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INTRODUCCION

Este trabajo es fruto de una colaboracion entre la Universidad Paul Sabatier y la
Universidad de Zaragoza. El grupo de Toulouse tenia experiencia en materiales blandos,
y en particular en derivados de sacarosa que habian mostrado su tendencia al
autoensamblado y generacion de geles supramoleculares. Por otro lado, la experiencia
en materiales con fotorrespuesta derivados de azobenceno del grupo de Zaragoza se
podia aprovechar para dotar a dichos materiales de una funcionalidad afiadida. Con este
primer objetivo compartido se disefiaron una serie inicial de glicolipidos basados en
sacarosa que posteriormente fueron ampliandose a otros disacaridos. Con la experiencia
adquirida en los mismos, y particularmente en los procedimientos sintéticos, se disefio
posteriormente una serie de materiales analogos que contienen azobenceno en su
estructura y se estudié la fotorrespuesta. Constituyen una nueva linea de investigacion
en el grupo de cristales liquidos y polimeros, que habia trabajado habitualmente en
azopolimeros, y en menor extension en compuestos de baja masa molecular, estos

ultimos con una estructura organica no anfifila, tipica de cristales liquidos.

De acuerdo a esta sinergia surgio esta tesis doctoral que se ha desarrollado tanto en
Toulouse como en Zaragoza, y que se presenta para optar a la mencion de doctorado
europeo. Como consecuencia, y de acuerdo a la normativa vigente de la Universidad de
Zaragoza, la tesis ha sido escrita tanto en castellano como en inglés, idioma este que se
ha utilizado para todos los capitulos de resultados y discusion obtenidos en los

diferentes tipos de materiales estudiados.

La memoria se ha estructurado en los siguientes capitulos: geles supramoleculares
basados en glicolipidos derivados de disacaridos y acido palmitico, geles
supramoleculares basados en glicoanfifilos derivados de azobenceno y estudio de

moléculas anfifilas basadas en polietilenglicol y azobenceno.
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1. ANTECEDENTES

1.1. Geles

1.1.1. Definicion y clasificacion

Los materiales blandos de tipo gel, no son sélo materiales interesantes por estar
presentes en nuestra vida cotidiana en forma de cosméticos, alimentos, pinturas,
adhesivos... etc. (Fig. 1.1) sino también por ser objeto de numerosos estudios
estructurales asi como de investigacion para su aplicacion en diferentes areas

tecnolégicas.

Fig. 1.1: Fotografia de un gel comercial usado como cosmético (izquierda) y transicion

de estado gel a sol al afiadir NaCl (derecha).

Flory, describid en 1974 los geles como unas estructuras continuas con dimensiones
macroscopicas que son permanentes en la escala del tiempo y que desde un punto de
vista reolégico se comportan como un sélido,? pero la creciente actividad investigadora
en los ultimos afios en este campo y la posibilidad de clasificar los mismos en varias
subclases, ha hecho que surjan numerosas y diversas explicaciones sobre qué es un gel.
De hecho varios autores han comentado que un gel es més facil de reconocer que de
describir. Asi podemos encontrar definiciones desde las mas elaboradas, “los geles son
estructuras viscoelasticas formadas por una red entrecruzada tridimensional y un
disolvente, el cual es el componente mayoritario; la apariencia sélida del gel es el
resultado de la oclusion y la adhesion del liquido en la superficie de la matriz so6lida
tridimensional; la formacion de esta matriz es el resultado del entrecruzamiento de
fibras poliméricas formadas a partir de la union de las moléculas mediante interacciones

fisicas o quimicas™, hasta las mas simples, “si tiene apariencia de gelatina y al dar la
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vuelta al recipiente donde se encuentra son capaces de mantener la forma bajo el estrés
de su propio peso, es decir, no cae, se trata de un gel”.*

Los geles, se pueden organizar atendiendo a diversos factores® (Fig. 1.2). Asi se pueden
clasificar segin su origen, si se obtienen de recursos naturales o se sintetizan en el
laboratorio; segun su constitucion, si son macromoleculares, es decir, que estan
constituidos por macromoléculas o si son supramoleculares. Los geles de tipo
supramolecular, son aquellos que se forman por el auto-ensamblaje de moléculas de
bajo peso molecular y son de los que nos ocuparemos a lo largo de este trabajo. Dentro
de los geles macromoleculares, atendiendo al tipo de fuerza que dirige el
entrecruzamiento se pueden especificar los geles de naturaleza covalente o no covalente.
En los geles supramoleculares sélo existe el ultimo tipo de entrecruzamiento, es decir,
no covalente. Segun el medio en el que se forman, se pueden obtener organogeles, si el
disolvente usado es de naturaleza organica, hidrogeles, si el disolvente es agua o
aerogeles, en el caso de que el medio sea un gas. Finalmente es posible obtener
xerogeles, cuando el medio ha sido eliminado. Existen también moléculas gelificantes,
llamadas gelificantes anfifilas, que son capaces de formar geles tanto en disolventes

organicos como en agua.

Gel

Origen Medio
| l | !

Natural Artificial Organogel Hidrogel Aero/Xero gel

Constitucion ‘

| l

Supramolecular | Macromolecular

.

Fisico Quimico

Fig. 1.2: Clasificacion de los geles; Ref [3].
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Los geles también se pueden clasificar segln su estructura en diferentes subclases. Flory

sugiere cuatro categorias:’

- Aquellos cuya estructura es lamelar bien ordenada (por ejemplo fosfolipidos).

- Aquellos formados por el entrecruzamiento covalente y desordenado de una red
polimérica hinchada por un disolvente (por ejemplo resinas fenolicas y caucho).

- Aquellos formados por el entrecruzamiento de una red polimérica donde la
interaccion entre las cadenas no es covalente y existen regiones con cierto orden
local (por ejemplo gelatinas).

- Aquellos formados a partir de estructuras donde la red estad formada por fibras

sin ningln orden.

Generalmente, los geles supramoleculares se incluyen dentro de este Gltimo tipo, los
cuales se forman a partir de moléculas de bajo peso molecular (LMOGs: Low Molecular
Mass Organic Gelators, con masa molar inferior a 3.000)° y que se auto-organizan en
una red de forma fibrilar (SAFINs: Self-Assembled Fibrillar Networks).® Lo que
caracteriza a estos geles es que la union de sus moléculas gelificantes se produce
mediante interacciones de tipo no covalente, como son los enlaces de hidrogeno, las
interacciones m-mt, interacciones dador-aceptor, fuerzas solvéfobas, fuerzas de van der
Waals... etc y pueden ser entendidos como “polimeros supramoleculares”7 ya que estan
constituidos por unidades monoméricas que se ensamblan mediante interacciones
secundarias direccionales y reversibles. Esta reversibilidad supone una ventaja frente a
los geles formados con interacciones covalentes ya que se puede pasar de un estado
fluido a un estado no fluido mediante la influencia de un estimulo externo, como por

ejemplo, la temperatura, el pH o la luz.®®

Estos geles supramoleculares estan teniendo en los Gltimos afios una gran proyeccion de
futuro por un doble interés. Por un lado, porque su estudio puede llegar a permitir
comprender la estructuracion fundamental de los agregados que se forman a diferentes
escalas. Por otro, por sus posibles aplicaciones tecnolégicas, como por ejemplo, en la
liberacion controlada de farmacos, la formacion de plataformas para la regeneracion de

tejidos y la captura de particulas contaminantes.’

Las propiedades y caracterizacion de un gel dependen de varios factores como el modo

de preparacion, la temperatura de gelificacion, el tiempo que permanecen estables, la
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concentracion de gelificante o ciertos criterios reoldgicos.’ En cuanto a la forma de
preparacion, se han seguido distintos protocolos, como por ejemplo, calentar la mezcla
del compuesto y del disolvente hasta completa disolucion y posteriormente enfriar lenta
0 bruscamente hasta temperatura ambiente o incluso el uso de ultrasonidos para
conseguir el gel. La temperatura de transicion gel-sol (Tgelso1), €S la temperatura por
encima de la cual se produce la rotura de los agregados auto-ensamblados y se obtiene
un sistema fluido, por debajo de la misma se produce la gelificacion. En cuanto a la
estabilidad de los geles puede ser muy variada; existen ejemplos de geles que so6lo son
estables durante unas horas, mientras que otros pueden serlo durante afios. La
concentracion critica de gelificante, normalmente se expresa en porcentaje en peso en
relacién con el disolvente y da informacion de la minima cantidad de moléculas capaces
de atrapar la maxima cantidad de disolvente. Los criterios reoldgicos que se estudian
dan idea de la viscosidad y viscoelasticidad del material, atendiendo a las magnitudes
del médulo eléstico G y el modulo viscoso G™*, pero no siempre es evidente asignar
modelos tedricos y por lo tanto, es dificil predecir su comportamiento, ya que depende

fuertemente del tipo de gelificante.
1.1.2. Organizacion jerarquica de los geles

El auto-ensamblaje de las moléculas para la formacion de la red entrecruzada se
produce mediante una aproximacion “bottom-up”*°, donde los bloques (que son las
moléculas) dan lugar a las organizaciones supramoleculares (que son las fibras) y como
resultado, las propiedades del material final son diferentes a las de los bloques

constituyentes.

Las propiedades macroscépicas del gel van a estar determinadas por la nano y micro-
estructura de la red fibrilar. Para entender mejor el mecanismo de formacion de un gel,
Hamilton y Estroff, lo asemejan a una proteina, al fragmentar la red tridimensional en

estructura primaria, secundaria y terciaria.*

En la estructura primaria, la escala considerada es de amstrongs a nanémetros y
determina la interaccion anisotropa en una o dos dimensiones, a un nivel molecular. A
la hora de disefiar moléculas que sean capaces de gelificar, se ha de tener en cuenta que
son necesarios en la estructura grupos que proporcionen interacciones de tipo no

covalente, como son los enlaces de hidrdgeno, por ejemplo a través de un grupo amida,
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interacciones por empaquetamiento -t 0 grupos cargados para provocar interacciones

idonicas.>

En la estructura secundaria, la escala considerada es de nanémetros a micrémetros y
define la morfologia de los agregados formados por autoensamblaje. Dependiendo de la
estructura de la molécula y de variables como la concentracion, pH, fuerza ionica... se
obtienen diferentes agregados que construiran la estructura fibrilar entrecruzada y seran
los que proporcionen rigidez a la misma. Para explicar el paso de estructura primaria a
secundaria se han desarrollado varios modelos donde se describe el auto-ensamblaje que

tiene lugar, como los que se explicaran a continuacion.

Los geles supramoleculares, en la mayoria de los casos, estan formados por moléculas
anfifilas, es decir, aquellas que tienen una parte hidréfila bien diferenciada de una parte
hidrofoba, que son capaces de formar distintos agregados en el disolvente. Para el
estudio de la agregacion en agua de moléculas anfifilas, Israelachivili'* y sus
colaboradores establecieron un parametro p, llamado de empaquetamiento, atendiendo a
la estructura de la molécula. En él se relaciona el &rea de la cadena hidrofoba con el area
de la cabeza hidrdfila, p=v/a,l (a, es el area de la cabeza hidrofila, | 1a longitud efectiva
de las cadenas hidréfobas y v es el volumen de las cadenas hidrofobas). El valor de p

esta relacionado con la morfologia de los agregados como se puede ver en la Fig. 1.3.

am %
, _ v O,
Parametro de empaquetamiento: p=— I I Ay
3 ‘
1 11 1
p<_ —<p<— E<p<1 p“‘l
3 3 2 £
“ ' N \' ,-1._.‘ {::is ~,
R v f ) . i e
7S Y — 55«7;,{7: S ] 1100nm
<>
~nm nm -~ pm 10 nm ~ 100 um
Micelaesférica Micelacilindrica ~ Mesiculacon Bicapa planar

bicapa flexible

Fig. 1.3: Parametro de empaquetamiento en moléculas anfifilas definido por
Israelachivili; Ref [12].
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Es importante sefialar que pequefias variaciones en la estructura de la molécula pueden
inducir a grandes cambios de morfologia. Este pardmetro es util para describir por qué
una familia de moléculas se ensambla en forma de ciertos agregados. Sin embargo, es
dificil predecir la morfologia de los agregados de una molécula particular ya que este
parametro p, depende de la estructura molecular, pero ademas influyen en la forma de
empaquetarse, otros factores, como el medio en el que se encuentra, la temperatura, el

pH, la salinidad y la concentracion.*?

En el siguiente modelo, véase la Fig. 1.4, se representan mediante flechas posibles rutas
de interconversion entre las distintas morfologias dependiendo de la concentracion, el

pH, la fuerza io6nica...etc.

© —

Vesiculas

Laminas Tirabuzones

Fig. 1.4: Representacion esquematica de los posibles agregados que pueden formarse en

disolucién mediante procesos de autoensamblaje; Ref [4, 13].

Si las moléculas anfifilas estan basadas en nucle6tidos, azucares o péptidos, debido a la
quiralidad de estas cabezas, se obtienen agregados helicoidales. Se han propuesto
varios modelos para la formacion de helicidad pero la méas aceptada es aquella en la que
las moléculas se empaquetan unas con otras con un ligero angulo entre ellas, véase la
Fig. 1.5.
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Fig. 1.5: Representacion esquematica que muestra el ensamblaje molecular, en el cual,
las moléculas se empaqguetan con un angulo distinto de 0 con respecto a su vecino mas

proximo; Ref [14].

Dentro de la variedad de agregados quirales, la mayoria de los descritos en la
bibliografia pueden clasificarse en dos morfologias, cintas torsionadas (“twisted
ribbons ”) y cintas helicoidales (“kelical ribbon "), dependiendo del angulo de giro estas
pueden dar lugar a nanotubos, véase la Fig. 1.6. En ocasiones no es facil distinguir entre

las dos morfologias.

Cinta

torsionada mo

(Twisted ribbon) I

Lamina "
(Platelet)

Cinta

hélicoidal W

(Helical ribbon) |

Fig. 1.6: Representacion de la formacién de cintas torsionadas, helicoidales vy
nanotubos; Ref [14].

Un modelo muy conocido es el propuesto por Boden y sus colaboradores,* donde

utilizan como base la organizacion de las proteinas para explicar el autoensamblaje de

13
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un hidrogelificante peptidico cuya morfologia depende de la concentracion, vease la
Fig. 1.7.

A S (jﬂ mff

Monémero Cinta Tirabuzén Fibra Fibrilla

CONCENTRACION o3

Fig. 1.7: Dependencia de la morfologia con la concentracion de un hidrogelificante de

tipo varilla quiral; Ref [15].

Sin embargo, pese a los numerosos estudios fisicos y matematicos, todavia no se conoce
bien la relacion que existe en la combinacion entre las partes hidrofobas e hidrofilas de
una molécula para predecir el tamafio del agregado formado por el autoensamblaje ni
tampoco se conoce bien la relacion existente entre la quiralidad molecular y la

quiralidad supramolecular.

En la estructura terciaria, la escala considerada es de micrometros a milimetros y
determina la interaccién entre los agregados, es decir, el entrecruzamiento que da lugar
a la red fibrilar tridimensional. Aqui son importantes los nodos necesarios para la

estabilidad del gel y el grado de homogeneidad de los poros.

En resumen y tal y como se ha mencionado, los detalles de los modelos de formacion de
las estructuras fibrilares no estan del todo claros, pero segun diversos autores, el proceso
de gelificacion puede considerarse como una agregacion jerarquica. Steed y sus

colaboradores explican que esta organizacion consta de los siguientes pasos:*

1. Asociacion de las moléculas individuales.

2. Formacion de oligbmeros por interaccién entre las moléculas.

14
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Formacion de fibrillas de anchura molecular por extensién de los oligémeros.
Formacion de fibras por la unién de varias fibrillas.

