Length
5 box model I
Box 2 Box 3 Box 4
1.048 1.245 0.969
&plusmn;
&plusmn;
&plusmn;
0.13 0.098 0.12
1.725 1.245 2.713
&plusmn;
&plusmn;
&plusmn;
0.008 0.007 0.008
2.936 &plusmn; 0.047
Box 5
1.148
&plusmn;
0.21
1.049
&plusmn;
0.005
Box 1
0.325
&plusmn;
0.238
0.921
&plusmn;
0.024
5 box model II
Box 2 Box 3 Box 4
0.845
&plusmn;
1.3
0.98
0.211
0.809 2.281 2.938
&plusmn;
&plusmn;
&plusmn;
0.004 0.003 0.003
2.876 &plusmn; 0.132
7.566 nm
Box 5
1.35
1.301
&plusmn;
0.002
8.25 nm
Table 2. Numerical fit of the reflectivity data obtained at π = 36.8 mN/m and A = 0.10
nm2. Left: parameter obtained from the 5 box model. Right: parameter obtained from the
5 box model by fixing the electron densities of the boxes 3 (ρ/ρwater = 1.3), 4 (ρ/ρwater =
0.98) and 5 (ρ/ρwater = 1.35).
In spite of the found discrepancies between the experimental electronic
density data and those calaculated for an ideal trilayer of DAO:SA, the reflectivity
data confirm the formation of the three-layer by obtaining thicknesses
corresponding to approximately three times those obtained for the monolayer. It is
noteworthy that the reflectivity data confirm the existence of a region (box 3) in
which there is an increase of the electron density with respect to adjacent boxes
(box 2 and 4), which can be explained only if the formation of a trilayer takes place
with structure similar to that proposed in Figures 5 and 8.
3.6. PM-IRRAS measurements
Figure 9 shows the PM-IRRAS spectrum in the 2700-3800 cm-1 region of
the mixed monolayer DOA:SA. Prior to collapse (π = 20 mN/m and 30 mN/m), the
asymmetric and symmetric stretching mode of methylene, as(CH2) and s(CH2),
are barely distinguishable. This fact indicates that the alkyl chains are not oriented
vertically to the interface and must not be in a crystalline state. Note also that for π
= 20 mN/m, A  0.4 nm2, whereas for π = 30 mN/m, A  0.3 nm2 per alkyl chain.
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Furthermore, as commented previously, the length of the alkyl chains of DAO and
SA molecules differs.
On the contrary, after the collapse, especially when the collapse is
completed (π = 39 mN/m, A = 0.08 nm2), the as(CH2) mode at 2919 cm-1 and
s(CH2) mode at 2849 cm-1 are clearly distinguishable. Previous IR studies have
shown that the location of as(CH2) and s(CH2) modes are sensitive indicators for
the lateral interactions between alkyl chains.43-51 Thus, the band position for the
as(CH2) mode is 8 cm-1 lower in the crystalline state (2920cm-1) than that for the
liquid state (2928cm-1). whereas for the s(CH2) mode the band position is 6cm-1
lower in the crystalline sample (2850cm-1) than in the liquid (2856cm-1).46,47 The
low wave numbers observed for the as(CH2) and s(CH2) modes (see Figure 9)
are indicative of a tightly packing of the hydrocarbon chains of both DAO and SA
at the end of collapse.
Likewise, the band width, i.e, fwhm full width at half-maximun, of
as(CH2) mode has been used to provide a measure of adlayer order.44,45,48,49
Whereas those bands for the crystalline state are narrower (≤ 20cm-1), bandwidths
for the disordered liquid state are very broad (≥ 28cm-1). In this case, the fwhm of
as(CH2) band reaches a value of 32cm-1 when the collapse is completed (π = 37.5
mN/m, A = 0.08 nm2).
This result indicates that the alkyl chains are rather disordered in liquid
state, apparently in contradiction with the previously indicated arrangement. This
apparent contradiction is related to the fact that the alkyl chains exist in two
different environments in the trilayer. In the first environment, the alkyls chains of
the two monolayers closest to the aqueous subphase are interdigitated, see Figure 5,
therefore a highly packed, quasi-crystalline state is expected. In the second
environment, the alkyl chains of the outermost monolayer are in a disordered state,
quasi-liquid state. The latter scenario represents approximately 1/3 of the total
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number of alkyl chains. The position of the as(CH2) mode at 2919 cm-1 indicates
the quasi-crystalline state of the interdigitated alkyl chains, while the bandwidths
indicates the state of disordered chains outer monolayer.
Figure 9. PM-IRRAS spectrum (2700-3800 cm-1 region) of DOA:SP = 1:1 system at
different surface pressure. T = 21&ordm;C
At 3572 cm-1 there is a negative band that arises from the OH stretch of
water, see Figure 9-right. The water O-H stretching vibration present in the
reference signal is reduced in the reflectivity signal from the monolayer-covered
surface because the surfactant layer replaces a water layer and masks partially the
OH stretching vibration.52 The result is a strong negative band that is related to the
monolayer’s effective thickness. The increase in the intensity of this band to pass
from the previous to the posterior collapse region, should be related to increased
thickness of the material in the air/water interface, and therefore with the trilayer
formation.
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4. CONCLUSIONS
In this work the collapse process of the mixed Langmuir monolayer
DAO:SA = 1:1 has been analyzed by a number of in situ experimental techniques
at the air/water interface. The experimental results point to the formation of an
ordered trilayer as a result of the collapse. X-ray reflectivity measurements showed
a value of thickness of the trilayer in the range of 7.6 - 8.3 nm. This value of
thickness of the trilayer is three times the value of thickness for the monolayer, ca.
2.6 nm.
In the proposed trilayer model, the first and third monolayers orient its
polar group toward the aqueous subphase, while the intermediate layer has an
inverted orientation in order to promote interactions between polar groups and
between alkyl chains. This molecular arrangement is particularly favored by the
strong tendency to self-aggregation of the DAO polar headgroup and by the
different length of the alkyl chains of DAO and SA molecules. The interdigitation
of the alkyl chains from DAO and SA molecule takes place, as observed by PMIRRAS, detecting a strong increase of the methylene (CH2) IR signals during the
trilayer formation, being related to a vertical orientation and a quasi-crystalline
order of these imbr&iacute;cate alkyl chains.
A striking growth of hexagonal domains with internal anisotropy is
observed by BAM during the trilayer formation. The anisotropy has been relate to
the existence of order due to the acidine polar groups, i.e. both in the monolayer in
contact with the aqueous subphase, as in the two monolayers farthest. GIXD
measurements were performed during the collapse of the mixed monolayer
DAO:SA, not detecting any signal concerning the crystalline order of the alkyl
chains. The PM-IRRAS experiments show that the alkyl chains corresponding to
the intercalation regi&oacute;n possess a high degree of packaging and must take a nearly
vertical orientation with respect to the air/water interface.
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The strong tendency to self-aggregation of the acridine group in the DAO
polar headgroup is the main driving force leading to the formation of a trilayer. The
interdigitation of the alkyl chains of DAO and SA molecules contributes
significantly to the stability of 3D structure of the trilayer, observed as hexagonal
domains.
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CHIRAL TEXTURES INSIDE 2D ACHIRAL DOMAINS
ABSTRACT
Chiral interfaces are of a capital importance for the biorecognition processes and nanotechnology. In this work, a mixed Langmuir monolayer has been built
using a surface active dye and a phospholipid. The monolayer displays optical activity. The driving force for the formation of the supramolecular chirality is the
self-assembly of the polar headgroups of the dye. The existence of supramolecular
chirality inside non-chirally shaped domains is shown.
Paper published in J. Am. Chem. Soc., 2011, 133, 19028-19031
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1. Chiral textures inside 2D achiral domains
Chiral interfaces are of a high relevance in processes of biological recognition, e. g., chiral recognition at the lipidic domains known as “lipid rafts”.1 Chirality is a current parameter of interest in nanotechnology.2 As an interfacial platform,
the Langmuir technique provides exclusive features to construct and study
supramolecular architectures.3
The chirality of a particular amphiphilic molecule might be transferred to a
larger scale, influencing the features of the supramolecular assemblies. The understanding of the mechanism followed by a chiral molecule that leads to a specific
aggregate shape is fundamental for the bottom-up approach.4 Previous reports
demonstrate the formation of chiral supramolecular assemblies at the air-water
interface. The supramolecular assemblies display the optical activity either as guided ordering in the molecular organization,5 or as helically shaped micrometric
structures.6 Ernst has reported on the induction and remarkable further amplification of chirality in supported monolayers.7
Herein, non-chiral circle-shaped domains are observed. Intriguingly, the
domains display inner textures with chiral properties. In other words, the chiral
supramolecular structures are enclosed within non chiral 2D microstructures. The
chirality of the inner textures is demonstrated by microscopy and circular
dichroism.
The mixed Langmuir monolayer formed by the anionic phospholipid
Dimyristoyl-Phosphatidic Acid (DMPA) and a cationic amphiphilic derivative of
the Hemicyanine dye (HSP) in equimolar ratio (1:1) is described (Figure 1).
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Figure 1. A) Molecular structures of HSP and DMPA. B) Schematic definition of the transition dipolar moment, &micro;. The polar and azimuthal angle are denoted as θ and , respectively.
The air/water interface coincides with the x-y plane.
The molecular organization at the micrometer level of the mixed monolayer is studied in situ by Brewster angle microscopy (BAM). BAM has been widely
used to study chiral structures related with the organization of the hydrocarbon
chains of the monolayers.4 In a standard experiment, the different BAM textures
are observed due to modifications of the refractive index arising from changes in
thickness, density and/or molecular orientation between the different regions of the
film. Herein, the use of BAM is innovative. The headgroup of the HSP surfactant
absorbs the visible light at the wavelength of the BAM laser (532 nm), being this
absorption the main cause of the strong increase in the film refractivity. The BAM
pictures highlight the arrangement of the polar group of HSP as bright regions, as
well as the chirality at 532 nm.
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The mixed monolayer HSP:DMPA has been built at the air-water interface
by the co-spreading method: the HSP and DMPA were dissolved in a single solution prior to the spreading of the monolayer. The occurrence of inner textures within the domains is exclusive of an equimolar ratio between the dye and the lipid.
Figure 2 (top-left) shows the surface pressure-area ( - A) isotherm of the mixed
monolayer. At a surface pressure of  = 40 mN/m, the surface area is A ≈ 0.6 nm2
per HSP molecule. This value of area corresponds to three untilted alkyl chains:
two alkyl chains per DMPA molecule plus one alkyl chain per HSP molecule (Figure 1B). Simultaneously to the isotherm recording, the morphology of the mixed
monolayer at the air-water interface is observed by BAM. A gas phase and small
domains are present at low surface pressures (see Supporting Information, S1). The
isotherm shows an overshoot in the surface pressure at ca. 1.2 nm2 per molecule of
HSP. After the overshoot, the 2D domains are large enough to display its internal
structure (Figure 2). A spiral dark region can be observed within the domains. This
spiral region resembles a helix, which crosses the domain vertically. Note that the
arms of the helix twist in the same direction for all domains, in a &quot;S&quot;-like fashion.
In order to increase the resolution in the texture of the domains, the polarizer, compensator and analyzer inclination values (PCA) from the BAM instrument were
modified from PCA = 0&ordm;, 0&ordm;, 0&ordm;. to PCA = 2&ordm;, 2&ordm;, 8 &ordm;, as shown in Figure 2C.
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Figure 2: Surface pressure-area (-A) isotherms of the mixed HSP:DMPA monolayer at T
= 21 &ordm;C (top-left). A) and B) BAM images with PCA =0&ordm;, 0&ordm;, 0&ordm;. C) BAM images with
PCA = 2&ordm;, 2&ordm;, 8&ordm;. Image size: 215 μm width.
The inner texture of the domains indicates an anisotropic chiral organization of the HSP headgroups. The chiral structures are enclosed within the circular
domains. Exclusively domains with S-shaped have been observed, with no occurrence of inverted S-shaped domains. For the case of a 3D supramolecular structure,
both left- and right- handed helixes display identical 2D projections. However, the
confinement of a chiral structure in 2D, as the case here of a monolayer, allows
distinguishing the sign of rotation of the spiral, i.e. only one of the two possible
chiral isomeric structures, which is S-shaped, is observed.
The formation of the chiral supramolecular structures from the HSP:DMPA
mixed Langmuir monolayer is a complex phenomenon, with three main factors
contributing. First, the HSP molecule is a prochiral molecule: it might display chi159
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rality when confined in a 2D medium.8 The occurrence of chirality depends on the
relative arrangement of the hemicyanine group on the air/water interface plane,
given the all-trans configuration of the alkyl chains. In addition, HSP molecule
might show a dynamic enantiomeric conformational equilibrium due to the not
total planarity of the phenyl rings in respect to the double bond plane.9 Second, the
ratio of size between the polar headgroups of the constituent molecules of the
mixed monolayer, DMPA and HSP, appears to play a major role. A subtle change in
the molecular structure, i. e., the replacement of the -OH group (HSP) with a N(CH3)2 group (SP) negates the appearance of any inner chirality.10 Control experiments were performed for SP(x):HSP(y):DMPA(1) mixed monolayers, where x +
y = 1. These mixed monolayers yield large circular anisotropical domains. Remarkably, exclusively for y &gt; x, domains with chiral internal texture appear. Some
examples are provided in the Supporting Information (Figure S2). Third, the inherent optical activity of the DMPA lipid. The optical L-isomer of DMPA has exclusively been used herein, as this optical isomer is the only isomer commercially
available. In this regard, control experiments with a mixed monolayer 1:1 of racemic DMPG and HSP resulted in circular domains without internal chiral textures.
However, formation of some domains with chiral texture either with S-shaped as
reverse-S-shaped has been observed for rac-DMPG:SP mixed monolayers (see Fig.
S3). The formation of chiral domains appears to depend on both the phospholipid
polar group and the structure of the hemicyanine. Thus, the lipid DMPA provokes
the formation of chiral domains when combined with HSP, but not with SP. On the
contrary, the racemic lipid DMPG (bearing a slightly bulkier polar group) forms
both chiral domains with SP, but not with HSP. Therefore, we conclude from the
experiments that the lipid plays a critical role in the formation of the chiral structure.
In analogy to 3D crystals, previous studies show that either achiral molecules can yield enantiomorphous domains at the air/water interface,11 or even ra160
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cemic amphiphilic -amino acids can undergo spontaneous segregation into
enantiomorphous domains on pure water or within racemic monolayers.12
The chiral activity of the inner textures has been studied by Circular
Dichroism measurements (CD). As the instrumentation does not allow measuring
the CD signal at the air/water interface, the HSP:DMPA mixed monolayer have
been transferred to a solid support. To rule out any change in the molecular organization during the transference, the UV-vis spectra have been acquired both at the
air/water interface and at the solid support. Figure 3 shows the UV-vis reflection
spectrum of the HSP:DMPA monolayer at the air-water interface, under a surface
pressure of π = 30 mN/m. The maximum wavelength of the absorption band appears at 403 nm. The HSP:DMPA monolayer has been transferred onto quartz substrates at  = 30 mN/m, by the horizontal lifting or Langmuir-Schaefer (LS) method. In Figure 3, the transmission spectrum of 4 LS monolayers is shown. The reflection and transmission spectra do not show significant differences. Therefore,
any change on the organization of the HSP headgroup during the transfer process is
discarded. The lack of reorganization is important concerning the validity of the
CD results (Fig. S4). Figure 3 shows the CD spectra of 4, 6 and 14 LS monolayers.
The HSP:DMPA mixed monolayer displays optical activity.
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Figure 3: Left: CD spectra of 4, 6 and 14 HSP:DMPA monolayers transferred to a quartz
support (red, blue, and green line, respectively). Right: Reflection spectrum of the
HSP:DMPA monolayer (dotted line). Transmission spectrum of HSP:DMPA monolayers
transferred to a quartz support (solid line). All spectra and transferences were performed at
π=30 mN/m.
In order to discard artifactual CD from birefringence effects or lineal dichroic contributions to the CD signal, BAM experiments with systematic variation
of the polarization angles have been performed (Fig. S5 and S6).13 An alternative
method would be Mueller matrix spectroscopy (MMS), which provides all the information on the optical polarization properties of the molecular aggregates. However, a complete study by MMS is beyond the scope of this study, although of maximum interest for future research.14 The CD spectrum show the characteristic
bisignate signals only for 4 LS monolayers (maximum at 355 nm and minimum at
430 nm) with a crossover at  400 nm, close to the absorption maximum. However,
for 6 and 14 LS monolayers the CD signal show positive sign exclusively, with a
maximum at 355 nm and a shoulder at 430 nm.
162
Derivados de hemicianina
Cap&iacute;tulo IV
The arrangement of the HSP headgroup at the solid support is described by
polarized UV-vis spectroscopy. Figure 4 shows the transmission spectra of 4 LS
monolayers obtained under incidence of 60&ordm; and 45&ordm; and s and p-polarized light.
The shape of the spectra under s and p-polarized light changed significantly. The
differences between the s and p spectra indicate the occurrence of anisotropy of the
HSP headgroup. The s spectrum shows a broadband centered at ~395 nm, whereas
the p spectrum had a narrow band centered at 350 nm, and a shoulder at ~ 400 nm.
The dichroic ratio, DR = Abss/Absp, is shown in Figure 4. The variation of the DR
with the wavelength is due to the non equivalent molecules in the aggregate. This
phenomenon has been described previously for molecular crystals by Davidov's
theory, showing that a molecular energy level may be split into as many components as inequivalent molecules per unit cell.15 In addition to the spectral splitting,
the Davidov bands exhibit distinct polarization properties, as in the present case.
Figure 4: Polarized transmission spectra of 4 LS HSP:SA monolayers. s- and p- spectra are
denoted as solid line and dotted lines, respectively. The angle of incidence was 45&deg; and 60&ordm;,
blue and red line, respectively. Inset: Variation of DR =Abss/Absp.
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The DR under incidence of 60&ordm; varies from 0.42 to 2.0 for λ ≈ 335 nm and
λ ≈ 500 nm, respectively. In the case of an incidence of 45&ordm;, the DR varies from
0.49 to 1.52 for λ ≈ 335 and λ ≈ 500 nm, respectively. The polarization properties
of the band are related to the coexistence of two transition dipoles with different
orientations. The two transition dipoles are named H and J components, with the
maxima of absorption at ~ 350 nm and ~ 400 nm, respectively. The polar angle θ
(see Fig. 1B) is calculated using the values of DR. A value of θ = 23&deg; &plusmn; 2&deg; for λ ≈
335 nm (H component), and θ ≈ 70&deg; &plusmn; 4&deg; for λ ≈ 400 nm (J component) are obtained (see S8 for details). The position of the Cotton effect in the CD spectra at
355nm and 430 nm are consistent with the maximum of the H (350 nm) and J
(400 nm) component of the absorption spectra, indicating the existence of a
supramolecular chirality in the films. The bisignate signal observed for the CD
spectrum of 4 LS monolayers (see Figure 3), is indicative of a intense exciton coupled between the H and J component.16 When the number of monolayers increased,
only positive Cotton effect is observed in the CD spectra which could be indicative
of a incoherent or low exciton coupling,17 due to a partial loss of order in the transferred films.