Interaccion de las fibras en una red interconectada.

o o > w

Inmobilizacion del disolvente en la red fibrilar, normalmente por efectos de la

tension superficial.
1.1.3. Estructuras fibrilares autoensambladas quirales

Como hemos visto en el apartado anterior, los geles estan formados por la interconexién
de estructuras fibrilares. Estas estructuras pueden finalmente formar macroscopicamente
el gel o llegar a precipitar. Asi pues, estudiar las fibras puede ayudar a comprender

mejor la estructura del gel.

La preparacion de las estructuras fibrilares es un procedimiento delicado debido a la
naturaleza dindmica de la agregacion supramolecular. Asi mismo, la formacion de las
estructuras fibrilares para dar lugar a los geles también es importante. En los geles
formados por estructuras fibrilares (tipo SAFIN), las caracteristicas macroscopicas
pueden depender de la forma de preparacion. La gelificacion es ademas, fuertemente
dependiente de la concentracion y la temperatura. Con una mayor concentracion de
gelificante, se pueden formar estructuras mas solidas, por el contrario con mayores
temperaturas no se favorece la formacion del gel, si no que se favorece el desorden

individual de las moléculas y no la formacién del agregado.*?

La preparacion y caracterizacién de estructuras fibrilares ha sido un tema muy
estudiado, con especial interés en el caso de la existencia de helicidad.’® ** Las
nanofibras helicoidales surgen de la agregacion en una dimension, poseen un didmetro
nanométrico y una longitud mayor, incluso de micras. Ademas tienen helicidad
supramolecular. Los mondmeros pueden organizarse de una manera helicoidal en una
fibra polimérica, pero también la fibra puede poseer helicidad por si misma y estas dos

helicidades no tienen por qué ser la misma.*°

La helicidad se estudia mediante la combinacion de distintas técnicas espectroscépicas y
microscopicas, como dicroismo circular (DC), microscopia electrénica de barrido
(SEM) vy de transmision (TEM y cryo-TEM) y microscopia de fuerza atomica (AFM),

qgue seran comentadas mas adelante. Es esencial la combinacién de estas técnicas

15



1. ANTECEDENTES

porque en ocasiones se pueden encontrar casos en los que no hay sefial de DC mientras
que en las técnicas microscopicas se observa cierta torsion, esto es debido a que la
muestra puede contener una mezcla racémica de las dos helicidades.”® Ademas, se
pueden encontrar ejemplos de moléculas aquirales que pueden formar agregados
fibrilares quirales’” y casos en los que un sélo enantiémero da lugar a la mezcla de

ambas hélicidades.®

Si bien es cierto que la relacion entre la quiralidad molecular y la quiralidad
supramolecular no estd siempre clara, en general, la direccion de la fibra quiral esta
directamente relacionada con la quiralidad molecular, esto es, si un enantibmero forma
hélices dextrdgiras, normalmente, el otro forma hélices levogiras. Cuando se estudia el
racemato, se pueden obtener agregados fibrilares con la mezcla de ambas helicidades™
o también se pueden formar otro tipo de agregados. Este Gltimo caso, como se muestra
en la Fig. 1.8, ocurre con un oligopéptido basado en lisina donde, en el racemato, se
observan agregados globulares.”> Normalmente en el racemato se suprime la capacidad

de gelificacion.>

NH,
o] o]
HO r NJ ‘ El T N):H
4]
L,D
L D L,D

Fig. 1.8: Fotografias de AFM donde un oligopéptido con segmentos L-(lisina)s forma

hélices levogiras, D-(lisina)g forma hélices dextrogiras y la mezcla racémica 1:1 no

forma hélices sino agregados globulares; Ref [20].

También se ha estudiado la transferencia de quiralidad de una molécula quiral
(sargento) que dirige la agregacion quiral de otras (soldados) para la formacion del

agregado y el gel.
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1.1.4. Moléculas gelificantes

Normalmente, las moléculas de bajo peso molecular capaces de gelificar son aquellas
que al encontrarse en una solucion de un disolvente adecuado, en una concentracion
baja, que puede llegar a un valor minimo de 0.1 % en peso aunque suele ser superior, se
produce la agregacion supramolecular y la correspondiente formacién de una red fibrilar

con propiedades macroscopicas de gel.

El numero de moléculas que se pueden encontrar descritas en bibliografia capaces de
gelificar es elevado y en muchas ocasiones, la obtencion de los geles se ha producido de
una manera accidental. Pese a la variedad estructural, las moléculas que serviran como

piezas de construccion para la red cumplen una serie de caracteristicas segin Smith.?

1. Las moléculas han de ser parcialmente solubles en el disolvente elegido, pero no
demasiado porque si no se solubilizarian.
2. Las moléculas han de ser parcialmente insolubles en el disolvente elegido, pero
no demasiado porque si no precipitarian.
3. Las moléculas han de ser capaces de formar multiples interacciones no
covalentes entre ellas:
En el caso de los organogeles, enlaces de hidrogeno e interacciones wt-m.
En el caso de los hidrogeles, enlaces de hidrogeno e interacciones
hidréfobas.
4. Las interacciones no covalentes han de ser direccionales permitiendo el

ensamblaje de la red de una forma anisétropa a escala nanométrica.

Existen ciertos grupos funcionales que normalmente se encuentran en las moléculas que
gelifican y que favorecen la formacion de interacciones no covalentes como son amidas
y ureas, que tienen la capacidad de formar enlaces de hidrégeno; carbohidratos, que
contienen mdltiples grupos OH capaces también de formar enlaces de hidrogeno;
esteroides y acidos biliares que poseen superficies hidrofébas; acidos nucleicos, que
forman interacciones n-n ademas de enlaces de hidrogeno, y largas cadenas alquilicas,

que promueven interacciones van der Waals.

A continuacion se describen distintos ejemplos de moléculas gelificantes como

formadoras tanto de organogeles como de hidrogeles.

17



1. ANTECEDENTES

1.1.4.1. Moléculas gelificantes que forman organogeles

Al existir un amplio rango de estructuras quimicas para los gelificantes, Weiss y Terech,
realizaron una primera descripcion de los organogeles supramoleculares donde
agruparon las moléculas segun su naturaleza quimica en diferentes categorias (de una

manera subjetiva como comentan los propios autores):>®
- Derivados de acidos grasos:

Son compuestos que derivan de acidos grasos y por tanto, con largas cadenas alifaticas.
Por ejemplo, el acido 12-hidroxioctadecanoico (Fig. 1.9) y sus sales (como la de litio)
se han usado durante décadas en la industria de los lubricantes ya que la red que forman
estas moléculas es capaz de atrapar el aceite evitando la friccién en superficies
metalicas.?® Las estructuras formadas son helicoidales con helicidad levégira en el caso
del D-4cido y con helicidad dextrégira en el caso del L-acido. Las sales divalentes y

trivalentes también se han usado en la industria de los lubricantes.

//\V/\v/\W/A\/A\//\v/\\/«\/COOH

OH

Fig. 1.9: Estructura quimica de 12-Hidroxioctadecanoico.

- Derivados de esteroides y derivados de esteroides con anillos aromaticos

condensados:

El primer gelificante basado en esteroides, capaz de gelificar en hidrocarburos, fue
descubierto por casualidad en el transcurso de una sintesis y es un radical libre, derivado
de isoandrosteronas®* (Fig. 1.10). La capacidad de gelificacion varia con la
funcionalizacion e insaturacion en distintas posiciones, asi se han obtenido varios

gelificantes modificando el esteroide.
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HO
Fig. 1.10: Estructura quimica de un derivado de isoandrosteronas.

Asi son capaces de gelificar aquellos compuestos que poseen un grupo aromatico
conectado con un grupo derivado de los esteroides, normalmente funcionalizado en la
posicién 3, mediante un grupo puente. Un ejemplo es el gel luminiscente de 4-(2-
antriloxi)butanoato de colesterilo® (Fig. 1.11) , donde el grupo puente permite adoptar a
la molécula, una configuracion de varilla. Este compuesto ademas tiene comportamiento
mesomorfo tanto termotropo como lidtropo. Se ha confirmado, por la sintesis de
distintos derivados que la conformacion de los anillos aromaticos es un factor muy

importante en la capacidad de gelificacion.

cor MW

Fig. 1.11: Estructura quimica del gelificante 4-(2-antriloxi)butanoato de colesterilo.

- Derivados de antraceno:

Dentro de este grupo, se puede nombrar el 2,3-di-n-deciloxiantraceno (Fig. 1.12), que es
capaz de gelificar en alcanos, alcoholes, aminas alifaticas y nitrilos.?® Este compuesto es

interesante por sus propiedades fotocrémicas.

o,

Fig. 1.12: Estructura quimica de 2,3-di-n-deciloxiantraceno.
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- Derivados de amida:

Se incluyen aqui moléculas gelificantes que tienen grupos capaces de formar multiples
enlaces de hidrogeno gracias al grupo amida. En esta clasificacion podemos encontrar
oligbmeros de a-aminodcidos, ciclodipéptidos... etc. Como ejemplo describimos el
compuesto N, N, N” -triesterariltrimesamida, (Fig. 1.13), en este caso una triamida, que
es capaz de gelificar en disolventes como dimetilsulfoxido, dimetilformamida,

diclorometano o nitrobenceno.

Fig. 1.13: Estructura quimica de N, N", N""-triesterariltrimesamida.

Weiss y Terech, clasificaron ademas otros tipos de moléculas que gelifican, como los
compuestos organometalicos, por ejemplo las metaloporfirinas?’ y los macrociclos,
por ejemplo los derivados de calixarenos.®® Actualmente el nimero de
organogelificantes es muy elevado y cada afio aumentan las publicaciones relacionadas

con ellos.
1.1.4.2. Moléculas gelificantes que forman hidrogeles

Para la gelificacion en agua es necesario que las moléculas tengan por un lado, grupos
hidrofobos para promover la agregacion y por otro, grupos hidréfilos para proporcionar
cierta solubilidad. Es dificil predecir la gelificacion ya que no hay reglas exactas para el
balance hidrofilia/hidrofobia, pero si es cierto que dentro de una misma familia el
numero de carbonos de las cadenas alquilicas es importante en relacion con la parte
polar y que los grupos cargados facilitan la formacion de geles y ademas pueden ser

modulados por el pH.

Estroff y Hamilton clasificaron, en wuna primera revision de hidrogeles
supramoleculares, las moléculas “hidrogelificantes” segn la posicion del grupo polar

de la siguiente manera:*
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- Anfililos convencionales:

Son aquellos que poseen una cabeza polar, formada, por ejemplo, por acidos
carboxilicos, aminoéacidos, azlcares, fosfonatos 0 aminas cuaternarias, y una o dos colas
hidréfobas, que pueden tener distinta largura, flexibilidad, saturacion o ciclos (Fig.
1.14).

Cabeza Cabeza Colas hidréfobas
hidrofila hidréfila

SN

Fig. 1.14: Representacion esquematica de la estructura de los anfifilos convencionales.

Muchos lipidos han sido estudiados como compuestos anfifilos gelificantes. Un ejemplo
es la N-dodecilgluconamida (Fig. 1.15) estudiada por Fuhrhop y sus colaboradores.?® A
partir de esta estructura se han sintetizado diferentes diasteredmeros que forman
distintas morfologias, lo que sugiere que la geometria de la cabeza es responsable del
empaquetamiento. También se han usado cadenas fluorocarbonadas® (Fig. 1.15), la
cuales aportan rigidez, una concentracion micelar critica baja y una gran tendencia a

autoensamblarse en agua.

N-dodecilgluconamida Derivado de fluoroalcano

Fig. 1.15: Estructura quimica de N-dodecilgluconamida y un derivado de fluoroalcano.

- Bolaanfifilos:

En este grupo se incluyen aquellas moléculas que poseen dos cabezas polares unidas por

una cola apolar (Fig. 1.16).
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Cabeza Cabeza
hidrofila hidrofila

Cola hidréfoba Q

Fig. 1.16: Representacion esquematica de la estructura de los compuestos bolaanfifilos.

Shimizu y sus colaboradores han trabajado ampliamente en el campo de los
bolaanfifilos. En las cabezas polares han colocado nucleétidos,® aminoacidos® y
azcares.*® Algunos son capaces de formar geles como el compuesto derivado de grupos
desoxirribosa y fosfodiéster que se muestra en la Fig. 1.17, mientras que otros forman

fibras por el autoensamblaje en agua que precipitan.

uu

HO”(S\O (HC)p0— 0~ ('5 “OH

Fig. 1.17: Estructura quimica de un bolaanfifilo derivado de grupos desoxirribosa y
fosfodiéster capaz de gelificar en agua.

- Surfactantes tipo gemini:

Son surfactantes que poseen una estructura general que sigue este esquema: cola
flexible-ion-espaciador-ion-cola flexible (Fig. 1.18). Se caracterizan por tener una

concentracion micelar critica inferior a la de los surfactantes comunes.

Cola
Espaciador

Fig. 1.18: Representacion esquematica de un surfactante tipo gemini.
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Menger®* y sus colaboradores introdujeron este término y estudiaron varias familias de
hidrogeles. En concreto con las moléculas con la estructura representada en la Fig.
1.19% se dedujo que la parte hidréfoba juega un papel muy importante en la
gelificacion. Variando la longitud de la cadena alquilica, el comportamiento de la
molécula en agua es muy diferente. Por ejemplo, el derivado con una cadena de 18
atomos de carbono forma un gel; el que tiene una cadena con 10 &tomos de carbono es
capaz de hincharse pero no gelifica y el derivado de 9 atomos de carbono es soluble en

agua

Fig. 1.19: Estructura quimica de surfactantes tipo gemini.

- Oftros:

Dentro de esta clasificacion se engloban aquellas moléculas que tienen un peso

molecular algo méas elevado pero que no llegan a considerase de tipo macromolecular.

Como ejemplos podriamos describir a los de tipo dendritico, como es el caso de la
molécula estudiada por Newkome y sus colaboradores® (Fig. 1.20), que
estructuralmente es como un bolaanfifilo, donde los grupos OH dan cierta solubilidad y
el espaciador permite las interacciones hidréfobas. Otro ejemplo muy interesante es el
compuesto tripodal derivado del acido célico®’ que se describe en la Fig. 1.20, ya que es

capaz de formar cavidades en las que se pueden atrapar moléculas.
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Molécula tipo dendritica Derivado de &cido colico tripodal

Fig. 1.20: Estructura quimica de una molécula tipo dendritica y un derivado de &cido

colico tripodal.

Un grupo muy importante de moléculas gelificantes son los derivados de aminoacidos.
Este grupo posee la combinacién de efectos hidréfobos, debido a las cadenas laterales
de los aminodcidos, junto a efectos hidrofilos, a causa de los puentes de hidrdgeno
procedentes de las uniones amida. Uno de los primeros ejemplos donde se estudio el
autoensamblaje de derivados de aminoacidos fue el 4cido N-dodecil-L-glutamico®®
capaz de gelificar a bajas temperaturas y bajos valores de pH, véase la Fig. 1.21.a. Otros
ejemplos muy estudiados son los bolaanfifilos derivados de aminoacidos, como por
ejemplo, el derivado de bis-urea que se muestra en la Fig. 1.21.b, que contienen grupos
carboxilicos. Estos compuestos fueron estudiados por Estroff y Hamilton,*® y podrian
considerarse una mezcla de bolaanfifilo y un surfactante de tipo gemini. En este
compuesto, las cadenas alquilicas proporcionan la capacidad de formar interacciones de
tipo hidréfobo, la parte de la urea permite a las moléculas formar enlaces de hidrégeno y
los grupos carboxilicos son capaces de establecer interacciones por enlaces de
hidrogeno o se ionizan en funcion del pH, lo que hace a esta molécula sensible al pH.
Este compuesto gelifica en agua a pH intermedios, a pH bajos forma vesiculas y
precipita en forma de fibras a pH altos. También se han sintetizado hidrogelificantes
basados en B-péptidos.
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(0]

H
HsC(H N
8)  HaCHOI w)kOH
O CH,CH,COOH OH
o)
b) HsCH:C) i NN j\ o
) o hig NTNTNONTON ~(CHy)11CH3
0 H H o

O~ "OH

Fig. 1.21: Estructuras quimicas derivadas de aminodcidos: a) acido N-dodecil-L-

glutdmico, b) derivado de bis-urea con grupos carboxilicos.