Opposed to the self-aggregation tendency, two adjacent HSP molecules experience a strong repulsion between their dipole moments. In order to reduce this
repulsion energy, the partial rotation of the groups in opposite directions occurs, as
sketched in Figure 5A (SP molecules in different colors for clarity). The transition
dipoles, μ, are not parallel. The addition of the dipoles gives rise to two optically
allowed components: the H component, almost perpendicular to the interface (blue
arrow) and the J component, almost parallel to the interface (red arrow). The H and
J components have been described experimentally above.
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Figure 5. A) The two optically allowed components of the addition of the transition dipoles. B) Sketch of the hemicyanine aggregation model. The blue and red arrows represent
the projections on the xy plane of the H and J components of the transition dipoles, respectively. C) Variation of the azimuthal angle () of the J component. D) Zoom of experimental and simulate domains.
Hemicyanine might form molecular linear H or J aggregates where the
planes of the dye lie approximately parallel to each other.18 However, if there is a
certain distance between the planes, a slight shift between planes appears in order
to reduce the repulsion energy between the dipolar moments, causing the rotation
of the headgroups with respect to each other. In case of a random rotation, the aggregate displays no chirality.10 However, the molecular aggregate will display chirality if the rotation occurs in a coherent direction (Fig. 5B). In case of a linear
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aggregate that grows along any radius of the circular domains, the projections on
the xy plane of the H and J components of the transition dipoles will rotate along
the radius (see Figure 5B, blue and red arrows for the H and J component, respectively). This is the experimental case presented herein. The variation of the azimuthal angle  corresponding to the J component is indicated in Figure 5C.
Note that the absorption of the BAM laser at 532 nm from the HSP
headgroups is due exclusively to the J component. Therefore, the domain textures
are originated for the variations of the J component, as noted in Figure 5C (μxy, red
arrows). Given the x axis as the laser incidence (Fig. 5C), high reflectivity (bright
regions) is expected when μxy, and the x axis are parallel, whereas low reflectivity
(dark regions) is expected when μxy, and the x axis are perpendicular.
A simulation of the domains observed by BAM has been performed by using the Fresnel equations. Details of the simulation procedure are given in the Supporting Information. Briefly, the reflectivity for any domain radius is assumed to
change progressively due to the variation of the  angles. A linear variation of 
with distance is assumed (Fig. 5B). The absolute reflectivity of the film and a relative grey level scale are obtained. An increase of exposure time can increase the
contrast of the image (Fig. 5D). The model described correctly the experimental
domain textures observed, at least qualitatively.
In summary, the formation of micrometer-size domains at the air-water interface with achiral geometry, displaying inner chiral texture is described. This
phenomenon is related to the ordered self-aggregation of the polar hemicyanine
group. The rotation of the polar groups can be displayed directly within the domains. The formation of chiral supramolecular structures for the HSP:DMPA system at the air-water interface has been related with structural factors: the prochiral
character of the HSP molecule and the structural relation between the components
of the monolayer. The relevance of the optical activity of the L-DMPA might be
significant, according to the experimental results. The rotation of the HSP
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headgroups in order to reduce the repulsion between dipolar moments gives rise to
the chiral textures, as confirmed by simulations. Only one of the two possible chiral isomeric structures has been observed, the S-shaped. Therefore, the chirality
might be regarded as the chiral transfer from the chiral center localized in the
DMPA to the chromophore. We expect these results to improve the strategy for the
design of chiral supramolecular materials, as well as offer new insights on chiral
recognition sites at biological interfaces.
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SUPPORTING INFORMATION
S1) Experimental procedures.
Materials. Hemicyanine dye, 4-[4-hydroxi)styryl]-1-docosylpyridinium bromide
(SP) and dimyristoyl-phosphatidic acid (DMPA) were purchased from SigmaAldrich and used as received. Their molecular structures are depicted in Scheme 1.
A mixture of chloroform:methanol, ratio 3:1 (v/v), was used as spreading solvent
for solving both components. The pure solvents were obtained without purification
from Aldrich (Germany). Ultrapure water, produced by a Millipore Milli-Q unit,
pre-treated by a Millipore reverse osmosis system (&gt; 18.2 M cm), was used as a
subphase. The subphase temperature was 21&ordm;C with pH 5.7.
Methods. Two different models of Nima troughs (Nima Technology, Coventry,
England) were used in this work, both provided with a Wilhelmy type dynamometric system using a strip of filter paper: a NIMA 611D with one moving barrier for
the measurement of the reflection spectra, and a NIMA 601, equipped with two
symmetrical barriers to record BAM images. The monolayers were compressed at a
speed of ~ 0.1nm nm2 min-1 molecule-1.
UV–visible reflection spectra at normal incidence as the difference in reflectivity (∆R) of the dye film-covered water surface and the bare surface1 were
obtained with a Nanofilm Surface Analysis Spectrometer (Ref SPEC2, supplied by
Accurion GmbH, G&ouml;ttingen, Germany).
Images of the film morphology were obtained by Brewster angle microscopy (BAM) with a I-Elli2000 (Accurion GmbH) using a Nd:YAG diode laser with
wavelength 532 nm and 50mW, which can be recorded with a lateral resolution of
2 μm. The image processing procedure included a geometrical correction of the
image, as well as a filtering operation to reduce interference fringes and noise. The
microscope and the film balance were located on a table with vibration isolation
(antivibration system MOD-2 S, Accurion, G&ouml;ttingen, Germany) in a large class
100 clean room.
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Circular Dichroism measurements were recorded in a Jasco J-715 CD
spectrometer at room temperature. Spectra were taken in the interval between 280
and 600 nm with a step resolution of 0.5 nm and a bandwidth of 1 nm. The scanning rate was 20 nm/min with a response time of 1 s.
S2) Additional BAM images: comparison with the L-DMPA:HSP mixed
monolayer.
Figure S1
Figure S1: Surface pressure-area (-A) isotherms of the mixed HSP:DMPA monolayer in a
molar ratio 1:1 at T = 21 &ordm;C (top-left). A)-H) BAM images of the mixed HSP:DMPA = 1:1
monolayer under different surface pressures (PCA =0&ordm;, 0&ordm;, 0&ordm;). I) BAM images with PCA =
2&ordm;, 2&ordm;, 8&ordm;). J) BAM images of the mixed SP:DMPA = 1:1 monolayer (Gonzalez-Delgado et
al., J. Phys. Chem. C, 114, 2010, 16685). Image size: 215 μm width.
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S3) BAM pictures of the SP(x):HSP(y):DMPA(1) mixed monolayer at the
air/water interface, where x+y = 1.
Figure S2
BAM
images
obtained
for
the
mixed
films:
Left)
SP(0.5):HSP(0.5):DMPA(1) and Right) SP(0.1):HSP(0.9):DMPA(1). Both images
were obtained at a surface pressure of 10 mN/m.
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S4) BAM pictures of the rac-DMPG:SP = 1:1 mixed monolayer at the
air/water interface. Pictures acquired after a second compression run of the
monolayer.
Figure S3
For the mixed monolayer rac-DMPG:SP, circular domains without inner
chiral textures have been observed for the first cycle of compression. However,
after a decompression of the monolayer and a subsequent second compression, a
slow growth process of the domains around the already formed nuclei takes place.
In this scenario, although most of the domains show no chiral texture, some domains show chiral textures with both handednesses i. e., S-shaped and reverse Sshaped. The chiral domains are highlighted within orange circles.
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S5) BAM pictures of the HSP (prochiral):DMPA (L-enantiomer) = 1:1 mixed
monolayer at the air/solid interface. Solid support: quartz. Surface pressure
for transfer: 30 mN/m. 1 monolayer was transferred.
Figure S4
The HSP:DMPA mixed monolayer was transferred from the air/water interface to a quartz solid support by the Langmuir-Blodgett technique. Transfer ratio
was close to unity. As observed in Figure S3, the shape of the domains was conserved after the transfer process. The significant roughness of the support, as well
as the weaker contrast prevents for observing by BAM the chiral inner textures.
However, the chirality in the transferred samples is assured by Circular Dichroism
measurements (see Figure 3 of the manuscript). Therefore, we conclude that the
supramolecular structure is similar for the HSP:DMPA monolayer at both air/water
and air/solid interfaces.
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S6) BAM experiments on the mixed monolayer DMPA:HSP: Discarding of
linear birefringence
The following BAM experiment has been conducted: the polarization angles of the incident light (noted as P and C, polarizer and compensator, respectively), as well as the polarization angle of the camera (noted as A, analyzer) have been
systematically varied during the recording of the BAM picture of the mixed monolayer DMPA:HSP.
Figure S5
The Figure S5 shows BAM pictures recorded using values of PCA =,0,0,
with the value of  ranging from -90&ordm; to 90&ordm;. The Figure S6 shows BAM pictures
recorded using values of PCA = 0,0,, with the value of  ranging from -90&ordm; to 90&ordm;.
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Figure S6
The helical textures inside the domains, which we relate with the chiral
supramolecular structures, seem to rotate with the variation of  or . For the cases
of  =  (Fig. S5 and S6), the inner textures of the domains show approximately the
same helical rotation. Therefore, the existence of linear birefringence effects is non
likely to be present for these S-shaped structures, at least for the wavelength used
in the BAM experiments (532 nm).
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S7) UV-vis reflection spectra of HSP:SA= 1:1 mixed monolayers at the
air/water interface.