En este capitulo, se ha considerado como otra clasificacion aparte los compuestos que
poseen azucar, por tratarse de la estructura elegida para los gelificantes sintetizados
durante este trabajo. La incorporacion de los azlcares supone la adicién de un
interesante bloque soluble, ya que es biocompatible y puede dar lugar a materiales con

aplicaciones médicas. De ellos se hablara en el apartado 1.2.
1.1.5. Técnicas de estudio de los geles

Para caracterizar los geles, es necesario estudiar su estructura desde la escala molecular
a la escala macroscopica pasando por la escala nanométrica. Para el estudio de los
geles se han utilizado una combinacion de diferentes técnicas como las reoldgicas,
microscopias avanzadas como las técnicas de microscopia electronica o la de fuerza
atdbmica, las espectroscopias y técnicas de difraccion asi como métodos de
modelizacién. La informacion proporcionada por cada una de estas técnicas se ha de
combinar, ya que las escalas de medida son diferentes y hay que tener especial cuidado
cuando dichas medidas no pueden realizarse en las condiciones normales de
gelificacion, por ejemplo, si requieren el tratamiento o secado de la muestra, ya que la
estructura sin disolvente puede colapsar y no ser exactamente la misma que en el medio
htimedo o gel.* *°

La temperatura de gelificacion se puede determinar mediante diferentes técnicas como
la sencilla prueba del test del giro del tubo, los estudios de turbidez espectroscopica y el
método de la caida de la bola,* asi como también la reologia, la calorimetria diferencial

de barrido (DSC) y la resonancia magnética nuclear (RMN). Con la calorimetria
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diferencial de barrido (DSC) se estudia el comportamiento de la muestra con el calor y
se obtienen una serie de transiciones térmicas en funcion del tiempo correspondiente a
la transformacion del material del estado gel al sol y del sol a gel. A continuacion se
comentan las posibilidades que ofrecen algunas de las técnicas anteriormente

mencionadas.
1.1.5.1. Reologia

La reologia permite describir propiedades macroscopicas del gel. En concreto, en el
estudio reologico dinamico, se estudia la respuesta del material a un estrés oscilatorio,
determinando variables como el modulo elastico (G”) y el médulo viscoso (G™), y con
ellas la viscosidad. En este tipo de materiales la elasticidad, medida con G”, ser4 mayor
que la energia disipada o comportamiento viscoso, determinado por G™".*® La medida se
realiza en una capa fina de gel que se encuentra entre un componente estacionario y otro
movil. Los tipos de platos estacionarios o moviles pueden ser distintos: paralelos,

cilindricos concéntricos, cono-plano... etc.

Estudiando los moédulos en funcion de la frecuencia de oscilacion, el estrés, la
temperatura y la concentracion del gelificante se puede caracterizar el gel.* Asi se
pueden describir como geles tixotrdpicos aquellos que cuando se aplica suficiente
estrés de una manera isoterma se forma una solucion que revierte a gel al dejar de
aplicar dicho estrés tras un tiempo de reposo. Los geles que poseen reopexia son
aquellos en los que se produce la gelificacion cuando existe una aceleracion de la
solidificacion de una disolucién a causa de movimientos suaves y regulares. Y los geles
que poseen sinéresis son aquellos en los que se produce la expulsion de una parte del
liquido con el paso del tiempo porque ha disminuido la cantidad de agregados pequefios

y ha aumentado la cantidad de agregados grandes.**

En la Fig. 1.22, se puede observar diferentes experimentos para la caracterizacion por
reologia de un organogel en DMSO derivado de un gelificante cuya estructura quimica
se representa en la Fig. 1.22.a. La Fig. 1.22.b muestra un experimento en el que se
determina G” y G™ en funcion del estrés aplicado en el gel y donde se aplica una
frecuencia de oscilacion constante de 1Hz. El punto de corte entre G’y G™, oy (“yield
stress”), representa el punto donde al aplicar un determinado estrés el gel se rompe y

comienza a fluir. En la Fig. 1.22.c se presenta un experimento donde, en esta ocasion, se
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aplica un estrés constante de 3 Pa y se determina G’y G™” en funcion de la frecuencia de
oscilacién. Tanto los valores de G” como los de G™* permanecen constantes de 0.1 a 10
Hz, lo que indica que estos pardmetros son independientes de la frecuencia de
oscilacion. Hay que resaltar que G” es superior en varios érdenes de magnitud a G™*, lo

que ocurre siempre en el caso de los geles ya que son materiales mas elasticos que

Viscosos.*?
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Fig. 1.22: Determinacién de las propiedades reoldgicas de un organogel en DMSO a un
10% en peso: a) Estructura quimica de la molécula gelificante, b) Experimento de
barrido de amplitud (Pa) a una frecuencia constante de 1Hz, ¢) Experimento de barrido

de frecuencia (0,1-10 Hz) aplicando un estrés de 3 Pa; Ref [42].

1.1.5.2. Microscopia avanzada

Dentro de las técnicas microscopicas, la microscopia de fuerza atomica (AFM), la
microscopia electronica de barrido (SEM) y la microscopia electrénica de transmision
(TEM), en sus diferentes variantes, son muy utiles para el estudio de la estructura del

gel en la escala del nanométro a la micra.
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AFM es una técnica de alta resolucion (con resolucion lateral menor que un
nanometro), donde se pueden usar muestras con disolvente (en estado gel) pero para
obtener una imagen mejor, se suelen secar tras la deposicién en el sustrato, por lo que en

ocasiones pueden introducirse modificaciones.'

En TEM y SEM, la resolucién llega a los 0.2 nm, pero convencionalmente implica
trabajar a alto vacio, lo que supone secar las muestras. Ademas en el caso del TEM,
para la observacion de productos organicos (Fig. 1.23.a) es necesaria la tincion
negativa. La interaccion de los agentes de tincién en ocasiones puede modificar la
morfologia de los agregados. En el caso del SEM se observa la topografia de la
superficie de la muestra (Fig. 1.23.b). En los ultimos afios, se han desarrollado técnicas
criogénicas, donde es posible vitrificar la muestra en etano liquido y trabajar a la
temperatura del nitrégeno liquido para introducirla dentro del microscopio y asi poder
observar la muestra de una manera mas cercana a su estructura en el disolvente,
normalmente agua, ya que en disolventes organicos es mas complicada la preparacion.
En la Fig. 1.23.c se muestra una imagen de cryo-TEM. También es posible realizar una
crio-fractura para obtener capas mas delgadas de muestra.* EI SEM ambiental es una
técnica que también permite observar la muestra sin necesidad de tefiir y al poder variar

las condiciones de temperatura, humedad y presidon, se puede trabajar con el disolvente.
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Fig. 1.23: a) Fotografia de TEM de las fibras obtenidas de un gel en acetonitrilo (1mM)
de un derivado de (1R,2R)-1,2-ciclohexanciamina con tincién de acido 6smico,* b)
Imagen del xerogel del gel formado en tolueno (3,5 g L™) formado por la laurilamida
derivada de L-alanina obtenido por SEM,* c) Imagen obtenida por cryo-TEM de las
fibras obtenidas del gel en agua (0,03% en peso) del derivado bipolar de fosfocolina.*®

1.1.5.3. Técnicas espectroscopicas aplicadas a geles

La resonancia magnetica nuclear (RMN), el dicroismo circular (CD), la espectroscopia
infrarroja y en algunos casos la fluorescencia, son técnicas espectroscopicas que ayudan
a entender la estructura primaria del gel, es decir, las interacciones a nivel molecular.
Ademas estas técnicas son sensibles a la temperatura por lo que pueden servir para

determinar temperaturas de gelificacion.*

La resonancia magnética nuclear puede dar informacioén de los enlaces formados
durante la gelificacion y de la temperatura de gelificacion.*® Ademés, las medidas de los
tiempos de relajacion pueden dar una idea de las partes de la molécula cuyos
movimientos conformacionales o rotacionales disminuyen durante la gelificacion.*” Con
medidas en estado sélido (“solid state magic angle spinning”) se pueden comparar los
desplazamientos quimicos de las sefiales con la disolucion y asi determinar un cambio

en la agregacion de las moléculas.*®

Las medidas de espectroscopia infrarroja pueden, en ocasiones, confirmar la presencia
de puentes de hidrogeno y determinar el estado de protonacion de los acidos
carboxilicos, pero en el caso de las sefiales correspondientes al enlace NH, no se puede
obtener informacién cuando se trata de hidrogeles ya que estan ocultas por las bandas
del OH del agua.*
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Para obtener indicios de helicidad y por tanto de quiralidad en el material, se utiliza la
técnica de dicroismo circular donde la muestra se expone a luz circularmente
polarizada. En el espectro resultante se obtiene una sefial cuando se produce un efecto
Cotton, es decir, un fendmeno de absorcidén desigual del haz dextrogiro y el haz
levdgiro, como resultado de la elipticidad de la luz transmitida. La sefial de dicroismo
solo se observa en la region donde la molécula es capaz de absorber en la region UV-
vis. Si en la muestra existen dos cromoforos iguales y proximos en el espacio que
constituyen un sistema quiral, sus momentos de transicion electronicos interactian de
tal manera que sus estados excitados se desdoblan en dos estados degenerados. Esta
interaccion supone lo que se denomina un acoplamiento exciton y en el espectro se
refleja por la aparicion de un par de bandas con signo opuesto.> *°

En esta técnica hay que tener especial cuidado con los “artefactos” que pueden
producirse por tener un alineamiento macroscopico de sus momentos de transicion, esto
es dicroismo lineal. En este caso, rotando la muestra puede comprobarse si hay
influencia de dicroismo lineal. En ocasiones, la ausencia de sefial en DC no indica que
la muestra no sea helicoidal ya que esta técnica mide de forma global y es posible que
dentro de una misma muestra haya helicidades opuestas, para observar sefial, una de las

dos tendria que estar en exceso.'°

En el caso de los geles, esta técnica ademas de dar informacion de la organizacion quiral
puede proporcionar también la temperatura de gelificacion realizando un estudio a
temperatura variable. Si la sefial esta asociada a la organizacién supramolecular del gel,
esta sefial de dicroismo puede desaparecer cuando se pasa de estado gel a sol.>® Un
ejemplo de este tipo de estudio se ha realizado en un gel en butanol obtenido a partir de
una molécula derivada del colesterol y un grupo azo* como se muestra en la Fig. 1.24.
El gel tiene una banda de acoplamiento exciton a temperatura ambiente donde 6=0, es
decir, el punto de corte, coincide con Amax=310 nm en el espectro de absorcion. Cuando

el gel se calienta a 60°C, ya no se detecta esta sefial.
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Fig. 1.24: Estudio a temperatura variable de un gel en butanol al 0,2% en peso: a)
Estructura del gelificante derivado del colesterol y un azo, b) Espectro de dicroismo
lineal, c) Espectro de dicroismo circular, d) Espectro de absorcién. El estado gel se
observa a 25°C (—) y el estado disuelto se observa a 60°C (---); Ref [40].

1.1.5.4. Otras técnicas

La difraccién de rayos X puede usarse para la determinacion de la estructura de los
geles.* Las técnicas de difraccién a bajo angulo (SAXS) y la dispersién de neutrones
a bajo angulo (SANS) permiten determinar el empaquetamiento dentro de los
agregados, pero para ello es necesario elegir un modelo (por ejemplo, micela tipo
varilla), realizar un analisis matematico y después comparar los parametros medidos con
el modelo. También puede usarse para describir el papel del disolvente en la formacion

de las fibras.

Con la difraccion a alto angulo en polvo (XRD) se puede determinar el
empacquetamiento de las moléculas, llegando a ver si se trata por ejemplo, de estructuras
lamelares o hexagonales e incluso se puede determinar la conformacion o

interdigitalizacién de las cadenas alquilicas. La difraccion a bajo angulo, da informacion
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de la repeticién en las capas, mientras que la region de medio angulo, es indicativa del
empaquetamiento de las cadenas hidrocarbonadas.

Mediante SAXS se pueden realizar estudios en el gel directamente, sin embargo, con
XRD la mayoria de los estudios que se han realizado han sido en seco (xerogel). El
estudio de la estructura cristalina también puede dar idea de la estructura del gel, asi se
pueden comparar los posibles polimorfismos de la molécula gelificante con el rayos X

en estado gel.*’

No es facil determinar la estructura de un gel, pero con el apoyo de modelos de
minimizacién de niveles de energia y calculos de dindmica molecular, es posible llegar

a establecer la estructura primaria de las moléculas gelificantes.*
1.1.6. Aplicaciones

Los geles poliméricos se conocen desde hace cientos de afios y sus aplicaciones son
muy comunes. Sin embargo, en el campo de los geles supramoleculares, pese a que
también han sido estudiados y usados en la industria desde hace mucho tiempo, (como
por ejemplo, el sorbitol empleado como espesante alimenticio o las sales de acidos
grasos utilizados como lubricantes) ha sido en los Gltimos veinte afios cuando, gracias a
sus ventajas de reversibilidad, control y biocompatibilidad frente a los geles
poliméricos, se han desarrollado otro tipo de aplicaciones principalmente en el campo
de los biomateriales, los materiales avanzados (“smart materials™) y los dispositivos

electronicos.®

Como ejemplos de algunas aplicaciones para geles supramoleculares se han de nombrar
aquellos organogeles que se han usado para la modificacion en superficies, ya que el
empaquetamiento de las fibras, al evaporarse el disolvente, modifica la hidrofobicidad

del material;*°

también se han usado organogeles para formar poros dentro de matrices
poliméricas, asi al mezclar moléculas de bajo peso molecular con disolventes capaces
de polimerizar se forman canales en los polimeros tras la eliminacién del gelificante.*
Adicionalmente se han desarrollado materiales sensibles a la luz, este tipo de

materiales sera tratado mas adelante en el apartado 1.3.

Se han desarrollado dispositivos electronicos, formados por geles con metales

(metalogeles),> aplicables a tecnologias basadas en luminiscencia, fotocatalisis o celdas
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fotovoltaicas. También existen geles capaces de transportar electrones que permiten
formar dispositivos de tamafio nanométrico en los que el autoensamblaje de las
moléculas gelificantes facilita el transporte de energia,®* o se han fabricado electrolitos

con organogeles.™

Ademas se han estudiado sistemas que gelifican formando parte de nanocomposites,
gue mezclan compuestos organicos e inorganicos. Como ejemplo, estos nanocomposites
se han usado para controlar el crecimiento de nanoparticulas de oro y plata.>* Por
altimo, en la Fig. 1.25 se puede observar un dispositivo electroéptico® formado por
una molécula gelificante (1) y una molécula cristal liquido (2), donde al aplicar un
campo eléctrico el material pasa de un estado off donde hay dispersion de luz (opaco,
A) a un estado donde hay transmision de luz (transparente, B) como consecuencia de la

orientacion del cristal liquido bajo un campo eléctrico.

0 H
N
CN @O N (CH)CH;
0/ 3
1

2

Fig. 1.25: Mezcla del cristal liquido (1) con un 0,2 % wt del gelificante (2), en estado de
dispersion de la luz (A) y estado de transmision de la luz (B); Ref [55].