The UV-vis normalized reflection spectra, ΔRnorm, of HSP:SA= 1:1
monolayers on a ultrapure water subphase at different surface areas (see isotherm
of Figure 1) are shown in Figure S4. For comparison, the Figure S4 (dotted line)
shows the solution spectrum of the HSP:DMPA = 1:1 mixed in Chloroform:methanol 3:1 (v/v).
Figure S7
For low values of absorption, the reflection ∆R has been shown to be
proportional to the surface concentration of the dye.1-4 In this case, the corresponding product ΔR  A = ΔRnorm could be expressed by means5
Rnorm =R  A = 5.407  108 forient 
(1)
where the extinction coefficient  is given as L mol−1 cm−1, forient is a numerical factor that takes into account the different average orientation of the
square transition moment of the dye in solution as compared to the
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monolayer at the air–water interface, A is the surface area per dye molecule
and ΔRnorm is expressed in nm2.
At low surface pressures, the spectra presented a low-energy band at
~390 nm, corresponding to the π-π* transition of the chromophore in trans
configuration.6-7 (In solution the maximum wavelength appears at 414 nm
As the surface pressure increased, two phenomena were observed in the
reflection band:
1) The maximum wavelength of the band was shifted to longer
wavelengths, from 390 nm to 403 nm, although the band shows a shoulder
at 423 nm. In the case of the SP:DMPA system, the band shifted from shorted wavelength, to 475 nm to 459 nm.5
2) The width of the band increases
3) Rnorm decreased under compression, which could be related to
the decreasing of the polar tilt angle of the chromophores. The polar angle 
is defined as the angle between the HSP transition moment and the normal
to the airwater interface.
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S8) Calculation of the polar tilt angle of the H and J component of the
HSP headgroup
For very thin films, i.e., for weak absorption values (&lt; 1%), and according to Vandevyver et al.,8 the dichroic ratio DR can be expressed as:
2


n24 sin  
Abs  n1 cos( r )  n3 cos(i )  
 (2)
DR 


Abp  n1 cos(i )  n3 cos( r )   2n13n3 sin(i )2 cos( )2  n24 sin  2 cos(i ) cos( r ) 


where n1 (= 1), n2 and n3 (= 1.43) are the refractive index of air, film
and quartz, respectively, i is the incidence angle of the light, r = arcsin[n1
sin(i)/ n3] is obtained from Snell’s ratio, θ is the angle between the transition
dipole and the normal to the support, and brackets denote average values.
From equation (2) (n2 = 1.65 and i = 45&ordm; or i = 60&ordm;), the tilt angle from the
DR values has been calculated, obtaining θ = 23&deg; &plusmn; 2&deg; for λ ≈ 335 nm (H
component), and θ ≈ 70&deg; &plusmn; 4&deg; for λ ≈ 500 nm (J component). In any case,
these values should be carefully considered, given that the H and J components of the absorption band could not be completely resolved.
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S9) Reflection of an anisotropic thin film on isotropic substrate and simulation
of circular domains
The anisotropic thin film is assumed to be a biaxial material with complex
refractive indices (N1x, N1y, N1z). The reflection incidence angle, 0, and transmission angle, 2, of multiply reflected waves (Figure S8) are constants and related by
n0sin(0) = n2sin(2), where n0 = 1 (air) and n2 =1.333 (water) show the real refractive indices of the ambient and substrate, respectively.
0
n0
Isotropic ambient
(air)
Biaxial thin film
Isotropic substrate
(water)
n2
2
Figure S8
In BAM microscopy the incident light is p-polarized and when the analyzer is set to 0&ordm;, only the p component of the reflection is observed. In this case, the
light reflection at the ambient/film interface can be expressed as follows:9
r01pp


N N cos     n  N

 n sin    
N x N z cos   0   n 0 N z2  n 02 sin   0 
x
z
0
0
2
z
2
0
2 1/2
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0
(3)
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(4)
The total reflection coefficients for p-polarizations
r012pp 
r01pp  r12pp exp  i2p 
1  r01pp r12pp exp  i2p 
(5)
where
p 

2d N x
2
N z2  n 02 sin  0 
 Nz

1/2
(6)
being  = 532 nm the wavelength of the laser beam and d the thickness of
the biaxial thin film. The reflectances for p-polarized waves are obtained by
R p  r012pp
2
(7)
The complex refractive indices of anisotropic materials along the x, y, and
z axes, and are given by Nx = nx − ikx, Ny = ny − iky, and Nz = nz − ikz, respectively.
As only the p-component of the reflection is analyzed, the Ny component does not
affect to the final result. On the other hand, the absorption coefficients can be expressed by means of
k x  k 0 sin  θ  cos  
2
k z  k 0 cos  θ 
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where the angles  = 70&ordm; (J component) and  are defined in Scheme 1
(see the manuscript) and 0 = 53.15&ordm; (Brewster angle). To simulate the reflectivity,
we used the same parameters used previously for the HP:DMPA system: nx = nz =
1.6, d = 3.7 nm (thickness of the film including DMPA and HSP), and k0 = 0.15,
because the absorption is lower than that of SP. In such way, the reflectivity depends exclusively on .
The reflectivity for any radius of the circular domain, can be determined by
modifying  between 0 and 0 + 2. Figure S9 displays the reflectivity obtained
for 0 = -30&ordm;. Also, this figure displays the polar representation of the reflectivity.
Figure S9
Furthermore, we assume that  varies linearly with distance r, as
 (r)  0 
r

R
(10)
where R is the maximum radius of the domain, 0 the value of  for r = 0
and  is the rotation of the J component along the entire domain. Thus, assuming
that  = 75&ordm;, and for the example of the previous figure which corresponds to a
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situation with r = 0 and 0 = -30 &deg;, we have that for r = R,  = -30 &ordm; + 75 &ordm; = + 45 &deg;,
which in this case the reflectivity curve is shown in Figure S10.
Figure S10
With all the reflectivity curves ranging from r = 0 ( = -30&ordm;), to r = R ( =
+ 45&ordm;), we construct a data matrix, which is represented in the xy plane, although,
for the simulation of BAM domains, the reflectivity is transformed in gray levels
from 255 (white) to 0 (black). The simulated domain in Scheme 2D correspond to
0 = - 30&ordm; y  = +75&ordm; (domains II and III) and 0 = - 60&ordm; y  = +75&ordm; (domains V and
VI).
The contrast and clarity of the image can be improved by means of the instrumental option of the BAM, the auto set gray level. When the auto set option is
clicked, the gray level is rescaled by increasing the exposure time to the light in
such a way that only the reflectivity under the threshold value can be discerned,
being this threshold the new maximum reflectivy, that is, 255. Figure S11, shows
an example of the above, where the reflectivity is truncated to 50% of the maximum reflectivity. Reflectivity greater than this value are taken as a target (255).
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Figure S11
The brightness depends on the maximum and minimum reflection, which,
in turn, depends on the time of exposure of the monolayer at BAM, an increase of
exposure time can increase the contrast of the image as is illustrated in Figure 5D
from the manuscript, which shows two experimental domains, designated I and IV.
Images II and III represent two simulations of domain I, which have used the same
optical parameters, modifying only the exposure time. The same applies to the
images V and VI, which correspond to the simulation of domain IV.
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TUNING OF THE HYDROPHOBIC AND HYDROPHILIC
INTERACTIONS IN 2D CHIRAL DOMAINS
ABSTRACT
The molecular arrangement in the Langmuir monolayers is determined by
the interplay of the hydrophilic and hydrophobic interactions between the components. Herein, the competition between the interactions of the components of the
organic dye:phospholipid HSP:DMPA mixed monolayer has been studied. The
HSP:DMPA monolayer gives rise to chiral domains at the air/solution interface.
Brewster Angle Microscopy has been used for the recording of the micrometric
structure of the chiral domains. HSP absorbs radiation at the wavelength of the
laser used in BAM, which is why this technique provides information on the organization of the polar groups. The crystalline structure of the alkyl chains of the
HSP:DMPA monolayer has been described by synchrotron-based Grazing Incidence X-ray Diffraction. The interaction between alkyl chains dominate over the
aggregation of the polar headgroup in the case of a pure water subphase. By simply
adding ions in the subphase this tendency is reversed, leading to a predominance of
the aggregation of the polar headgroup, and a modification of the micrometric domains. This tuning of the interplay between the different molecular regions in a
monolayer might be extended to different supramolecular systems, allowing the
adjustment of the molecular arrangement.
.
Paper published in J. Phys. Chem. C, 2012, 116 (37), 19925–19933
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1. INTRODUCTION
The rationale design of supramolecular structures requires a delicate tuning
of the intermolecular forces between the building blocks. The so-called interfacial
supramolecular structures are assembled at an interface.1 The interface provides a
unique environment for the assembly process due to the imposed spatial constraints. The understanding of the assembly process at an interface is of maximum
interest for the better understanding of the bulk self-assembly processes. Chiral
interfaces are of high relevance, mainly in the following areas: heterogeneous catalysis using chiral recognition, and thin films devices for optical and electronic
applications,2 nanotechnology,3 transfer of chirality from single molecules into
supramolecular structures, and cooperatively driven chiral amplification phenomena.4 Therefore, the engineering of the self-assembly process leading to
supramolecular entities with chiral properties can greatly benefit from the use of an
interface as the building environment. Indeed, the chirality in two dimensions (2D)
has been the object of current intensive research.5
The detailed nature of the mechanisms of chirality transfer from the molecular to the supramolecular level is not completely understood. Moreover, the 2D
supramolecular structures described so far are mostly only locally chiral, with both
enantiomorphic
domains
statistically formed
in
equal
amounts.6 These
supramolecular structures are therefore non-chiral, as they are composed of the
same number of domains in both enantiomeric forms. The formation of
supramolecular structures displaying exclusively one enatiomer is of most relevance for the application of the supramolecular assemblies. A number of artificial
receptor molecules, supramolecules and π-conjugated macromolecules have been
developed. Among them, achiral or dynamically racemic, but chromophoric
supramolecular and macromolecular helical systems are particularly interesting.
Upon noncovalent binding to a nonracemic guest, the chirality is transferred to the
receptors, resulting in one of the enantiomeric or diastereomeric helical conform186
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ers, thus producing a characteristic induced circular dichroism (ICD) in the absorption region of the receptors.7
2D chiral films have been mainly studied at the air/solid interface. The
air/solid interface is a rigid interface, providing a large degree of geometrical constraint. The rotational and translational motions of the molecules at the air/solid
interface are restricted.6 On the other hand, the air/liquid interface can be regarded
as a soft surface. The molecules at the air/liquid interface have enhanced rotational
and translational freedom when compared to the air/solid interface. Moreover, the
air/liquid interface allows the displacement of the molecules in the z-axis, i. e., the
perpendicular direction to the air/water interface plane to a certain extent. The chirality in supramolecular assemblies at the air/water interface might be enhanced
with respect to the air/solid interface. This enhancement is due to the long-range
interactions, leading to the creation of domains in the micrometer scale. On the
contrary, chiral supramolecular assemblies at the air/solid interface are restricted to
a size of a few dozen nanometers.
A mixed Langmuir monolayer formed by two components has been studied herein.
The two components are the anionic phospholipid DMPA, and the cationic derivative of the Hemicyanine dye HSP.8 The molar ratio has been 1:1. See Scheme 1 for
the detailed molecular structures.
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Scheme 1. Left: Molecular structures of 4-[4-hydroxi)styryl]-1-docosylpyridinium bromide
(HSP) and dimyristoyl-phosphatidic acid (DMPA). Right: Scheme of the mixed Langmuir
monolayer HSP:DMPA 1:1 at the air/liquid interface.
The mixture has been spread at the air/liquid interface to form a mixed
Langmuir monolayer. The HSP:DMPA monolayer is stabilized at the air/liquid
interface by the electrostatic interactions between the HSP and DMPA molecules.
The available interfacial area for the dye moiety in the HSP molecule is ca. 0.6 nm2
per HSP molecule. This value of area corresponds to three untilted alkyl chains:
two alkyl chains per DMPA molecule plus one alkyl chain per HSP molecule. The
surface area occupied by the alkyl chains is therefore larger than the surface area of
the HSP headgroup. Given the shorter length of the alkyl chains of the HSP molecule than the DMPA molecule, the HSP headgroup has a large freedom to adopt
different conformations, being able to display long-range aggregation.
Brewster Angle Microscopy (BAM) is the most useful tool to visualize and
study the micrometric domains at the air/liquid interface. The BAM technique is
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based in the modification of the Brewster angle of the air/liquid interface upon
covering of the interface with a Langmuir monolayer. This modification of the
Brewster angle leads to the reflection of the incident laser light. The reflected light
is captured by a camera, allowing the in situ visualization of the domains at the
air/liquid interface. Herein, the use of BAM additionally comprises the enhanced
reflection of incident radiation due to the absorption of the BAM laser (532 nm) by
the headgroup of the HSP surfactant.9
2. EXPERIMENTAL SECTION
Materials. Hemicyanine dye, 4-[4-hydroxi)styryl]-1-docosylpyridinium
bromide (HSP) and dimyristoyl-phosphatidic acid (DMPA) were purchased from
Sigma-Aldrich, and used as received. The molecular structures of DMPA and HSP
are depicted in Figure 1. Phosphate potassium and acetate sodium salts were purchased from Sigma-Aldrich. A mixture of chloroform:methanol, ratio 3:1 (v/v),
was used as the spreading solvent for dissolving both HSP and DMPA. The pure
solvents were obtained without purification from Aldrich. Ultrapure water, produced by a Millipore Milli-Q unit, pretreated by a Millipore reverse osmosis system (&gt;18.2 MΩ/cm), was used as a subphase. For both buffer solutions, the concentration of salt in each case is 0.02 M. The pH was adjusted to pH = 6.6 by adding drop-wise a solution of NaOH 1M. All experiments except GIXD were performed in a large class 100 clean room.
Methods. A Nima 601 Langmuir trough (Nima Technology, Coventry,
England) provided with a Wilhelmy-type dynamometric system using a strip of
filter paper has been used in this work. The NIMA 601 through is equipped with
two symmetrical barriers. The monolayers were compressed at a speed of ca. 0.1
nm2 min-1 molecule-1. All the surface pressure-molecular area isotherms presented
herein have been performed at least three times, showing good reproducibility. No
dependence of the number of molecules spread on the surface vs mean molecular
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area was observed for the different experiments. The temperature of the subphase
was controlled by a recirculating water LAUDA thermostat.
The monolayers were transferred onto quartz substrates, cleaned in successive steps with an alkaline detergent, isopropanol, and ethanol and then rinsed with
ultrapure water. The monolayers were transferred at a constant surface pressure by
the Langmuir–Schaefer technique, i.e., by horizontal touching of the substrate and
the interface covered with the mixed film. All transfers were performed at π = 30
mN/m. The ratio of the transfer process to the solid substrates was close to unity in
all cases.
Images of the film morphology were obtained by Brewster angle microscopy (BAM) with a I-Elli2000 (Accurion GmbH), using a Nd:YAG diode laser
with wavelength 532 nm and 50 mW, which can be recorded with a lateral resolution of 2 μm. The image processing procedure included a geometrical correction of
the image, as well as a filtering operation to reduce interference fringes and noise.
The microscope and the film balance were located on a table with vibration isolation (antivibration system MOD-2 S, Accurion, Goettingen, Germany).
The existence of chirality in the mixed monolayers is examined by CD
spectroscopy of the transferred monolayers. A Jasco J-715 CD spectrophotometer
has been used. All spectra were recorded at room temperature. The spectra were
measured in the wavelength interval from 280 to 700 nm with a 0.2-nm step resolution and a 1-nm bandwidth. The scanning rate was 20 nm/min with 2 s response
time. The signal-to-noise ratio was improved by accumulating 10 scans for each
CD spectrum. Data processing was carried out using the J-700 software package.
The blank spectra of the bare quartz substrate was subtracted.
Grazing Incidence X-ray Diffraction measurements of the monolayer were
performed at 21&deg;C at the BW1 beamline, HASYLAB, DESY (Hamburg, Germany). A Langmuir film balance equipped with a single movable barrier and a
Wilhelmy plate for monitoring the lateral pressure was placed in a hermetically
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closed container filled with helium. At BW1, a monochromatic synchrotron X-ray
beam (α=1.304&Aring;) was adjusted to strike the helium/water interface at a grazing
incidence angle αi=0.85 αc (αc=0.13&deg;) and illuminated roughly 2x50 mm2 of the
surface. During the measurements, the trough was laterally moved to avoid any
sample damage by the strong X-ray beam. A linear position-sensitive detector
(PSD, MYTHEN, Switzerland) was rotated to scan the in-plane Qxy component
values of the scattering vector. The vertical channels of the PSD measured the outof-plane Qz component of the scattering vector between 0 and 0.8 &Aring;-1. The diffraction data consisted of Bragg peaks at diagnostic Qxy values. The accumulated position-resolved counts were corrected for polarization, effective area, and Lorentz
factor. Model peaks taken as Lorentzian in the in-plane direction and as Gaussian
in the out-of-plane direction were least-square fitted to the measured intensities.
The diffracted intensity normal to the interface was integrated over the Qxy window of the diffraction peak to calculate the corresponding Bragg rod. The thickness
of the monolayer was estimated from the FWHM of the Bragg rod using ~0.9(2
π)/FWHM(Qz). The cross sectional area was calculated using home-made software
taking into account the GIXD data.
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3. RESULTS AND DISCUSSION
3.1. Surface pressure -Area isotherms and Brewster Angle Microscopy (BAM).
In this work we aim at the understanding of the intermolecular forces that
lead to the formation of the chiral supramolecular domains and the further tuning
of those interactions. The interplay of the lateral interactions between the alkyl
chains and the lateral interactions between the polar groups is a topic of ongoing
research with implications in the design of functional supramolecular entities.10
Herein, we aim at reaching the experimental conditions in which the morphology
of the micrometric chiral domain can be tuned.
The HSP:DMPA monolayer has been formed at the air/liquid interface using ultrapure water at a temperature of 21&ordm;C as the subphase. As previously described by Brewster Angle Microscopy, circular domains with inner chiral textures
are observed.8 Remarkably, the decrease of the temperature of the water subphase
to 19&ordm;C leads to no significant differences in the surface pressure-molecular area
isotherms, whereas significant changes in the morphology of the domains are observed in this study, see Figure 1.
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Figure 1. Top left: Surface pressure-molecular area isotherm of the mixed Langmuir monolayer HSP:DMPA at T = 19&deg;C and T = 21&deg;C, dotted line and solid line, respectively. A, B,
C, D: BAM pictures of the mixed Langmuir monolayer HSP:DMPA at T = 19&deg;C recorded
at different values of surface pressure. Bottom right: BAM pictures of the mixed Langmuir
monolayer HSP:DMPA at T = 21&deg;C recorded at a surface pressure of 10 mN/m (I) and 30
mN/m (II).