Los hidrogeles por su parte, se han aplicado principalmente como biomateriales debido
a su potencial biocompatibilidad y posible efecto biolégico (como es el caso de los
derivados de aminoacidos y los azUcares). Los hidrogeles supramoleculares son
sistemas sintéticos que imitan estructuras bioldgicas, de ahi que se hayan usado para

33



1. ANTECEDENTES

explorar campos como la medicina regenerativa, el encapsulamiento y el crecimiento

celular o la liberacién controlada de farmacos.

En cuanto a la medicina regenerativa, se han realizado diversos estudios con
nanofibras peptidicas donde éstas son usadas para la regeneracion del sistema nervioso
tanto en el cerebro, para la recuperacion de la vision®® (Fig. 1.26), como en la columna

vertebral, para la recuperacién de la movilidad.®’

Fig. 1.26: a) Modelo molecular del péptido RADA 16-1, b) Tratamiento en el nervio

oOptico dafiado de un hamster; Ref [56].

También se han usado hidrogeles para encapsular células en una matriz tridimensional
con el objetivo de reparar tejidos como cartilagos®® o promover la formacién de
estructuras vasculares.”® En el campo de la liberacién controlada de farmacos, existen
ejemplos de hidrogeles basados en ibuprofeno, que liberan este medicamento gracias a
la hidrélisis de enzimas.?® Otros hidrogeles, son capaces de atrapar y liberar moléculas
bioldgicas importantes, como es el caso de medicamentos para combatir la malaria.®!
Se han desarrollado también hidrogeles que son capaces de responder a enzimas
especificos; asi en el caso de un sistema enzimatico fosfatas/quinasa se puede producir
una gelificacion reversible en agua.®? Algunos hidrogeles también han sido capaces de

encapsular enzimas para catalizar reacciones dentro de la matriz del propio gel.®®

Los hidrogeles, como en el caso de los organogeles también se han usado, para hacer
nanocomposites; asi los hidrogelificantes pueden controlar la mineralizacion, como se

ha estudiado en el caso del fosfato célcico,®* o pueden proporcionar el medio necesario
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para el crecimiento de materiales inorgénicos, como ha sido el caso de la formacion de

cristales de calcita.®®

La mayor parte de los ejemplos de aplicaciones con hidrogeles supramoleculares
encontrados en la bibliografia han sido desarrollados con moléculas anfifilas de tipo
peptidico. Sin embargo, existen otros estudios realizados con derivados de moléculas
azucaradas. Como ejemplos, se pueden encontrar sensores capaces de detectar

insulina,®®

realizados a partir de un monosacarido fluorescente basado en pireno o
realizados a partir de esteres de aminodcidos glicosilados, los cuales pueden formar
dispositivos semi-htimedos para la deteccién de péptidos/proteinas®’ o cationes.®® En el
campo de la medicina regenerativa un derivado de D-glucosamina es capaz de
cicatrizar tejido cuando el hidrogel se aplica sobre una herida.® Alguno de estos

ejemplos sera visto més en detalle en el siguiente apartado 1.2.
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1.2. Glicolipidos en ciencia de los materiales

Los azucares son considerados, en ciencia de materiales, como un blogue soluble en
agua capaz de proporcionar una libreria de compuestos cuyas estructuras pueden
resultar Utiles en el campo de los ensamblajes moleculares e interesantes por su

potencial biocompatibilidad. Entre estos derivados tenemos los glicolipidos.
1.2.1. Glicolipidos

Los glicolipidos son moléculas anfifilas, es decir, estdn constituidas por una parte
hidréfoba o cola lipofilica y una parte hidréfila o cabeza polar, que contienen
especificamente en sus cabezas polares mono u oligosacaridos. Son una importante
clase de compuestos de origen natural que se encuentran implicados en eventos de
reconocimiento celular, para reconocer hormonas, anticuerpos, virus u otras células. Los
glicolipidos sintéticos pueden presentar algun inconveniente, ya que es posible que
tengan mas resistencia a la degradacion y en algunos casos, incluso pueden resultar

toxicos.
Los glicolipidos pueden clasificarse en dos subgrupos:”

1) Los analogos a las membranas lipidicas: como ejemplos tipicos encontramos los

diacil glicoglicerolipidos y los dialquil glicoglicerolipidos (Fig. 1.27).

OH
(CHz)n—cH, HO O— (CHa)h—cH,
J:O—H—(CHz)n CH, HO o) 0—(CH2)n—cH,
(0]
OH

Fig. 1.27: Representacion de la estructura molecular de los diacil glicoglicerolipidos y
los dialquil glicoglicerolipidos.

2) Aquellos que poseen una sola cadena alquilica. Tambien se pueden considerar
tensioactivos o surfactantes basados en azdcares. Un ejemplo son los

alquilglicosidos (Fig. 1.28).
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OH

HO
HO o]
O— (CHy),—
oN (CH2)n—cH,

Fig. 1.28: Representacion de la estructura molecular de un glicolipido con una sola

cadena alquilica.

Este segundo grupo de compuestos esta teniendo Gltimamente una importancia creciente
por tratarse de surfactantes de bajo impacto ambiental. Si nos referimos a ciencia de
materiales, los glicolipidos son compuestos ampliamente estudiados por sus
caracteristicas tanto como tensioactivos, como cristales liquidos e incluso, por ser

moléculas de bajo peso molecular capaces de formar geles supramoleculares.

Como tensioactivos, estas moléculas tienden a formar capas monomoleculares o
monocapas orientadas en las interfases, a bajas concentraciones, alterando las
propiedades del sistema. Al aumentar la concentracién en el seno de la disolucion,
pueden formar estructuras autoensambladas.”* Como cristales liquidos, dada su
estructura pueden microsegregar, donde por un lado, las cabezas polares forman enlaces
de hidroégeno entre si y por otro, las cadenas alquilicas se autoensamblan, dando lugar a
mesofases tanto termotropas, por efecto de la temperatura, como liotropas, por el efecto
del disolvente.”? Los glicolipidos como cristales liquidos seran tratados mas

especificamente en el apartado 1.4.

En el caso de geles, el descubrimiento de que las moléculas glicolipidicas podian dar
geles supramoleculares, ha sido relativamente reciente.”® Los glicolipidos son
moléculas que por su caracter anfifilo, tienen la capacidad de auto-ensamblarse y formar
estructuras y asi dependiendo de la concentracion y de la cantidad de disolvente, pueden

Ilegar a entrecruzarse y ocluir todo el liquido del medio.

Asi pues, la caracteristica principal para gelificar es la anfifilia. Los diferentes tipos de
moléculas glicoanfifilas capaces de gelificar, se pueden clasificar en dos tipos:* los
anfifilos convencionales, con una sola cabeza polar y los bolaanfifilos, que poseen dos

cabezas polares unidas por una cadena lipdfila.
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1.2.2. Glicolipidos gelificantes

A continuacion se describen los principales ejemplos de moléculas gelificantes

derivadas de azUcares que se pueden encontrar en la bibliografia.
1.2.2.1. Anfifilos convencionales

Dentro de los anfifilos convencionales podemos distinguir aquellos que tienen una
cabeza azucarada de cadena abierta y aquellos que poseen azucares ciclicos, siendo
estos monosacaridos o disacaridos. También se mencionaran algunos ejemplos de

moléculas gelificantes con aztcares modificados.

1.2.2.1.1. Moléculas gelificantes con cabeza azucarada de

cadena abierta

Los primeros en describir un comportamiento gelificante en moléculas con azlcares en
su estructura, fueron Pfannemiiller y Welte.” Entre las distintas moléculas sintetizadas,

las mostradas en la Fig. 1.29 formaron geles en agua.

HH X
¥ Y Y oH 3 n=6,7, 8
O OH OH
0 OH OH
\H%NW oH 4 n=10
| (o] OH OH
o) . OH OH
N < -
W}m” YO Y o+ 5n=8
(0] OH OH
o) ., OH OH
A e s
| O OH OH

Fig. 1.29: Estructura quimica de los gelificantes estudiados por Pfannemdller y sus

colaboradores.

La estructura 3, es capaz de gelificar cuando n= 6, 7, 8, la estructura 5 es capaz de
gelificar cuando n=8 y las estructuras metiladas 4 y 6 son capaces de gelificar cuando

n=10. En los compuestos derivados de la estructura 3 se obtienen fibras dextrdgiras
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mientras que en el compuesto 5, se obtienen cintas. Para 4 y 6, se observan fibras
helicoidales dextrdgiras, en los dos casos. Estas fibras son las que dan soporte a la

estructura del gel.

Comparando estos compuestos se puede observar que cuando se metila el nitrégeno, se
aumenta la solubilidad debido a la ausencia de enlaces por puente de hidrogeno en el
grupo amida. Segun los autores, las interacciones que dan lugar al gel en este caso, no
estan dirigidas por los puentes de hidrogeno de la amida sino que son de tipo hidrofobo
aunque también participen las interacciones por enlaces de hidrogeno de los OH de la
parte azucarada. Debido a esta falta de enlaces de hidrogeno en el grupo amida, las
moléculas metiladas no estdn tan ordenadas y su capacidad para formar geles y

estructuras quirales es menor.

Fuhrhop y sus colaboradores continuaron con el estudio del auto-ensamblaje de este

29a, 74

tipo de moléculas con las N-octil L- y D-gliconamidas y anélogos (Fig. 1.30) las

cuales se agregan para dar estructuras fibrilares y formar geles en agua. Mientras que
los enantiomeros puros gelifican, los racematos forman placas que precipitan.

H gki OH
O OH OH
H OH g?k
N N N\ < OH 8
O OH OH
OH OH
N - -
SN MOH 9
O OH OH
H OH OH
SN M\OH 10
O OH OH

Fig. 1.30: Representacion de las D-gliconamidas estudiadas por Fuhrhop y sus

colaboradores.

La estructura de la cabeza azucarada influye en la gelificacién. Asi, tanto los derivados
de D como L-galactosa 7 forman geles en agua (en concentraciones bajas de 0.4-0.5 %
en peso). Mientras que el enantiomero D da fibras levogiras, el enantiomero L da fibras
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dextrogiras. Estos geles acuosos, son estables varias semanas pero a los meses
precipitan en forma de cristales. Con derivados de manosa 8 también se obtienen
hidrogeles con ambos enantiémeros, pero las estructuras son cilindricas. Con derivados
de glucosa 9 también se forman hidrogeles y se obtienen fibras dobles helicoidales,
donde cada fibra tiene la anchura de una capa bimolecular y cada enantiomero tiene
distinta orientacion: en el enantiomero D la orientacion es dextrogira y en el
enantiomero L es levogira. Este gel precipita al cabo de un dia. Finalmente los geles en
agua de derivados de talopiranosa 10 son inestables y estan formados por fibras cortas

y fragiles.

Recientemente, se ha afladido un surfactante (n-Laureth), véase Fig. 1.31, a las
moléculas gelificantes de N-octil-D-gluconamida para impedir su cristalizacién.” Con
la adicion de este surfactante no sélo se consigue estabilizar el gel, sino que permite
modificar sus propiedades mecéanicas en varios ordenes de magnitud, variando la

proporcion de los compuestos

OH OH
H H R H\/{O\/}
N N2 M OH
OH 10 n

O OH OH

Fig. 1.31: Estructura quimica de N-octil-D-gluconamida y el surfactante n-Laureth (n=
4,7,12, 30).

Cintas y sus colaboradores, han trabajado con estructuras similares a los de Fuhrhop.
Estudiaron una serie de compuestos como los mostrados en la Fig. 1.32 donde las partes
hidréfilas e hidréfobas se conectan via ureido o bis ureido.”® Los dos compuestos
representados en la figura forman hidrogeles. Ademas se ha descrito su comportamiento
cristal liquido liétropo, organizandose en fases lamelares o hexagonales con la adicion
de agua. Otros compuestos sintetizados en este trabajo con el grupo ureido formaron

organogeles bajo la accion de ultrasonidos sin la necesidad de calentar.
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Fig. 1.32: Estructura quimica de moléculas gelificantes descritas por Cintas y sus

colaboradores.

Sustituyendo la cadena carbonada por un grupo pireno también es posible obtener una
libreria de moléculas gelificantes homélogas pero con diferente estructura hidréfoba.®
En concreto, la representada en la Fig. 1.33 ha sido utilizada para detectar insulina en
concentraciones de microgramos. Se ha demostrado mediante SEM que la insulina no
rompe la organizacion del gel sino que se incorpora a la estructura fibrilar. Como
consecuencia de la union del azdcar y la insulina, se produce una modificacion en la
agregacion del pireno lo que altera su fluorescencia; asi este gel se puede utilizar como

sensor.

o |, OH OH

O
asssRRET"

Fig. 1.33: Estructura del gelificante basado en pireno capaz de detectar insulina.

1.2.2.1.2. Moléculas gelificantes con cabeza azucarada ciclica

La utilizacion de derivados ciclicos en lugar de aciclicos se justifica porque son
conformacionalmente mas definidos, lo que imparte un caracter rigido a la molécula. La
biocompatibilidad, la disponibilidad y el coste de los compuestos de partida hacen que

sean atractivos para la sintesis de moléculas gelificantes.”’

Uno de los primeros trabajos con anfifilos azucarados con cabeza ciclica descritos como

hidrogelificantes fueron los aril glicolipidos estudiados por Shimizu y sus
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colaboradores.”® Estas moléculas se obtuvieron a partir de la glucosa y el cardanol,
cuyas estructuras se representan en la Fig. 1.34. Se estudié una compleja mezcla con
derivados de distintas cadenas insaturadas, en proporciones de 11 (29%) + 12 (16%) +
13 (50%) + 14 (5%), y se comparé con el compuesto 14, donde la cadena esta
totalmente saturada. Tanto la mezcla como el compuesto 14, se autoensamblan en agua
para formar fibras helicoidales, pero solo 14 forma un gel estable en una mezcla de
alcohol/agua (1:1) o acetona/agua (1:1). En el caso de la mezcla con derivados de
distintas cadenas insaturadas, los agregados fibrilares observados por TEM resultaron
ser tubos y la difraccion de rayos X permitié distinguir una organizacion lamelar

interdigitada.

HO
HC&L 11

12

OR O@/VWW\ 13
OH
on 0\©/\/\/\/\/\/\/\/ 14

Fig. 1.34: Estructura de aril glicolipidos derivados del cardanol.

También el grupo de Shimizu en colaboracion con el grupo de Shinkai, presentaron ese
mismo afio un trabajo realizado con una molécula, representada en la Fig. 1.35,
obtenida sintéticamente, donde se introdujo ademas de la glucosa, un grupo amida y
un anillo aromatico, para favorecer el autoensamblaje de las moléculas y por tanto, la

gelificacion.”
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Fig. 1.35: Estructura quimica del derivado de glucosa con un grupo amida y un anillo

aromatico.

Esta nueva molécula resultd ser un buen gelificante capaz de formar geles tanto en
disolventes organicos (THF, cloroformo, acetato de etilo y butanol) como en agua. Para
formar el hidrogel, era necesaria la presencia de trazas de un disolvente organico (geles
formados al 0,1% en peso en agua con 1% de metanol o etanol). Mediante estudios de
microscopia electrénica, observaron que se forman fibras helicoidales levogiras. La
difraccion de rayos X del xerogel mostrd una organizacion en bicapa interdigitada ya
que el espesor de la capa resultdé ser mayor que el ancho de la molécula. Al realizar el
experimento de difraccion de rayos X directamente en el gel se siguié observando la
difraccién correspondiente a esta bicapa lo que apuntdé a que la organizacion es la
misma tanto en el gel como en el xerogel. En la regidon de dngulo medio se observan
unos picos agudos que dan idea de la fuerte organizacién de las cadenas alquilicas
unidas por interacciones hidrofobas. Gracias a estudios de RMN de *H en mezclas de
agua/metanol (Fig. 1.36), se pudo observar que a temperatura ambiente se obtienen unas
sefiales de los H del anillo aromético (H, y Hy) muy proximas, correspondientes al
estado agregado (A) mientras que conforme se va calentando la muestra, estos picos van
disminuyendo y aparecen unos nuevos picos correspondientes a los protones aromaticos
de las especies en disolucion (B) en equilibrio con los picos correspondientes a los
protones aromaticos de los agregados.
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Fig. 1.36: a) Representacion esquematica de la molécula descrita en la Fig. 1.35 en
estado agregado (A) y en disolucion (B), b) Experimento de RMN de *H de un gel en
D,0 y metanol-dg (1:1 v/v) de la molécula gelificante, c) Posible auto-ensamblaje en la

microestrutura del hidrogel; Ref [79].