At 21 &ordm;C, the HSP:DMPA monolayer exhibit chiral domains with circular
shape.8 The diameter of the domains is ca. 20 micrometers, displaying internal
structure, see Figure 1-I and II. This internal structure consists of a spiral dark region which resembles a helix, which crosses the domain vertically. The arms of the
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helix twist in the same direction for all domains, in a &quot;S&quot;-like fashion. Remarkably,
this helical structure never rotates over 180 degrees under the experimental conditions previously described.
Figure 1-A, B and C shows the BAM images obtained for 19&deg;C. The size
of the domains is reduced to approximately a half of the observed domains at 21&ordm;C.
The internal structure of the domains consists of a spiral dark region, similarly to
the case at 21&ordm;C. Branches grow from the circular domains at an area per HSP molecule of ca. 0.75 nm2. See Figure 1B, down left BAM picture for a magnified view
showing the branches. The brightness of the branches varies with the relative direction of their growth. The branches growing in the horizontal direction are darker
than the bright branches growing along the vertical direction. The director axis of
the bright branches is coincident at the air/water interface plane with the polarization axis of the incident laser. The branches are bent as they grow from the circular
structure. The curvature of the branches is in all the cases oriented anticlockwise. A
deformation of the outer region of the circular domains with compression has been
observed for the DMPA:HSP mixed monolayer at high surface pressures, see Figure 1-II. This deformation is likely provoked by the mechanical stress between the
domains.
The addition of ions to the aqueous subphase leads to significant modification of the micrometric domains. The surface pressure-molecular area isotherm is
similar in both subphases, with a modification of the overshoot towards a larger
surface pressure for the phosphate subphase. Figure 2 shows BAM pictures of the
HSP:DMPA mixed Langmuir monolayer using either acetate or phosphate buffer
solutions as a subphase. Acetate and phosphate buffers have been chosen for two
main reasons. First, both buffers are widely available at a low cost, making the
results presented in this study easy to be extrapolated to other systems by other
researchers. Second, both the acetate and phosphate ions play a significant role in a
large number of biophysical processes, therefore being of interest in the case of
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applying the described results herein to supramolecular systems with biophysical
interest. For the expanded state of the monolayer, i. e., above the overshoot, the
monolayer appears homogeneous. With the compression of the monolayer, circular
domains with internal anisotropy appear. The domains are similar to the domains
previously described and shown in Figure 1 at low stages of compression. The
domains grow spontaneously at constant surface pressure. Differently to the previous case, the circular domains are slightly deformed for values of surface area of
ca. 1.0 nm2 per HSP molecule. The deformation of the domains includes a certain
loss of the circular shape and the appearance of branches from the outer edge of the
domain. In spite of the deformation, the inner part of the domain keeps the inner
structure with a spiral shape. This spiral shape resembles the shape of the branches
observed for the HSP:DMPA monolayer on pure water subphase at low temperature. In both cases all the branches grow twisting towards the counterclockwise
direction. For a surface pressure of ca. 10 mN/m, the circular shape of the domains
is turned into spiral-like shapes. The shape of the domains is slightly modified form
the circular shape to a spiral shape. This spiral shape is composed of two bright
regions, which appears twisting around each other in the anticlockwise direction.
Anticlockwise direction is assigned herein as the spiral is rotating to the left direction in all cases. The bright regions encircle a dark region, which occupies mainly
the central region of the domains. This direction of growth is therefore opposite to
that of the branches for the HSP:DMPA mixed monolayer on pure water subphase.
With further compression of the monolayer, the distance within the domains decreases without coalescence. A similar behavior in these area regions has been observed in presence of phosphate, see Figure 2.
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Figure 2. Top left: Surface pressure-molecular area isotherm of the mixed Langmuir monolayer HSP:DMPA in Acetate and Phosphate buffer solutions subphase, solid line and dotted
line, respectively. The ionic concentration is 0.02 M, pH = 6.6. T = 21&deg;C. Left column:
BAM pictures of the mixed Langmuir monolayer in phosphate buffer subphase at different
values of surface pressure. Right column: BAM pictures of the mixed Langmuir monolayer
in acetate buffer subphase at different values of surface pressure.
The size of the coils is slightly larger for the acetate than for the phosphate
buffer. The domains on the phosphate buffer keep a limited size with compression
of the monolayer smaller than in the case of the acetate buffer.
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3.2. Circular Dichroism (CD) of LS films
The domains resemble a chiral supramolecular structure. The HSP:DMPA
mixed monolayer on both water and acetate subphase displays a circular dichroism
signal after been transferred to a solid support, see Figure 3.
Figure 3. CD spectra of one HSP:DMPA mixed monolayer transferred to a quartz support
by the Langmuir-Schaefer technique. Black line: HSP:DMPA mixed monolayer on 0.02 M
acetate subphase. Red line: HSP:DMPA mixed monolayer on pure water subphase.
The origin of the chirality in the domains is related with the aggregation of
the polar headgroups of the hemycianine. The hemicyanine groups might form
chiral aggregates, as there is a certain degree of conformational freedom in the
region below the alkyl chains. Hemicyanine is a prochiral group, therefore being
able to form L- and R- chiral supramolecular structures.11 The HSP:DMPA monolayer is contains exclusively the L-isomer of DMPA, thus leading to exclusively
one of the chiral isomers with the S-shape.8 The origin of the CD signal is the aggregation of the HSP polar headgroups, as stated above. Indeed, the aggregation of
the HSP polar headgroups is enhanced in the case of the HSP:DMPA mixed mono197
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layer on a acetate buffer subphase. However, even for the case of a pure water
subphase, the inner textures corresponding to the chiral supramolecular structures
are present, as described herein. Therefore, the different degrees of the aggregation
of the HSP polar headgroup lead to different morphologies of the domains, yet the
supramolecular structure giving rise to chirality is essentially the same for all cases
of subphases..
3.3. Synchrotron Grazing Incidence X-ray Diffraction (GIXD)
The understanding of the formation of chiral domains is aimed in terms of
intermolecular aggregation. The internal structure of the circular domains shown by
the HSP:DMPA mixed monolayer appears as a spiral dark region like a helix,
which crosses the domain vertically. The arms of the helix twist in the same direction for all domains, in a &quot;S&quot;-like fashion. Surprisingly, on water subphase and for
T = 21&ordm;C, this helical structure never rotates over 180 degrees, see Figure 5A.
The achiral circular domain structure is maintained by lateral interactions
between the alkyl chains, as shown herein by the GIXD data. The chirality in the
internal structure of the domains is caused by the lateral aggregation of
hemicyanine groups. This aggregation has been analyzed previously by simulations
of the BAM images.8 The interplay between the attractive interactions of the alkyl
chains and the aggregation of the hemicyanine polar headgroup is discussed below.
The crystalline ordering of the hydrocarbon chains of the HSP and DMPA
molecules can be analyzed by in situ Grazing Incidence X-ray Diffraction (GIXD)
using synchrotron-based radiation.12 Note that the information at the nanometer
scale provided by GIXD serves as complementary to the morphology of the domains described by BAM, which refers to the micrometric level. The information
provided by BAM is herein related with the aggregated arrangement of the HSP
polar headgroups, given the enhanced reflectivity of the HSP polar headgroups
when compared to the alkyl chains.9 On the other hand, the GIXD signal is origi198
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nated from the ordering of the alkyl chains. The HSP polar headgroups display
order for both subphases, with and without ions. Therefore, chiral supramolecular
structures are observed by BAM. On the contrary, the ordering of the alkyl chains
is only attained by using a pure water subphase, therefore being the GIXD signal
exclusively present in the HSP:DMPA mixed monolayer on pure water subphase.
The existence of ordered structures in the monolayer gives rise to Bragg peaks
during the GIXD experiments. Remarkably, different diffraction patterns are observed during experiments of the HSP:DMPA on the pure water subphase, see Figure 4.
Figure 4. Bragg peaks for the mixed HSP:DMPA mixed monolayer in a molar ratio 1:1 at
T = 21&deg;C. The GIXD signal obtained using pure water and acetate buffer are compared.
Surface pressure values of 7, 15, 20, and 30 mN/m. Inset at 20 and 30 mN/m: magnification
of the Qxy ~ 1.3, related with the formation of H-bonds.
On the contrary, in presence of acetate buffer subphase, the mixed monolayer do not show scattering signal for any surface pressure analyzed. The infor199
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mation offered by GIXD can not be used for deducing the morphology of the domains. The Bragg peaks for the HSP:DMPA mixed monolayer on water subphase
indicates the existence of two crystalline phases: the LS and L2’ phases. The LS
phase and L2’have been related with the solid and liquid condensed pahse of the
Langmuir monolayers, respectively. The LS phase is present along the whole surface pressure-molecular area isotherm. The L2’ phase appears with the compression of the HSP:DMPA monolayer, and it is fully present for a surface pressure of
30 mN/m. The LS phase is characterized by a single Bragg peak at Qxy ~ 1.51.
Two Bragg peaks at Qxy ~ 1.56 and Qxy ~ 1.43 belong together to the L2’ phase.
Although the Bragg peak at Qxy ~ 1.56 can be observed at low values of surface
pressure, the Bragg peak at Qxy ~ 1.43 can be effectively characterized only at a
large surface pressure of 30 mN/m. Therefore, a certain presence of the L2’ phase
is assumed for the complete range of surface pressure, being relevant only at a high
stage of compression. The positions of the Bragg peaks for both phases are shown
in Table 2.