Los experimentos realizados, tanto de difraccion de rayos X como de RMN, ponen en
relieve que ademas de las interacciones por enlaces de hidrogeno de los OH de las
cabezas azlcaradas, la interdigitalizacion de las cadenas alifaticas y el apilamiento n-nt

de los anillos arométicos también participan en la formacion de los hidrogeles.

En una publicacion posterior, se estudio la misma estructura descrita anteriormente,
pero con galactosa en la cabeza azucaradas en vez de glucosa. También se sintetizaron

los correspondientes bolaanfifilos basados en glucosa y galactosa® (véase Fig. 1.37).

Como en el caso de la glucosa, la molécula con galactosa era capaz de gelificar en agua
con pequefias cantidades de disolventes organicos. Los bolaanfifilos también gelificaban
en disolventes organicos y en agua, pero en este caso no era necesaria la adicion de
trazas de otro disolvente. Se advirtieron otras diferencias entre los anfifilos

convencionales y los bolaanfifilos. Por ejemplo, estos segundos eran capaces de
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gelificar a concentraciones mas pequefias, incluso de tan sélo 0.05% en peso, 0 que

mientras los geles de una sola cabeza son opacos los bolaanfifilos son transparentes.

&@W
&w@ww@ﬂ

%@M@ﬂ
VS

Fig. 1.37: Estructura del compuesto derivado de galactosa y los compuestos
bolaanfifilos sintetizado por Shimizu, ademas de los p-aminofenil derivados de glucosa

y galactosa.

Gracias a la sefial de DC, se dedujo que los momentos dipolares de los anillos fenilo
estan orientados de una manera antihoraria en los agregados del gel ya que la sefial tiene
un signo negativo para el primer efecto Cotton, mientras que en una disolucion de
metanol no existia sefial. En los estudios de microscopia electronica (TEM y SEM) se
observaron lamelas de 50-100 nm en los xerogeles de los bolaanfifilos y fibras de 20 nm

en los de una sola cabeza.

Shimizu y Shinkai, utilizaron estos compuestos como plantillas “templates” para la
formacion de nanotubos de silice mediante la transcripcion de la estructura
supramolecular de los gelificantes.®* Ademas de las moléculas gelificantes, es necesaria
la introduccién de un grupo amino (p-aminofenil glucopirandsido y p-aminofenil
galactopiranésido, Fig. 1.37), ya que este grupo tiene un papel importante en la
polimerizacion de tetraetoxisilano (TEOS), muy posiblemente debido a la interaccion de
enlaces de hidrogeno entre la amina y las particulas de silice oligoméricas cargadas
negativamente. EI TEOS se adsorbe sobre la superficie de las nanofibras de las

moléculas gelificantes y alli es donde se produce su polimerizacién. Si se mezclan los
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derivados de amina con las moléculas gelificantes se pueden obtener morfologias
diferentes a cuando estan solas, pero tras la reaccion de polimerizacién del TEOS y la
posterior calcinacion de estas moléculas gelificantes (quedando solo la estructura de

siliceo) no se detectan cambios.

Una vez estudiado el cambio en la cabeza azucarada, Shimizu y su grupo, sintetizaron
otra serie de moléculas, introduciendo en esta ocasién cambios en la cadena alifatica,®

veéase la Fig. 1.38.

HO
HO o H
(e} N
OR \n/\/\/\/\/\/\/\/\/\
OH 0]

OH o
HO
NI o
o

Fig. 1.38: Estructura quimica de los compuestos anfifilos derivados de glucosa y

aminofenilo, descritos por Shimizu y sus colaboradores.

Partiendo de una cadena de 18 carbonos, compararon el comportamiento gelificante al
introducir una, dos o tres insaturaciones en la cadena. Todas las moléculas resultaron
formar agregados en agua (en la molécula con la cadena totalmente saturada fue
necesario usar una mezcla agua/metanol). En el caso de que la cadena esté totalmente
saturada o posea una insaturacion se forman estructura fibrilares, mientras que cuando
hay dos o tres insaturaciones, se forman tubos. El entramado de estas estructuras

tubulares no es suficiente para provocar la gelificacion.

Adicionalmente se ha realizado un estudio de agregacion en agua de glucosilamidas,
véase la Fig. 1.39, sin la presencia de un anillo aromatico.®® En este caso también se
autoensamblan formando nanotubos huecos, sin embargo, no ha sido descrita la

formacion de hidrogeles.
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Fig. 1.39: Estructura quimica de las glucosilamidas estudiadas por Shimizu y sus

colaboradores.

Kim y sus colaboradores continuaron con el estudio de moléculas basadas en D-
glucosamina con la presencia de un grupo naftol y fenilalanina. Las moléculas de la
Fig. 1.40 han dado lugar a hidrogeles y estos han sido aplicados a la reparacion de

heridas.

OH OH
H g OH H g OH
N e} N o
e ;
o) \© OH o) OH

Fig. 1.40: Estructura quimica de Naftol-L-fenilalanina-D-glucosamina y Naftol-D-

fenilalanina-D-glucosamina.

La rigidez de los anillos de naftaleno, ayudan a la gelificacion. Por espectroscopia de
fluorescencia y medidas de absorcidn se confirma el apilamiento de los grupos naftol
y las sefiales de DC indican una organizacion muy parecida a la organizacion en
laminas B de los péptidos. Ademas, los estudios de propiedades reologicas han
mostrado diferencias en las propiedades mecanicas segun deriven de D o L-fenilalanina.
Estas caracteristicas también se observan por microscopia: en el gel con L-fenilalanina
hay una mayor densidad de fibras muy entrecruzadas, mientras que en el gel con D-

fenilalanina los tamarfios de las cintas son méas uniformes siendo éstas méas pequefias y

47



1. ANTECEDENTES

rigidas. Como se ha comentado, estos geles supramoleculares se han aplicado con éxito
a heridas, previniendo la formacion de cicatrices. Tras realizar estudios de viabilidad
celular eligieron el gel de D-fenilalanina para testarlo en ratones. No se observo
toxicidad ni infecciones tras 18 dias, ademas las cicatrices son mas pequefias y el

proceso de cura es mas rapido.

Recientemente el grupo de Wang, ha obtenido un nuevo hidrogel, utilizando la misma
estructura en la parte hidrofoba que los hidrogeles anteriores, pero variando la cabeza
polar, Fig. 1.41.% Han comprobado que su hidrogel sirve de matriz para la adhesion y
proliferacion de células, como los fibroblastos embrionarios de raton: NIH 3T3 y los
carcinomas humanos: Hep G2, AD293, HelLa. Los derivados con la misma parte

hidrofoba pero con glucosa o lactosa como cabeza azucarada no gelifican.

OH oy

0 O
HO&O N
\/\N
AcHN H
(0]

Fig. 1.41: Estructura quimica del compuesto gelificante glicosilado descrito por Wang y

sus colaboradores.

El grupo de Moller utilizé las moléculas anfifilas azucaradas que se muestran en la Fig.
1.42 para gelificar en disolventes organicos, con el objetivo de que sirvieran como
plantilla para crear huecos en matrices poliméricas. Aprovechando su comportamiento
gelificante, utilizan distintos metacrilatos como disolventes para formar una matriz que
posteriormente polimerizan con luz UV.® Tras curar el material se obtuvieron laminas
ultrafinas donde se observan estructuras fibrilares que coinciden con el tamafio de las

moléculas gelificantes, sin embargo no se ha descrito su eliminacion.
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Fig. 1.42: Representacion de las moléculas gelificantes utilizadas por Mdoller y sus
colaboradores donde n=8, 12 y 16.

Otro ejemplo de los esfuerzos sintéticos realizados con este tipo de moléculas es el
trabajo realizado por el grupo de Hamachi. Gracias a la optimizacién de una sintesis en
fase sélida, prepararon una amplia libreria de compuestos glicoanfifilos,®” ¢ dentro de
la cual los compuestos de la Fig. 1.43 forman hidrogeles. Algunos de ellos han sido

aplicados con éxito en sensores y encapsulacion de células.

OH oH

&WM

AcHN

15: n=1; R=CgH3
16: n=2; R=CgH3
17: n=1; R—

18: n=1; R— \<

Fig. 1.43: Estructura quimica de los glicolipidos preparados por Hamachi y sus

colaboradores capaces de gelificar en medio acuoso.

Atendiendo a la parte hidrofoba, se ha observado que aquellos compuestos que poseen
anillos de cinco 17 o seis carbonos 18 gelifican mejor que aquellos que tienen una

cadena alquilica lineal, llegando a gelificar incluso a una concentracion de 0.15 % en
peso.
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El compuesto 17 es estable incluso a altas concentraciones de sal y ademas es capaz de
atrapar mioglobina sin que pierda su actividad.®”® Con este mismo compuesto, se han
fabricado dispositivos que han servido como sensores.®® La ventaja de usar estas
matrices de tipo supramolecular es que se pueden inmovilizar receptores sin la
necesidad de unirlos a un soporte y asi no pierden la capacidad de reconocimiento que
tienen en disolucion. Las cavidades nanomeétricas sirven como zonas de reconocimiento
en condiciones semi-humedas y la relacion sefial/ruido mejora. El receptor se mezcla
con la molécula gelificante y se forma el hidrogel, sobre éste se afiade un analito (en
este caso fosfato), que se difunde por la matriz. Se pueden entonces disefiar chips
capaces de determinar varios analitos a la vez sin necesidad de separarlos y en
cantidades muy pequefias. En los chips, cada hidrogel puede tener un receptor distinto

embebido en la matriz del gelificante.

El compuesto 18 por su parte tiene un comportamiento fuera de lo habitual, es capaz de
encogerse y expulsar agua gracias al calentamiento en vez de la tipica transiciéon gel-
sol. Los puentes de hidrdgeno, en la cabeza azucarada, asisten el empaquetamiento de
los anillos, de tal manera que las estructuras fibrilares resisten incluso temperaturas
elevadas y asi el gel se encoge pero no se solubiliza. Con este gel se han hecho pruebas
de liberacion de DNA, detectandose su fuga al aumentar la temperatura y también con
bisfenol A, que queda atrapado en las cavidades y co-precipita con el gel al calentar. Se

puede decir que este gel tiene la capacidad tanto de encapsular como de liberar.®

Se han formado también microdispositivos semihimedos péptido/proteina donde, no
solo se puede detectar la presencia de analitos, sino que también se puede determinar la
cantidad de los mismos.?® En la Fig. 1.44 se representa uno de estos dispositivos donde
la reaccion enzimatica tiene lugar en las cavidades del hidrogel. En un primer momento,
se deposita una disolucion acuosa caliente del gel sobre un soporte y se deja enfriar para
que se forme la estructura (1), posteriormente se afiade un péptido, cuando lo que se
quiere detectar es una determinada enzima, 0 un enzima, cuando lo que se quiere
detectar es un determinado inhibidor (2). Por altimo, se adiciona el analito problema
(3), siendo entonces un enzima o un inhibidor. Si ademas se inserta un fragmento
fluorescente, se puede monitorizar la reaccién por fluorescencia. Como ejemplos, se

han utilizado glicosidasas, fosfatasas y proteasas.®® Algunos dispositivos son capaces de
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detectar y clasificar diferentes bacterias en funcién de sus analisis enzimaticos™ y otros
detectan azlcares unidos a proteinas.®*

Péptido-2®
Enzima 8

Enzimao & 9
Inhibidor >

1
")

Adicion del

Soporte B @ D1i91)c7s1t1X'0 analito
de vidrio D1§oluc1on Sistema

caliente del Supramolecular

hidrogel

Fig. 1.44: Preparacion de un dispositivo para la deteccién enzimatica formado por el
hidrogel del compuesto 18; Ref [68].

Por el estudio realizado para la liberacion de distintas vitaminas, cabe mencionar la
formacion de hidrogeles sensibles al pH que combinan el compuesto 18 con una

molécula similar pero que en lugar de la cabeza azucarada posee un acido carboxilico en
su cabeza polar.*?

En un paso mas y siguiendo con este tipo de compuestos, Hamachi y su grupo
modificaron la estructura de sus moléculas para obtener geles sensibles a la luz
introduciendo amidas derivadas del acido fumarico en el espaciador,”® véase la Fig.
1.45.

OH oy

A O\/\N)K/\[(N o
cHN H
10
[e3@iNe)

Fig. 1.45: Estructura quimica del gelificante con fumarico capaz de formar un hidrogel
fotosensible.
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Con esta molécula se obtiene un hidrogel transparente, a una concentracién minima de
0.05% en peso. Este gel puede irradiarse con luz UV de forma selectiva para que pase a
sol en determinadas zonas. Esto sucede porque el fumaérico (trans), se isomeriza a
maleico (cis), rompiendose con ello los enlaces de hidrogeno. Para que se dé esta
transicion, un 50% del isémero trans (fibras) ha de isomerizar, formandose vesiculas.
Es posible volver del estado sol al gel irradiando con luz visible en presencia de bromo.
Este hidrogel se ha usado como dispositivo para limitar el movimiento rotatorio de F1-
ATP y el movimiento de bacterias. Las F1-ATP o las bacterias no se pueden mover en
el estado gel pero si cuando es irradiado. Ademas se ha utilizado para construir nano-
reactores, donde gracias al control con la luz se pueden producir reacciones

enzimaticas dentro de gotas de tamafio nanométrico.*

También se ha introducido un &cido mucénico, véase Fig. 1.46, dando lugar a
hidrogeles al 0.05%.

OH oH

o St 1O
AcHN H
T 0
(@) O

Fig. 1.46: Estructura quimica de la molécula gelificante derivada de N-acetil-

glucosamina y acido muconico.

En este gel, gracias a un estudio realizado con nanoesferas de poliestireno, usadas en un
principio para determinar el tamafio de poro, los autores descubrieron que se consigue
una distribucion méas homogénea y dispersa del entramado fibroso cuando se afiaden
dichas nanoesferas. Esta ventaja la utilizaron para estudiar el hidrogel como matriz para
encapsular células. Como se puede observar en la Fig. 1.47, en un ensayo con células
T-humanas de tipo fibroblastos, se ha demostrado que las células se depositan cuando
no hay hidrogel (A), con el hidrogel son capaces de distribuirse por la matriz (B) y con
la adicién de nanoesferas embebidas en el hidrogel se consigue una distribucion adn

mas homogénea (C). Este Gltimo sistema no es citotdxico.
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Fig. 1.47: Iméagenes 3D por microscopia laser confocal espectral (CLSM) con células en
medio (A), ademas con la presencia de 0.1% en peso del gelificante (B) y con la adicion
de nanoesferas (C); Ref [95].