LS phase
π,
mNm-1
7
15
20
30
a=b=c,
&Aring;
4.817
4.811
4.798
4.792
L2’ phase
π,
mNm-1
30
a,
&Aring;
5.228
tilt
angle,
deg
0
0
0
0
α=β=γ,
deg
120
120
120
120
b = c,
&Aring;
4.808
α,
deg
114.1
β=γ,
deg
122.9
Axy = A0,
&Aring;2
Lxy,
nm
20.1
20.0
19.9
19.8
distortion
0.1145
tilt
angle,
deg
10.9
33.2
31.4
20.2
20.2
Axy,
&Aring;2
21.1
A0,
&Aring;2
20.7
Table 1. Primitive unit cell parameters, distortion values, tilt angle, projection of hydrocarbon chains in xy plane (Axy) and cross sectional area of hydrocarbon chains (A0) of the
mixed HSP:DMPA Monolayer in a Molar ratio 1:1 at T = 21&deg;C.
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π, mNm-1
7
15
20
30
LS phase
Qxy1, &Aring;-1
1.506
(0.017)
1.508
(0.018)
1.512
(0.028)
1.514
(0.028)
Qz, &Aring;-1
0
(0.313)
0
(0.306)
0
0
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L2’ phase
Qxy1, &Aring;-1
Qz1, &Aring;-1
Qxy2, &Aring;-1
Qz2, &Aring;-1
-
-
1.432
(0.033)
0
(0.385)
1.556
(0.053)
1.557
(0.052)
0.308
(0.260)
0.301
(0.323)
Table 2. In-plane Qxy and out-of-plane Qz components of the scattering vector of the
mixed DMPA:HSP monolayer in a molar ratio 1:1 at T = 21&deg;C. The Full-Width at HalfMaximum (fwhm) of the peaks is given in parentheses.
The well-defined micrometric circular domains observed by BAM for the
HSP:DMPA mixed monolayer on water subphase appear at the surface pressure
corresponding to the phase transition, ca. 7 mN /m. The alkyl chains show a highly
organized crystal packing within the domains. The tightly packing of the alkyl
chains is characterized by the observed LS phase, indicating a totally perpendicular
orientation of the alkyl chains in the HSP:DMPA mixed monolayer. In other words,
the alkyl chains are pointing completely upright from the plane of the air/water
interface. A similar LS phase has been observed for the pure DMPA monolayer at
high values of surface pressure.13 The DMPA:HSP mixed monolayer is slightly
distorted at high values of surface pressure. This distortion is observed as the contribution of a new crystalline L2’ phase to the GIXD signal, in which the alkyl
chains are tilted with an angle of ca. 11 degrees, see Table 1. On the other hand, the
L2’ phase displays a tilting of the alkyl chains to the next-nearest neighbour
(NNN), and distortion to the nearest-neighbour (NN). The distortion is defined
herein as the tilting of the azimuthal vector, perpendicular to the plane of the
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air/water interface. The quantitative parameters of the crystalline structures of the
LS and L2’ phases are shown in Table 1.
The untilted LS phase is present all along the isotherm of the HSP:DMPA
mixed monolayer, regardless of the contribution of the L2’ phase. The in-plane
coherence length can be estimated from the full width at half-maximum (fwhm) of
the Bragg peaks as approximately Lxy ~ 0.9(2π)/fwhm(Qxy). The fwhm of the
Bragg peak belonging to the LS phase shows a brusque diminution from ca. 0.3 at
7 and 15 mN/m to ca. 0.2 at 20 and 30 mN/m. Despite the effective increase of
packing of the alkyl chains with compression of the monolayer, leading to a reduction in the surface area (Axy), the number of defects increases. Thus, according to
the fwhm of the Bragg peak, ca. 60 alkyl chains can be found without defects at
low values of surface pressure, while this value is reduced to ca. 40 alkyl chains
without defects at high values of surface pressure. The introduction of defects
might be related with the segregation of molecules from the LS phase to the L2’
phase, athough we can not conclude this only from the GIXD data. The thickness
of the monolayer (Lz) can be estimated from the full width at half-maximum
(fwhm) of the Bragg rods by using the equation: Lz≈0.9(2π)/fwhm(Qz). From the
Bragg rods of the LS phase (Table 1), the thickness of the scattering centers, the
alkyl chains, would be ca. 18 &Aring;. Assuming an all-trans conformation for the hydrocarbon chains of the lipids, the length of a palmitoyl chain (C15) from the DMPA
lipid will be Lmax = (1.26&middot;14+1.5) = 19.1 &Aring;. Thus, a good agreement is obtained
between the calculated thickness of the monolayer and the experimental value obtained by GIXD.
Remarkably, a small but significant Bragg peak at Qxy ~ 1.3 is observed
with a large density of molecules at the air/water interface, at a surface pressure
higher than 15 mN/m. This Bragg peak has been related with the presence of Hbonds.14 The GIXD peak correspondent to the H-bonds is observed in the
HSP:DMPA mixed monolayer on water, but not on acetate buffer subphase. The H202
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bonds are exclusively observed for the HSP:DMPA mixed monolayer on a water
subphase at high stages of compression of the monolayer. Therefore, the H-bonds
might be related with the L2’ phase, given that both GIXD signals appear under the
same conditions. In the case of the existence of H-bonds exclusively in the L2’
phase, the formation of intermolecular H-bonds through the OH groups of the
hemicyanine dye could be favored by the deformation of the crystal lattice formed
by the alkyl chains. In this scenario, the formation of such H-bonds would not be
allowed in the LS phase, as this phase displays no deformation or tilting of the
alkyl chain region. The molecular rotation within the crystalline structure of the
alkyl chains might be hindered in the undistorted LS phase, therefore preventing
the formation of a 2D row of H-bonds between the OH groups of the hemicyanine
dye. On the other hand, given the weak GIXD signal produced by the H-bonds,
there might be H-bonds already at low stages of compression, in the LS phase. In
such a case, the low molecular density at the air/water interface would give a weak
GIXD signal that might not be detected. With the present set of data, the formation
of H-bonds can not be unambiguously related with the appearance of the L2’ phase
in the HSP:DMPA mixed monolayer. The appearance of intermolecular H-bonds is
not relevant for the formation of the chiral supramolecular structures.
3.4. The polar vs alkyl chain intermolecular interaction
The formation of hydrogen bonds can not be related to the growth of
branches from the domains. For the case of the HSP:DMPA mixed monolayer on
pure water subphase, the number of branched structures at 21&deg;C is quite small,
while at 19 &deg;C branched structures are formed mainly in the region corresponding
to the phase transition, ca. 7 mN/m. The size and number of branches does not
grow significantly when the surface pressure increase above 10 mN/m, while the
hydrogen bonds are observed only when the surface pressures increase above 15
mN/m. For the case of the HSP:DMPA mixed monolayer on acetate buffer
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subphase, a large number of branches is observed, whereas no GIXD signal from
H-bonds has been observed.
Figure 5. A) Magnified BAM picture of the HSP:DMPA mixed monolayer on pure water
subphase at T = 21&deg;C and 10 mN/m. The red circle remarks the round shape of the domains. The dotted blue line indicates the diameter of the circle, ca. 20 micrometers. B)
Idealized scheme displaying the competing ordering of the alkyl chains and the aggregation
of the hemycianine polar head group. C) Magnified BAM picture of the HSP:DMPA mixed
monolayer on pure water subphase at T = 19&deg;C and 10 mN/m. The adjacent drawing depicts the 2D network formed by the alkyl chains, being this 2D network distorted within the
branches. D) Magnified BAM pictures of the HSP:DMPA mixed monolayer on acetate
subphase at T = 21&deg;C and 10 mN/m. E) BAM picture of the HSP:DMPA mixed monolayer
on acetate subphase at T = 21&deg;C and 15 mN/m after six compression/decompression cycles.
The different behavior of the HSP:DMPA mixed monolayer either on pure
water or buffer subphase can be explained in terms of the competition between the
intermolecular interaction as follows;
1. HSP:DMPA mixed monolayer on pure water subphase. The lateral interactions between the alkyl chains are more relevant than the aggregation of the
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hemicyanine polar headgroups, see Figure 5A-B. The in-plane rotation of the HSP
molecules is restricted by the tight arrangement of the alkyl chain in the
HSP:DMPA mixed monolayer. This hindered rotation prevents the rotation of the
helical structure formed by the hemicyanine polar headgroups to a larger value than
180&deg;. For a diameter of the domain of 20 micrometers, and a separation between
HSP molecules of 0.8 nm, ca. 25000 HSP molecules will exist along the diameter
of the domain; see blue points line in Figure 5A. For a rotation angle of the inner
texture within the domain of 180&deg;, the average rotation per HSP molecule is
0.0072&deg;. In the case of a temperature of 19&deg; C, branches start growing from the
outer region of the circular domains. The branches are bent, with the curvature
pointing to the same direction, anti-clockwise. The aggregation of the hemicyanine
polar groups induces the bending of the branches. The alkyl chains within the
branches are assumed to rotate over 180&deg;, therefore being segregated from the circular domains. The branches coming out from the circular domains are therefore
originated from the dislocation of the 2D crystalline lattice formed by the alkyl
chains, as schematically shown in Figure 5C.
2. HSP:DMPA mixed monolayer on acetate or phosphate subphase. Circular domains with internal structure are formed similarly that in the previous case for larger areas than the overshoot in the surface pressure-molecular area isotherm, see
Figure 2. The helicoidal internal structure of the domains is observed or a smaller
size of the domain than using pure water as a subphase, indicating a greater angle
of rotation per hemicyanine polar headgroup. A large number of branches along the
outer edges of the circular domains are observed along the phase transition at a
surface pressure of ca. 10 mN/m. An apparent breaking of the circular structure of
the domains is observed with compression of the monolayer, leading to spiral structures formed by two bright regions rotating around themselves. The spiral structures grow in the clockwise direction. There is no breaking of the circular structure
of the domains, as proved by a detailed analysis of the BAM pictures. The
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HSP:DMPA mixed monolayer was subjected to six cycles of compression to 20
mN/m and decompression to 15 mN/m. The use of the successive compression/decompression cycles is aimed at the controlled growth of the domains, avoiding the growth and aggregation of the domains. Herein the preserved circular structure of the domains is seen, with the crisscrossed bright and the dark spirals. Additional BAM pictures are shown in Figure 6. Therefore, circular domains with chiral
internal structure are formed, as in the previous case. However, the helical structure
shows a rotation angle exceeding 180&deg;, see Figure 5D-E, and Figure 6.