1.2.2.1.3. Moléculas gelificantes con cabeza azucarada

disacarida

En cuanto al estudio de hidrogeles con moléculas formadas por disacaridos como
cabeza polar, los ejemplos en la bibliografia son limitados. Las moléculas de
Bhattacharya y sus colaboradores,”’ estan formadas por lactosa 0 maltosa unidas a una
o dos cadenas N-alquilicas, véase la Fig. 1.48. Los compuestos con una sola cadena
son capaces de gelificar en agua con la adicion de metanol. Cuando hay dos cadenas

también forman geles pero sus propiedades mecanicas son inferiores.
OH
HO/%
(0]
¢ o HO MW\NV\
HO o OH
TH&\/ /\/\/\/\/\/\/\/\
)\/\/\/\/\/\/\/\

Fig. 1.48: Estructura quimica de los anfifilos derivados de N-alquil disacéridos.
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La estructura observada en los geles es fibrilar, aunque en un trabajo posterior se buscé
formar vesiculas con estos compuestos.” Tanto en agua como con la adicién de Cu?*o
Ni?* se obtuvieron vesiculas en suspension en disoluciones frescas, pero con el tiempo
(horas) se transforman en estructuras lamelares o tubulares. Con la adicién de Cu®, en
el caso de la lactosa unida a una sola cadena si que se obtuvieron vesiculas estables, ya

que el cobre se coordina con el OH del C2 y la amina.

En el trabajo realizado por Rico-Lattes y sus colaboradores con glicolipidos, las
moléculas que se muestran en la Fig. 1.49 fueron capaces de gelificar en agua, para
distintas concentraciones, desde 30 % en peso a 10 % en peso dependiendo del
compuesto.”” Estas moléculas derivan de la lactosa y tienen una cadena

fluorocarbonada.

OH oy
HO 1) OH R=Cg4F,; (minima concentracién gelificante 30 % en peso)
o) OH R=Cg4F,, (minima concentracion gelificante 20 % en peso)
HO HO Y R=C,,F,; (minima concentracién gelificante 10 % en peso)
N
HO N—\
o} R

Fig. 1.49: Estructura quimica de las moléculas hidrogelificantes derivadas de lactosa

con una cadena alifatica fluorocarbonada.

El Gltimo ejemplo de moléculas gelificantes basadas en disacaridos son los derivados de
sacarosa Y fenilalanina, sintetizados por Fitremann y colaboradores,* véase la Fig. 1.50.
La mezcla de regioisomeros da lugar a un gel en agua al 2 % en peso, por tratarse de la
base del trabajo realizado en esta tesis sera comentado posteriormente en el siguiente

capitulo.
OH
HEE < O
BGo 9
O N\[(\/\/\/\/\/\/\/
OH
o}

Mezcla de isbmeros

Fig. 1.50: Mezcla de isdmeros de surcroesteres de N-palmitoilfenilalanina
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1.2.2.1.4. Otras moléculas gelificantes con azucares modificados

Ademas de los glicoanfifilos convencionales, existen otras moléculas gelificantes con
azucares modificados en su estructura. Primero el grupo de Shinkai® y més tarde el

grupo de Wang,*®

sintetizaron y estudiaron el comportamiento gelificante de
benciliden-derivados de monosacaridos. En la Fig. 1.51, se han representado aquellos

que gelifican en agua.

HO
O\
e
o}
O,N Q o
HO 0 OH
HO O:N HO —O
O\
O\
@o
o o} X=NH, CH,
HO S n=0-5
Y=CHa, C=CH
O:‘\ O\
X
e
Y

Fig. 1.51: Estructura quimica de moléculas gelificantes con azucares modificados.

Construyeron toda una libreria de compuestos con diferentes grupos unidos al azucar
por un enlace éster introduciendo ademas cadenas alquilicas de distintas longitudes,
anillos, triples enlaces... etc. Estos derivados son capaces de gelificar en diferentes

disolventes, tanto no polares, como aromaticos y polares proticos.
1.2.2.2. Bolaanfifilos

Los compuestos azUcarados anfifilos convencionales y en particular los derivados de
monosacaridos han sido los mas estudiados. No obstante, los compuestos que poseen
dos cabezas polares, una en cada extremo de la estructura, también resultan ser buenos

gelificantes.
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Como ya se ha mencionado anteriormente, Shimizu y colaboradores, no sélo han
trabajado en el estudio de anfifilos convencionales sino que también han sintetizado
bolaanfifilos, como los representados en la Fig. 1.37. Ademéas han descrito otros
ejemplos donde dos cabezas azucaradas de glucosa estan unidas por un puente alifatico

101

gracias a un enlace amida, véase la Fig. 1.52.

Fig. 1.52: Estructura quimica del bolaanfifilo formado por glucosilamidas con n=6, 9,
10, 11, 12, 13, 14.

En estos compuestos, que se diferencian por la distinta longitud de su cadena, se ha
observado un efecto par-impar para su agregacion en agua. Si la cadena alifatica que
sirve de puente tiene un nimero par de carbonos, los agregados se auto-ensamblan en
forma de fibras mientras que si el niUmero de carbonos es impar se obtienen sélidos
amorfos, lo que pone de manifiesto la influencia de cualquier factor estructural a la hora

de disefiar materiales gelificantes. En el caso de n=10 es capaz de gelificar.

Los autores han propuesto el modelo de organizacion que se muestra en la Fig. 1.53
para la estructura fibrilar con n=12 basandose en medidas de difraccion de RX, FT-IR y
calculos de longitud molecular. Se asume que las fibras estan constituidas de estructuras
en capas Yy que los periodos méas largos medidos por RX corresponden a la anchura de

una monocapa dentro de las fibras.

56



1. ANTECEDENTES

35 nm

Fig. 1.53: Posible modelo de autoensamblaje del compuesto con n=12 en el que una

fibra estd compuesta de una monocapa laminar; Ref [101].

Se han sintetizado también compuestos similares a los de la Fig. 1.52 pero con distintas
cabezas azucaradas, de los cuales solo con los derivados de 1-glucosamidas (n=12) y 1-

galactosamidas (n=12) se obtienen geles, al realizar una mezcla 1:1 en agua/metanol.

En un trabajo posterior, se introdujeron ademas triples enlaces en la cadena alifatica
para poder polimerizar con luz UV.** Si los grupos OH estan protegidos con acetatos
se obtienen organogeles en mezclas de acetato de etilo y hexano, mientras que si los
grupos OH no estan protegidos, se forman fibras en agua y THF. Al polimerizar dentro
de las fibras, se ha podido comprobar que no existe cambio en la morfologia y que se
alcanza una cierta estabilizacion. En el caso de tener los OH desprotegidos, el
empaquetamiento es mayor y se obtiene un mayor grado de polimerizacién que en el

caso de tenerlos protegidos.

Con estos ejemplos de moléculas glicoanfifilas y los sistemas formados a partir de ellas,
queda demostrado que los azlcares son utiles para el disefio molecular de nuevos geles
que, normalmente, tienen estructura quiral. Sin embargo, el disefio de este tipo de
estructuras no es sencillo ya que es necesario un balance adecuado entre las distintas
interacciones (enlaces de hidrogeno, interacciones m-n € interacciones hidrofobas) para
que se genere un auto-ensamblaje fibrilar que soporte la estructura del gel. En ocasiones

es posible que incluso con un simple cambio en un carbono se pueda obtener un cambio
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drastico en las propiedades de solubilidad y de morfologia en las estructuras
autoensambladas y por tanto en la gelificacion.
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1.3. Fotoquimica del azobenceno y aplicaciones a geles

Gracias a la reversibilidad de las interacciones no-covalentes que forman la estructura
tridimensional de los geles supramoleculares éstos, son capaces de responder a
estimulos externos.> Modulando estos estimulos, el material puede sufrir
modificaciones en sus propiedades. Normalmente la modificacion buscada es el paso
de un estado no fluido a fluido (gel-sol) o viceversa, mediante el control de las uniones
que mantienen el entramado. Esta modificacion no siempre ocurre y el tipo de
respuesta, va a depender del estimulo aplicado, afectando a la estructura a distintos
niveles dentro de la organizacion supramolecular. De ahi que se puedan dar desde
cambios a nivel molecular, en la geometria o extension del ensamblaje y por lo tanto,
provocar cambios en el tamafio o la forma de los agregados, hasta llegar a cambios en el
tamafio o en las propiedades de las fibras. Asi los geles, pueden también hincharse,

cambiar de color o alterar sus propiedades de conductividad... etc.'%

Ademaés de las tipicas respuestas a la temperatura o la aplicacion de un estrés mecanico,
los geles pueden modificarse con estimulos tanto de tipo quimico como fisico. Entre los
geles capaces de responder a estimulos quimicos, se pueden encontrar aquellos que
responden a la formacion de un complejo “host-guest”,*** a interacciones metal-ién’ y a
cambios en el pH.'® Mediante un estimulo fisico, como la luz, también se puede llegar

a la transformacion del material.

Dentro de los geles fotosensibles, Del Guerzo y Pozzo incluyen los geles
luminiscentes'® y los geles foto-modificables (“fototunable”).*®® En éstos dltimos, la
transformacion se produce mediante un proceso fotoquimico y se consigue mediante la
incorporacion a nivel molecular de una parte fotosensible o bien, mediante la adicion de
un compuesto fotosensible en la red tridimensional. Este grupo fotosensible es el que
proporciona la capacidad de alternar entre dos estados quimicos diferentes, que poseen
distintos espectro de absorcidn (fotocromico). La alternancia se consigue gracias a la
radiacion electromagnética infrarroja, visible o ultra-violeta, irradiada en las longitudes
de onda apropiadas. Algunos mecanismos por los que se puede producir esta
modulacion son isomerizacion  cis-trans, tautomerizacion |y apertura-cierre

electrociclico. El estado fotoinducido puede ser irreversible o reversible.'*
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Dentro de los distintos grupos fotocromicos, el azobenceno se ha utilizado ampliamente
en ciencia de los materiales. Al introducirlo en estructuras capaces de formar sistemas
supramoleculares autoensamblados, se pueden inducir cambios por isomerizacion
fotoquimica entre las especies trans o E y cis o Z. El isbmero menos estable, Z, en
algunos casos, puede llegar a predominar en el estado foto-estacionario y provocar
modificaciones o disrupciones a nivel estructural. Asi puede alcanzarse la transicion
gel-sol, mediante el paso de una especie gelificante E, a un isdbmero no gelificante, Z.
Esta transicion es reversible, pero en ocasiones, debido al buen empaquetamiento de los
sistemas n-n del azobenceno en los agregados formados, no es posible la isomerizacion

al cis y por tanto no se llega a producir cambios en la estructura del gel.**’

Otros grupos fotocromicos utilizados, que pueden inducir un fotocromismo reversible,
son el antraceno,'® benzopireno,'® ditienilo™'°... etc. Por el contrario, la irradiacion en

! 2 en hidrogeles, o benzofenona,**® en

derivados del maleico™™ o espiropirano,™
organogeles, producen cambios irreversibles en los sistemas gelificantes. Los hidrogeles
fotosensibles son menos numerosos que los organogeles debido a la dificultad de

introducir en su estructura partes sensibles a la luz ya que suelen ser bastante apolares.

En este capitulo nos vamos a centrar en el azobenceno como molécula fotocromica y su

aplicacion a glicoanfifilos.

1.3.1. Fotoisomerizacion del azobenceno

114 es debido a sus

El amplio uso de azobenzeno como grupo fotosensible
caracteristicas de isomerizacion reversible, su alta estabilidad quimica y térmica y el

hecho de que presenten una sintesis relativamente sencilla.

La molécula de azobenceno posee un orbital © deslocalizado a lo largo de toda la
molécula y un orbital n que corresponde a los pares de los electrones no enlazantes de
los atomos de nitrégeno.™™ La interconversion reversible del trans-azobenceno en su
isdbmero cis, es posible por irradiacién con luz a una longitud de onda adecuada
(generalmente luz UV con una longitud de onda correspondiente al maximo de la banda
n-t* del trans-azobenzeno), dando lugar a una mezcla de ambos cuya composicion
depende de la longitud de onda y la temperatura. La transformacion del cis-azobenceno

a trans-azobenceno es un proceso reversible tanto por la luz (generalmente luz visible
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en la banda n-n* donde el cis presenta mayor absorcién) como térmicamente.’® La
isomerizacién térmica de la forma cis a la trans puede tener lugar incluso a temperatura
ambiente y la vida media del isomero cis depende de los sustituyentes quimicos del
cromoforo azobenceno, del entorno en el que se encuentra y es menor conforme

aumenta la temperatura.™’

Se han propuesto varias explicaciones para el proceso de isomerizacion. La mas

118 yéase la

apoyada es la que argumenta dos posibles mecanismos: rotacion e inversion
Fig. 1.54. EI mecanismo de rotacion consiste en un giro alrededor del enlace azo fuera
del plano de la molécula, mientras que en el de inversion se produce un giro dentro del
plano de la molécula de uno de los nitrégenos o de ambos a través de un estado
estacionario hibrido de tipo sp. ElI mecanismo en el proceso de fotoisomerizacion
depende de los sustituyentes del derivado de azobenceno y de la longitud de onda de la
luz empleada en la fotoexcitacion. En la isomerizacion térmica, el mecanismo de

inversion es el dominante.!*®

Fig. 1.54: Mecanismo de inversion (arriba) y de rotacion (abajo) para la
fotoisomerizacion trans-cis de azobencenos; Ref [118].

Esta isomerizacion va acompafada de un cambio en la estructura y en la polaridad. La
distancia entre los a&tomos de carbono en posicion para de los anillos de benceno
disminuye desde 9,0 A en el isdmero trans, que es plano, a 5,5 A en el isémero cis, con

geometria curvada y no plano, vease la Fig. 1.55. Ademas se produce una variacion en
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el momento dipolar. El isémero trans no tiene momento dipolar neto, mientras que el

isémero cis posee un momento dipolar de 3,0 D.*?°

9.0A @
M N
AOA @ 55A

Fig. 1.55: Fotoisomerizacion trans-cis-trans del azobenceno.

La fotoisomerizacion estructural del grupo azobenceno da lugar a cambios en el
espectro de absorcion, Fig. 1.56. El isdbmero trans presenta una banda intensa en la
region del UV-vis, a 340 nm, asociada a la transicion z-t*, y una débil en la region del
visible, alrededor de 450 nm, correspondiente a la transicié n-n* prohibida por simetria
(que la intensidad no sea nula en el espectro del isomero trans se debe a distorsiones no
planares de la molécula y a acoplamientos vibracionales). En el isémero cis, la
transicion n-* esta permitida y por ello la banda correspondiente es més intensa que en

el isomero trans. 't 119

Absorcion

300 400 500 600
Longitud de onda (hm)

Fig. 1.56: Ejemplo tipico del espectro de absorcion de una pelicula delgada de un
derivado de azobenceno en su estructura en forma trans (linea continua) y después de la

irradiacion, cis (linea discontinua).
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Ademas de la incorporacion de distintos sustituyentes en el azobenceno, otro efecto que
puede modificar las posiciones y las bandas de absorcién de los compuestos es la
tendencia a formar agregados. El apilamiento de los anillos aromaticos se produce de
tal manera que los momentos dipolares de azobenceno quedan alineados. Los
principales tipos de agregados son los denominados de tipo H y de tipo J, véase la Fig.
1.57. En los agregados de tipo H se produce un solapamiento completo de los grupos
azobenceno. Por otra parte, cuando el angulo de inclinacion definido en la figura es lo
suficientemente pequefio, el agregado es de tipo J. La formacion de agregados de tipo
H desplaza la banda de absorcion principal hacia longitudes de onda menores mientras
que en el caso de la formacion de agregados J, se desplaza hacia mayores longitudes de

onda.*?

a) b)
@—NN—© é \
<
N %"

Fig. 1.57: Representacidn esquematica de los agregados tipo H (a) y J (b).

1.3.2. Moléculas gelificantes fotosensibles con azobenceno en su estructura

Dentro de los distintos geles fotosensibles podemos encontrar varios ejemplos de
moléculas gelificantes con grupos azobenceno en su estructura, tanto organogeles como
hidrogeles, aunque estos Ultimos en menor numero. Ademas también se han realizado
varios trabajos con mezcla de dos componentes, en el que uno de los dos era un

derivado azobencénico.
1.3.2.1. Organogeles con azobenceno en su estructura

A continuacién se presentan distintos ejemplos de organogeles encontrados en la
bibliografia que contienen un grupo azoico en su estructura. Se han clasificado, de una

forma no estricta, en funcion de un fragmento comdn distinto al azobenceno.
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- Derivados de colesterol:

Uno de los primeros trabajos con moléculas gelificantes, donde se introdujo una unidad

de azobenceno en la estructura, fue descrito por Shinkai*® '

y sus colaboradores.
Sintetizaron los derivados de colesterol que se muestran en la Fig. 1.58. Estas
moléculas, sin la parte azobencénica, se conocian anteriormente por sus propiedades

como organogelificantes.*®

R=CH, 19Me
Compuestos 19 Fsz%'I_'—IS 135‘;
— 37
Q C T R=C,H, 19Bu
RO NN €0 R= C10H21 19Dec
Compuestos 20 R=CHj 20Me
R:CZH5 20Et
0 R=C;H; 20Pr
R—O—< >—N:N—< >—‘c':—0w R= C,Hy 20BU
R=CyHy 20Dec

Fig. 1.58: Moléculas derivadas de colesterol con grupos azobenceno sintetizadas por

Shinkai y sus colaboradores; Ref [40].

El objetivo era estudiar en primer lugar la organizacion que el grupo trans-azobenceno
provocaba en la agregacion, en segundo lugar, el control mediante irradiacion de la
transicion sol-gel y en tercer lugar, la influencia en las temperaturas de gelificacion y en
la morforlogia de la introduccion de distintos sustituyentes en el azobenceno.

Los derivados de p-alcoxiazobenzeno (Fig. 1.58, compuestos 19 y 20) actian como
gelificantes termosensibles en varios disolventes organicos. Dependiendo de la
configuracién del C3 del colesterol, cambian las propiedades de gelificacion. Asi,
cuando hay una configuracion S, compuestos 19, la gelificacion tiene lugar en
disolventes apolares y cuando la configuracion es R, compuestos 20, la gelificacién
tiene lugar en disolventes polares. Ademas, en el caso de que la configuracion sea S se
ha observado un efecto par-impar en la longitud de las cadenas alifaticas, mientras que
los derivados metoxi 19Me y propiloxi 19Pr gelifican en dietileter, los derivados de

etoxi 19Et y butoxi 19Bu, no gelifican. En el caso de la configuracion R, se han
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obtenido resultados contrarios, ya que al aumentar el nimero de carbonos, aumenta la
capacidad de gelificacion. Como se puede observar en la Fig. 1.59, mediante DC, se ha

observado que el estado sol no es activo, mientras que el estado gel si lo es.
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Fig. 1.59: Estudio del gelificante 19Me en butanol al 0.2% en peso: a) Espectro de
dicroismo lineal, b) Espectro de dicroismo circular, ¢) Espectro de absorcion. El estado
gel se observa a 25°C (linea continua) y el estado disuelto se observa a 60°C (linea
discontinua); Ref [40].

El gel del ejemplo se forma en butanol al 0.2 % en peso del compuesto 19Me. La sefial
en UV-vis también cambia del estado sol al estado gel, se produce un desplazamiento
del maximo a 360 nm en disolucién a 310 nm en estado gel (Fig. 1.59.c). Para la sefal
de dicroismo en estado gel, se han encontrado sefiales de acoplamiento exciton
coincidiendo con Ams en el estado gel (Fig. 1.59.b). Esto indica que las partes
colestéricas se agregan en una direccion quiral especifica impuesta por los azobencenos

que interacttan entre ellos de una manera asimétrica.

De una manera accidental, se observd, que para algunos geles, dependiendo de su
velocidad de enfriamiento, la sefial de dicroismo se invierte. Esto se puede observar en
la Fig. 1.60, para un gel formado en etanol al 0.2% en peso del compuesto 19Bu, donde
se ha obtenido una quiralidad opuesta, segun la forma de hacer el gel.
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Fig. 1.60: a) Espectro de Dicroismo Lineal, b) Espectro de Dicroismo Circular de dos
geles en etanol al 0.2 % en peso de 19Bu medidos a 25°C. Para un gel, la disolucién a
60°C se enfrid en un bafio de hielo a 2°C (linea continua), en el otro gel, la disolucién a

60°C se enfriod al aire a temperatura ambiente (linea discontinua); Ref [40].

En un gel de butanol (0.1 % wt) del compuesto 19Me se ha conseguido inducir la
transicion gel-sol por fotoisomerizacion trans-cis. Para ver si esta transicién es
reversible se realizaron experimentos de transmitancia, como se muestra en la Fig. 1.61.
La transmitancia es del 97,8% para el isémero trans mientras que es del 100% para la

mezcla cis-trans. Este experimento ha sido repetido varias veces obteniendo la misma

reversibilidad.
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Fig. 1.61: a) Fotocontrol de la transicion gel-sol de 19Me (0.1% wt) en butanol medido
a 25°C. Luz UV (330 nm<A<380 nm) y luz visible (A>460 nm); Ref [40].

Si se estudia este fendmeno por DC, en una muestra del gel en butanol (0.2 % wt, a
25°C), se observa que el estado gel tiene una sefial de DC, mientras que irradiando con
luz UV, se convierte en disolucion y la sefial desaparece. Al volver a irradiar con luz

visible, el gel se vuelve a formar y se obtiene de nuevo una sefial.

Ademas del grupo azo, Shinkai y sus colaboradores, introdujeron éteres corona a las
moléculas gelificantes con colesterol (Fig. 1.62). Estos compuestos tienen, ademas de
un grupo sensible a la luz, la capacidad de coordinarse a metales alcalinos (Li*, Na*, K,
Rb") y sales de amonio. Estos iones son muy poco solubles en los disolventes de
gelificacion y cuando se acomplejan pasan a ser solubles. En los geles del compuesto 21

también pueden inducirse ciclos gel-sol mediante irradiacion.'??

Los compuestos de la Fig. 1.62 son capaces de actuar como plantillas (“templates’)
para la formacion de estructuras de silice.*** Estas moléculas son capaces de gelificar en

presencia de una disolucion de tetraetoxisilano (TEOS)'*®

y tras una policondensacion
del mismo sobre la supraestructura de los gelificantes, se forma una estructura de silice.
Posteriormente esta estructura queda hueca al eliminar los gelificantes por pirolisis. En
los compuestos 23 y 24, se estudio la estabilizacion por interacciones de tipo “host-

guest” con la presencia de diaminas para formacion de organogeles.*?
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Fig. 1.62: Derivados de colesterol, azobenzeno y éteres corona sintetizados por Shinkai

y sus colaboradores.

Otro compuesto similar a los anteriores, es el dimero de la Fig. 1.63, que contiene dos
grupos colesterol y dos grupo azobenceno y es capaz de gelificar en 1-octanol, en un

porcentaje de 5% en peso.*?’

Mediante SEM y TEM se observan estructuras fibrilares y
gracias a las medidas de sus didmetros, los autores proponen que la molécula adopta una
configuracion plegada. El gel tiene una sefial negativa para el primer efecto Cotton en
DC (visto el espectro de derecha a izquierda), indicando que los momentos dipolares
tienden a organizarse de una manera antihoraria. Esta molécula también se utilizé6 como
plantilla para la transcripcion de la organizacion supramolecular en silice, obteniéndose
en este caso, huecos helicoidales, con un diametro interno que coincide con el tamafio

de la molécula plegada.

Fig. 1.63: Estructura dimera con azobenceno y colesterol descrito por Shinkai y sus

colaboradores.
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El siguiente ejemplo, es un derivado de azobenceno sustituido en posiciones 3, 3" de
forma simétrica con grupos colesterol en los extremos,'?® de acuerdo a la Fig. 1.64.

(e}

\n/(CHZ)n_H)kO_ (CHz)m%Q
(o)

o]

25: m=3 n=2 Q% (CHz)m—om/H—«:Hz)n—(

o]

26:m=4,n=2 °

(o)

Fig. 1.64: Compuestos derivados de azobenceno, uretano y colesterol descrito por

Koumura, Tamaoki y sus colaboradores.

Los grupos uretano son los que permiten la formacion de los enlaces de hidrégeno
mientras que las partes colestéricas interaccionan por fuerzas de Van der Waals. Los dos
compuestos 25 y 26, forman geles en ciclohexano pero sélo la fotoisomerizacion de 26
es reversible. Estas transiciones son seguidas por FTIR, donde se observan los picos que
indican la existencia de enlaces de hidrdgeno antes de irradiar, que desaparecen al
irradiar a 365 nm y reaparecen al formarse el gel de nuevo por irradiacion a 388 nm.
También por DC, la transicion se traduce por la aparicion de una sefial en estado gel, en

comparacion con la disolucion o el estado sol irradiado donde no la presentan.
- Derivados de ureido:

Otros ejemplos de organogeles azoicos, son los que han sido desarrollados a partir de la
molécula gelificante ya conocida, 1,2-di(ureido)ciclohexano, incorporando en su

estructura la unidad azoica.

En un primer estudio, realizado por Feringa, Van Esch y sus colaboradores, el
compuesto de la Fig. 1.65, compuesto 27, se mezclé con una molécula analoga pero
con el grupo azobenceno, compuesto 28, para estudiar el reconocimiento quiral de los

agregados y los organogeles a los que la mezcla daba lugar.*
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Fig. 1.65: a) Representacion de la estructura quimica de los isomeros RR de los
compuestos 27 y 28, b) Modelo de la asociacion de 27RR con 28RR, c) Modelo de
asociacion de 27SS con 28RR; Ref [129].

En la mezcla de los dos compuestos 27 y 28, se ha comprobado que la formacién de
grandes agregados se ve afectada por la quiralidad de los compuestos. A partir de
estudios de DC de los geles formados en butanol para las mezclas 27RR/28RR y
27SS/28RR, los autores han propuesto distintos modelos de asociacion (Fig. 1.65 by
c). La disposicion de la unidad azobencénica es diferente dependiendo de los isdmeros
que forman la estructura del gel. Asi se ha observado que si los geles se irradian, tras la
irradiacion a 365 nm la isomerizacion es mas lenta en el gel formado por 27SS/28RR
que en el de 27RR/28RR, lo que puede significar que los azos estan mas expuestos al

disolvente dentro del gel formado con 27SS que en el gel procedente de 27RR.

Kato y sus colaboradores, incorporaron en pequefias cantidades una molécula
gelificante 30 similar a la descrita anteriormente, en este caso con cianoazobenceno en
el extremo a un cristal liquido 29, véase la Fig. 1.66, para formar geles denominados

“geles cristal liquido”. *°
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Fig. 1.66: Cristal liquido (CL) usado como disolvente y molécula gelificante derivada

de cianoazobenceno utilizadas por Kato y sus colaboradores.

Mediante luz se pueden inducir dos estados diferentes de “geles cristal liquido”, véase la
Fig. 1.67. Al calentar la mezcla de gelificante y cristal liquido (3% en peso del
gelificante en el CL, 64°C) se obtiene un liquido is6tropo (A) y al dejar enfriar se
forma a temperatura ambiente un “gel nematico” (B), donde se ha formado la red
tridimensional del gelificante (derivado de azobenceno) y el CL se encuentra en

mesofase nematica.

Al irradiar con luz UV, se produce una isomerizacion en el gelificante y se obtiene una
fase cristal liquido colestérica (C), donde el gelificante se encuentra disuelto y provoca
que el CL presente fase colestérica inducida por la quiralidad del gelificante. Este paso
de gel a sol, se demuestra mediante IR ya que después de la irradiacién, en (C) las
bandas NH y CO obtenidas son las que corresponden a grupos libres (3350-3450 y 1662
cm™ respectivamente). Si se mantiene el sistema a temperatura ambiente o se irradia con
luz visible débil, el estado cis del gelificante pasa a trans y se obtiene un “gel
colestérico” (D), donde el gelificante se ha reorganizado manteniendo el orden
colestérico del CL. Este “gel colestérico” es estable a temperatura ambiente pero si se
calienta y se deja enfriar, se puede volver a obtener el “gel nematico”. Esta metodologia

es aplicable al almacenamiento de informacion.
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Fig. 1.67: Representacion esquematica del tratamiento de una mezcla del CL y del
gelificante 30 (3 % en peso) de la Fig. 1.66; Ref [130].

El mismo grupo de Kato, estudié la capacidad de gelificacion de la molécula
azobencénica 30, por si sola, en distintos disolventes organicos (como en ciclohexanona
que es el caso del gel representado en la Fig. 1.68) y la posibilidad de inducir un estado

gel-sol en dichos geles mediante luz.**

Fig. 1.68: Gelificacion del compuesto en ciclohexanona (20 gL™): a) antes de irradiar,
b) estado sol después de la irradiacion UV (A= 365nm) durante 2h, ¢) estado gel después
de irradiar el sol durante 1h con luz visible (A= 436nm); Ref [131].
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El paso a sol inducido por la luz, puede deberse a dos posibles efectos, un efecto
estérico provocado por el cambio de tamafio al pasar de trans a cis 0 un cambio en la
solubilidad provocado por la distinta polaridad de los isomeros. Los autores
comprobaron que una muestra irradiada rica en cis, es capaz de gelificar en
dodecilbenceno aungue no en ciclohexanona. De este hecho, se puede deducir que
también la forma cis es capaz de formar interacciones por enlaces de hidrogeno y
gelificar. Por tanto, la causa probable de la transicion es que se deba al cambio de la

polaridad que induce un cambio de solubilidad en el disolvente de gelificacion.

Van Esch, Feringa y sus colaboradores sintetizaron gelificantes azoicos basados en

" como las mostradas en la Fig. 1.69. Ambos compuestos gelifican en

bisureas™
diferentes disolventes organicos (tolueno, xileno...), pero mientras que los geles con el
compuesto 31 son opacos Yy poco resistentes a la aplicacion de un estrés mecanico, los
geles del compuesto 32, son transparentes y mas resistentes. Los dos geles estan
formados por fibras pero en el gel derivado de 31, estas fibras pueden observarse
directamente con el microscopio optico, mientras en el caso de los geles de 32, su

menor didmetro hace que tengan que ser detectados por microscopia electronica.
(6]
o
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Fig. 1.69: Derivados de azobeceno y diurea.

Otro ejemplo de molécula organogelificante es el derivado tripodal con tres grupos

ureido y tres azobencenos* que se muestra en la Fig. 1.70.
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Fig. 1.70: Estructura de los compuestos tripodales con azo y ureido.

En este compuesto, la morfologia formada depende mucho del disolvente. En xileno se
obtiene una estructura que los autores denominan tipo “col” (“cabbage like”), en
butanol se forman escamas regulares y en N-metilpirrolidina se forman arquitecturas
que describen como tipo “flor”. Todos los xerogeles tienen una estructura lamelar, sin
embargo, poseen distinta capacidad de penetracion del disolvente segun las medidas del
angulo de contacto. Dependiendo del disolvente afadido, se puede cambiar la
hidrofobicidad de la superficie de un xerogel depositado sobre un vidrio, aungque para

ello sea necesario redisolver y calentar. Esto se puede hacer de forma reversible.
- Derivados de amidas:

Jung y sus colaboradores han descrito el comportamiento organogelificante de

3

derivados de bisalanina,**®* como los mostrados en la Fig. 1.71, que tienen la

particularidad de que el azobenceno se dispone como un sustituyente lateral.