Figure 6. BAM pictures of the HSP:DMPA mixed monolayer on acetate subphase at T =
21&deg;C and 15 mN/m after six compression/decompression cycles. The angles of the polarisers of the BAM instruments have been varied to improve the resolution in the texture of the
domains. Left: Polarizer = Analyzer = 0&deg;. Center: Polarizer = -30&deg;, Analyzer = 0&deg;. Right:
Polarizer = 30&deg;, Analyzer = 0&deg;.
The rotation of the hemicyanine polar headgroup over 180&ordm; can occur exclusively in the case of free in-plane rotation of the alkyl chains of the HSP:DMPA
mixed monolayer. Note that the interactions within the alkyl chains are still significant in maintaining the circular structure of the domains. On the other hand, the
interactions between the hemicyanine polar headgroups are predominating. For the
HSP:DMPA mixed monolayer on pure water subphase, the alkyl chains are arranged with a certain degree of rotation, as described for the rotator phase crystals.
In this case, the rotation does not distort the crystalline structure of the alkyl chains.
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Therefore, the not distorted LS and the low distorted L2’ phases appear. On the
contrary, for the HSP:DMPA mixed monolayer on acetate buffer subphase, the
rotation of the alkyl chains is enhanced by the aggregation of the HSP polar
headgroups, leading to a significant distortion of the crystalline lattice of the alkyl
chains. This distortion occurs in a large extent, leading to the disruption of any
crystallite of a size enough to give a GIXD signal. The freedom of the rotation of
the alkyl chains involves the breaking of the crystalline lattice formed by the alkyl
chains, which is indeed observed by GIXD, as described previously.
4. CONCLUSIONS
The aggregation of the hemicyanine polar headgroups is able to overcome
the rotational constraints imposed by the lateral interactions between the alkyl
chains. Therefore, the domains display spiral inner textures with rotation angles
exceeding 180&ordm;. The increase of the interaction energy between hemicyanine polar
headgroups is provoked by the ions present in the subphase. According to the results concerning acetate and phosphate ions, this phenomenon appears as a nonspecific ionic effect. Given that the aggregation of the hemicyanine dye is related with
hydrophobic interactions, the use of salts in the subphase creates an ionic environment favoring aggregation of the dyes.
Chiral structures from the HSP:DMPA mixed monolayer have been formed
at the air/solution interface. The molecular arrangement of the HSP and DMPA
building blocks has been described by combining in situ microscopy and diffraction data. The interplay between the hydrophobic interactions of the alkyl chains
and the aggregation of the hemicyanine polar headgroups leads to different
mesoscopic arrangements. This interplay can be effectively tuned by simply adding
ions in the aqueous subphase. Therefore, this method is proposed for the rationale
modification of the molecular arrangement of a 2D monolayer via the adjustment
of the intermolecular interactions.
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Al final de cada uno de los cap&iacute;tulos de esta Memoria, se incluyen un
conjunto de conclusiones particulares al estudio desarrollado. En este apartado se
presentan las conclusiones generales, teniendo en cuenta el grado de avance
alcanzado con sus implicaciones pr&aacute;cticas:
1. La formaci&oacute;n espont&aacute;nea de los agregados tipo H en las monocapas
mixtas de derivado de acridina (DAO) y &aacute;cido este&aacute;rico (SA) es promovida por la
tendencia a la autoagregaci&oacute;n de los grupos polares del derivado de acridina. La
inclinaci&oacute;n y el grado de agregaci&oacute;n del grupo acridina puede controlarse variando
la relaci&oacute;n molar de la mezcla, as&iacute; como la presi&oacute;n superficial aplicada a la
monocapa mixta. El proceso de formaci&oacute;n de los agregados tipo H es reversible.
2. La monocapa mixta DAO:SA en relaci&oacute;n equimolar forma un tricapa
bajo la presi&oacute;n superficial de colapso. La fuerte tendencia a la autoagregaci&oacute;n del
grupo polar del derivado de acridina es la interacci&oacute;n con mayor contribuci&oacute;n a la
formaci&oacute;n de dicha tricapa. El entrecruzamiento de las cadenas alqu&iacute;licas de ambos
componentes DAO y SA tambi&eacute;n contribuyen significativamente a la estructura 3D
en la interfase aire/agua.
3. Las estructuras supramoleculares observadas en la monocapa mixta de
derivado de hemicianina (HSP) y un fosfol&iacute;pido anionico (DMPA) muestran
estructuras quirales inusuales. En este caso, los dominios microm&eacute;tricos presentan
forma circular, con texturas internas quirales. La aparici&oacute;n de quiralidad es
promovida por la formaci&oacute;n de agregados de la cabeza polar del derivado de
hemicianina HSP. La estructura supramolecular con car&aacute;cter quiral se relaciona
con dos factores estructurales: el car&aacute;cter proquiral de la mol&eacute;cula de HSP y la
relaci&oacute;n de &aacute;reas moleculares entre los componentes de la monocapa. La actividad
&oacute;ptica del L-DMPA indujo la formaci&oacute;n de s&oacute;lo uno de los dos posibles is&oacute;meros
quirales.
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4. Las estructuras supramoleculares observadas en la monocapa mixta de
derivado de hemicianina (HSP) y un fosfol&iacute;pido anionico (DMPA) han sido
modificadas simplemente mediante la presencia de iones en la subfase acuosa,
permitiendo alterar el equilibrio entre las interacciones entre grupos polares del
derivado de hemicianina HSP, o bien entre las cadenas alqu&iacute;licas de ambas
mol&eacute;culas HSP y DMPA.
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La Tesis Doctoral presentada por D. Eugenio Jim&eacute;nez Mill&aacute;n, que lleva por
t&iacute;tulo “Preparaci&oacute;n y caracterizaci&oacute;n de pel&iacute;culas mixtas ultrafinas de colorantes
(acridina y hemicianina) y sus aplicaciones” consta de los siguientes apartados:
Objetivos, Introducci&oacute;n, Resultados y Discusi&oacute;n, Conclusiones y Anexo.
Se pretende su defensa como compendio de publicaciones en base a que se
cumplen los requisitos establecidos para ello, como se documenta a continuaci&oacute;n:
Publicaciones de la Tesis Doctoral:
Self-Assembly of Acridine Orange into H-Aggregates at the Air/Water
Interface: Tuning of Orientation of Headgroup
Autores: Jim&eacute;nez-Millan, Eugenio; Giner-Casares, Juan; Mu&ntilde;oz, Eulogia; Mart&iacute;nRomero, Mar&iacute;a; Camacho, Luis
Revista: LANGMUIR
Volumen: 27 P&aacute;ginas: 14888-14899 A&ntilde;o: 2011
Factor de Impacto: 4.186 (a&ntilde;o 2011)
Ranking en la categor&iacute;a:
CHEMISTRY, MULTIDISCIPLINARY - (28 de 152) - Q1
CHEMISTRY, PHYSICAL - (28 de 134) - Q1
MATERIAL SCIENCE, MULTIDISCIPLINARY - (30 de 231) - Q1
Chiral textures inside 2D achiral domains
Autores: Jim&eacute;nez-Millan, Eugenio; Giner-Casares, Juan; Mart&iacute;n-Romero, Mar&iacute;a;
Brezesinski, Gerald and Camacho, Luis.
Revista: JOURNAL OF THE AMERICAN CHEMICAL SOCIETY
Volumen: 133 P&aacute;ginas: 19028-19031 A&ntilde;o: 2011
Factor de Impacto: 9.907 (a&ntilde;o 2011)
Ranking en la cateror&iacute;a:
CHEMISTRY, MULTIDISCIPLINARY - (11 de 152) - Q1
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Tuning of the Hydrophobic and Hydrophylic Interactions in 2D Chiral
Domains
Autores: Jim&eacute;nez-Millan, Eugenio; Giner-Casares, Juan; Mart&iacute;n-Romero, Mar&iacute;a;
Brezesinski, Gerald and Camacho, Luis.
Revista: JOURNAL OF PHYSICAL CHEMISTRY C
Volumen: 116 (37) P&aacute;ginas:19925-19933 A&ntilde;o: 2012
Factor de Impacto: 4.805 (a&ntilde;o 2011)
Ranking en la cateror&iacute;a:
CHEMISTRY, PHYSICAL - (26 de 134) - Q1
MATERIAL SCIENCE, MULTIDISCIPLINARY - (23 e 231) - Q1
NANOSCIENCE &amp; NANOTECHNOLGY - (17 de 66) – Q2
Trilayer Formation Induced by the Acridine Self-Aggregation in Mixed
Monolayer with Stearic Acid
Manuscrito para ser presentado
Congresos:
Molecular Organization of an Acridine Surfactant in Mixed Langmuir
Monolayers at the Air-Water Interface
Autores: Eugenio Jim&eacute;nez-Mill&aacute;n, Juan J. Giner-Casares, Eulogia Mu&ntilde;oz, Luis
Camacho
Tipo de participaci&oacute;n: P&oacute;ster
Congreso: ECOF12. 12th European Conference on Organized Films
Lugar de celebraci&oacute;n: Sheffield (England) Fecha: 2011
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