RN~ ~_N_R Q
N . D—
\ér \g/ 33:R= )\HJJ\C“HZ:;
X
N\\N 34: R:/\” Cq1H23
NO,

Fig. 1.71: Compuestos derivados de p-nitroazobenceno acoplados a bisalanina

sintetizados por Jung y sus colaboradores.
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Los geles en acetonitrilo del compuesto 33 (derivado de D-alanina) y 34 (derivado de L-
alanina) son activos en DC, mientras que el gel en acetonitrilo de 35 (derivado aquiral)
no presenta sefial de DC. Los geles de 33 tienen un primer efecto Cotton positivo para la
sefial de acoplamiento excitdn (visto el espectro de derecha a izquierda), lo que indica
que los momentos dipolares de los azos vecinos estan orientados de una manera horaria,
mientras que en los geles de 34 tienen un primer efecto Cotton negativo para la sefial de
acoplamiento exciton. Gracias a la microscopia electronica de barrido (SEM), se ha
determinado que las fibras de 33 presentan una orientacion dextrégira mientras que las

fibras de 34 presentan una orientacion levogira. Las fibras de 35 no presentan torsion.

Hanabusa y su grupo también estudiaron la union de diferentes aminoacidos con
derivados de azobenceno,*** véase la Fig. 1.72. Los autores observaron en este caso que,
con glicina, L-alanina y L-leucina no se forman buenos gelificantes, mientras que con
L-isoleucina y L-valina si. Los compuestos 36-40 son capaces de gelificar. Todos
forman fibras y en el caso de 37 estan torsionadas. Se ha estudiado el comportamiento
de un gel en ciclohexanona de 37, pero la transicion a sol durante la irradiacion no se

produce porque las interacciones entre los agregados de tipo H son demasiado fuertes.

(CHz)16—CH,

Y Yy —cHa
2)16—CH.
NN o NN :
@NCN{ H 36 »_ON/,N% —(
o NH ©
N

o) H
/(CHa)16—CH,4 HyC— (H,C)g— O 39

o 37 o N@—(N H
o) NH 0
/~~(CHy) 6—CH HN
H H 1 : HiC—(HChig— O 40
] NN < > f 38
[¢]

Fig. 1.72: Estructura de los compuestos con aminoacidos y derivados de azobenceno

estudiados por Habanusa y sus colaboradores.

En un trabajo realizado por Stupp y sus colaboradores, donde estudiaban la helicidad en
estructuras supramoleculares de distintos compuestos, observaron que existe una
reduccion en el paso de la hélice al irradiar con luz UV en un gel de clorohexano
formado a partir de la molécula mostrada en la Fig. 1.73, con un derivado de

azobenceno que se localiza en las partes exteriores de la fibra.*®
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Fig. 1.73: a) Estructura molecular del gelificante. Imagenes de AFM (b y c) y sus

perfiles de altura (d y e), respectivamente, antes y despueés de irradiar con luz UV; Ref
[135].

Como el isémero cis es menos plano se puede producir un mayor retorcimiento y por
tanto una reduccion del paso de hélice. Antes de irradiar se obtuvo un paso de hélice de

78 nm y tras la irradiacién, disminuye a 40-70 nm.

En los geles en los que el cromoforo forma agregados H, en ocasiones no se obtiene
fotocromismo porque hay poco volumen libre disponible para la isomerizacion. Para
forzar el paso a cis de los grupos azo del compuesto de la Fig. 1.74 en geles de decalina,
Miyasaka y sus colaboradores han llevado a cabo estudios de irradiacion con un laser
pulsado a 355nm.'*® En las irradiaciones en lampara con distinta intensidad no
consiguieron la isomerizacién, sin embargo, con un laser pulsado si. Hay que destacar
que en las pruebas que realizaron, el nimero de fotones con el pulso de laser no era
mayor que en la irradiacion normal durante un periodo determinado de tiempo, lo que
da idea de que la densidad de fotones, es en realidad la que juega un papel importante en
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la fotorreactividad del isémero cis en el estado gel. La isomerizacion trans-cis con un
laser pulsado puede deberse a la produccion simultidnea de estados excitados de muchos

azobencenos dando lugar a una excitacion cooperativa.

Fig. 1.74: Estructura quimica del gelificante azoico capaz de gelificar en decalina.

El siguiente ejemplo, derivado de hidracina con un grupo azobenceno, ha sido descrito
recientemente, véase la Fig. 1.75. Esta molécula es capaz de gelificar en disolventes

organicos (cloroformo, ciclohexano, tolueno).™*’

o
N ) ¢ OCgH17
HO@N' HN-NH

OCgHy7
(e}
OCgH7

Fig. 1.75: Estructura quimica de la molécula gelificante derivada de hidracina y

azobenceno.

El gel en cloroformo tiene una estructura fibrilar confirmada por TEM y mediante
estudios de difraccion de rayos X del xerogel, se ha comprobado que el
empaquetamiento es columnar hexagonal con dos moléculas incluidas en la celda
unidad. La fotoirradiacion de este gel, provoca cambios morfologicos de fibras a

vesiculas, como se puede ver en la Fig. 1.76.
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Fig. 1.76: Representacion esquematica de la transformacion por irradiacion de los geles
en cloroformo de la molécula de la Fig. 1.75 (2.0 mg/mL); Ref [137].

Irradiando con luz UV (365 nm) el gel colapsa y se observa un precipitado, mientras
que al irradiar con luz visible (455 nm) se restaura el gel. También se puede recuperar
calentando o dejandolo en oscuridad. EI precipitado obtenido tras la irradiacion, se seco
y observd por SEM,; se trataba de vesiculas. Los autores proponen para la
transformacion sufrida por la irradiacion, un mecanismo donde en el estado trans la
formacion de nanofibras esta permitida, gracias al apilamiento columnar, y al pasar a cis
se forman bicapas y con ello vesiculas (aunque en el transcurso de la isomerizacion
también precipitan fragmentos de trans en forma de fibras). El disolvente juega un papel
importante en la isomerizacion porque no se ha observado isomerizacion en los

xerogeles o en los precipitados.

Liu y sus colaboradores han sintetizado y estudiado un lipido unido a un azo que forma

138

organogeles, en los que la organizacion depende mucho del tipo de disolvente,” véase

la Fig. 1.77.
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Fig. 1.77: Estructura del azo-lipido y explicacién esquematica de su comportamiento en

distintos disolventes segun su polaridad; Ref [138].

Mientras que en DMSO (disolvente polar) se observan mediante microscopia
electronica fibras bien definidas, en dietiléter (disolvente no polar) las fibras no estan
bien definidas. Ademas, las sefiales en DC son positivas para disolventes polares
mientras que en no polares se observa una sefial negativa. El apilamiento n-n tampoco
es igual en los dos sistemas, asi mediante espectrocopia UV-vis, en los disolventes
polares se observa una interaccion mas fuerte que en los no polares. De este hecho
puede explicarse que los geles en disolventes polares no puedan fotoisomerizar. Sin

embargo en tolueno, no polar, si se puede obtener la fotoisomerizacion.
- Otros derivados:

Una estructura capaz de gelificar en disolventes organicos que posee una parte azoica,
es la estudiada por el grupo de Kato e Ikeda que consiste en un derivado quiral de
azobenceno con un carbonato ciclico,”®® Fig. 1.78. La quiralidad juega un papel
importante en la formacion de las fibras y por tanto, en la capacidad de gelificar de estos
compuestos, ya que el isomero RR, puede gelificar en alcoholes, éteres e hidrocarburos,

sin embargo, el racemato no gelifica.
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Fig. 1.78: Compuesto derivado azoico con carbonato ciclico.

En el caso de un derivado de diaminopirimidina,**° como el que se muestra en la Fig.

1.79, se forman supraestructuras lamelares que forman organogeles.
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OC2Hzs
OC2H2s

N=
N (@]
0 /
L0 OO oo
HN

OCy2H2s

Fig.1.79: Derivados de diaminopiridina con azo en la estructura.

Mediante microscopia electrénica, se ha comprobado que a bajas concentraciones se
forman fibras mientras que con disoluciones mas concentradas, se forman laminas. En
el estado gel en heptano, las unidades de azobenceno son fotorreactivas. Por absorcion
UV-vis se detecta que en estado gel solo se produce un ligero desplazamiento hacia
menores longitudes de onda comparado con una disolucién. Esto indica que los grupos
azos no tienen un fuerte empaguetamiento, por lo que es probable que se produzca una
buena isomerizacion. La isomerizacion trans-cis induce el colapso de las estructuras
lamelares en cintas mas pequefias y solubles que, incluso con largos tiempos de
irradiacion no desaparecen. Si se irradia con luz visible y se deja reposar un dia se

obtiene de nuevo el gel.
1.3.2.2. Hidrogeles con azobenceno en su estructura

Debido a la hidrofobicidad del grupo azo, son menos los casos en los que una molécula
gelificante que contenga azo, sea capaz de gelificar en agua. Normalmente se suelen

encontrar en este grupo de moléculas, aquellas que tienen un péptido o un azlcar
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participando en la estructura como parte hidréfila. En el apartado 1.3.3 se explicaran

con mas detalle aquellos gelificantes derivados de azlcares y azobenceno.

Como primer ejemplo, se describe un compuesto derivado azoico anionico, estudiado
por Tiller y sus colaboradores, que no posee péptidos ni azlcares, pero tiene caracter
i6nico. El compuesto de la Fig. 1.80 es capaz de gelificar en agua a un 5 % en peso.**
Por rayos X se ha establecido una organizacion lamelar en el xerogel. Al realizar
calculos se ha resuelto que el compuesto se encuentra preferentemente como el
tautomero hidrazona y como la longitud de la fase lamelar es el doble de la molécula se
deduce que forma una bicapa. Asi las moléculas disponen sus grupos polares hacia
fuera, forman agregados tubulares y con ellos estructuras porosas bien ordenadas. Se ha
observado ademas que con el sélido liofilizado no era necesario calentar la muestra para

obtener de nuevo el hidrogel, ya que al secarlo habia mantenido la estructura.
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Fig. 1.80: Representacidn del compuesto azoico anidnico en su estrutura de hidrazona.

Los tripéptidos, derivados de trivalina, mostrados en la Fig. 1.81, gelifican en mezclas
de un disolvente organico y agua.**? En el gel del compuesto 41, se puede inducir una
transicion reversible sol-gel mediante irradiacion, sin embargo, en el compuesto 42 esto

Nno ocurre.

41:R=H
42: R=(CH2)N-

Fig. 1.81: Tripeptidos derivados de trivalina.
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El grupo de Xu, ha usado una reaccidon enzimatica (con fosfatasa) para generar un
hidrogelificante fotosensible!*® 44, véase la Fig. 1.82. El precursor, compuesto 43, se

ha sintetizado uniendo el grupo azobenceno a través de una cadena lateral de lisina.

0, OH
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o “oH oH
0 [/\/: o 0 [; 0
H H . H H
N N N Ng Enzima N N N N/[Eo?/
0 H o H o = o H o H o
HN__O HN__O
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N :N

0 0

Fig. 1.82: Precursor 43 e hidrogelificante fotosensible 44 descrito por Xu y sus
colaboradores; Ref [143].

En el hidrogel formado a una concentracion de 0.8% en peso, que es transparente, se
puede inducir la transicion gel-sol al irradiar con luz UV (365nm) durante 35min. El gel
se recupera con la exposicion a la luz visible durante 12h. Esta transicion gel-sol puede
seguirse por la disminucion de la sefial de DC y cambios reoldgicos. El inconveniente

de este gel es que se forma a pH 9.

Zhang y sus colaboradores han disefiado recientemente moléculas basadas en péptidos,
capaces de gelificar en agua sin la ayuda de disolventes organicos. Estas contienen una
parte peptidica ademés del azobenceno como unidad sensible a la luz,*** como se puede

ver en la estructura representativa de la Fig. 1.83.

L
N~ O\)?\ R, O R
H
N
H/H( \;)ku/'\[(OH
O R, o}

Fig. 1.83: Representacién esquematica de la estructura quimica de tripéptidos con

azobenceno estudiados por Zhang y sus colaboradores.
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En primer lugar, sintetizaron una serie de dipéptidos unidos al grupo azobenceno y
comprobaron que aquellos que poseen anillos aromaticos como la fenilalalina o la
tirosina, son capaces de gelificar en agua a un pH apropiado, mientras que los derivados
de aminoacidos con residuos cationicos son desfavorables. Ademads, si estos
aminoacidos no estan directamente unidos al azo, la hidrogelificacion es mas efectiva.
También se han sintetizado tripéptidos y otros péptidos bioactivos cortos para estudiar

su gelificacion.

No todos los tripéptidos que se han sintetizado muestran el mismo comportamiento ante
la irradiacion. En algunos de ellos se puede conseguir una transicion gel-sol mientras
que en otros casos la transicion estd impedida. Como se puede observar en la Fig. 1.84,
el tripeptido Azo-GIn-Phe-Ala colapsa a los s6lo 3 minutos de ser irradiado a 365nm y
en 20 minutos se obtiene una disolucion homogénea y no viscosa. A los dos dias bajo
luz visible, vuelve a gelificar. La presencia de los distintos isdmeros, antes y después de
la irradiacion se ha comprobado por absorcion UV-vis y mediante andlisis por HPLC
(Fig. 1.84 b y c). El gel del compuesto Azo-GIn-Phe-Ala, puede ademas encapsular la
vitamina B12 sin que se desestabilice el gel. Sin irradiar, la liberacién se produce por

gradiente de concentraciones, pero con la irradiacién se acelera el proceso.

a)
uv
E.JT - Vis 3
0.8
'b) - c)
[ 34 /
S 0.6
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g ‘
024, |
4 |
0.0 e — 1]
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Fig. 1.84: a) Cambio con la irradiacion en el hidrogel, b) Seguimiento mediante
absorcion UV-vis, antes de irradiar (linea roja) y después de irradiar (linea negra
discontinua), ¢) Seguimiento mediante HPLC, antes de irradiar (arriba, solo isdbmero
trans) y despues de irradiar (abajo, isomero cis y trans); Ref [144].
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1.3.2.3. Mezclas binarias gelificantes con un componente azobencénico

Ademas de la incorporacion del azo a la estructura del gelificante, el croméforo se
puede introducir realizando mezclas de dos componentes para formar el gel. En este
apartado se comentan distintos ejemplos de estas mezclas y para su descripcion se han

dividido en organogeles e hidrogeles.
1.3.2.3.1. Organogeles binarios

Kitamura y sus colaboradores, han estudiado organogeles formados en hidrocarburos

preparados a partir de la co-agregacion de dimeros de melamina con un puente de

14
g,

azobenceno 45 y un derivado cianurato 46 o barbiturato 47 y 4 vease la Fig. 1.85.

o CgHq7
i X 1
HN)LNH HN NH HN NH
(0] NA§O O | 6] O | (6]
CqoH
121125 47 48
46
CypHy50 CiraHas~N
\
CizH2s

Fig. 1.85: Dimeros de melamina con un puente de azobenceno 45 y los derivados de

cianurato 46 y barbiturato 47 y 48 con los que se co-agrega.

Mientras que la molécula azobencenica por si misma no forma geles, al afiadir cianurato
0 barbiturato si que gelifica. De los estudios por IR se confirma que la agregacion se
produce por enlaces de hidrogeno, pero mediante estudios de UV-vis se demuestra que

también hay una contribucion de los azobencenos por sus interacciones m-.
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Los autores comparan estas moléculas con estudios previos realizados con derivados de
melamina con puentes de dodecametileno co-agregados a cianurato o barbiturato.**
Contrariamente a estos, los derivados azoicos no presentan dependencia con la molécula
a la que se agregan (cianurato o barbiturato), obteniéndose en ambos casos estructuras
fibrilares. Los geles con el derivado del azobenceno co-agregado son resistentes a la
irradiacion de luz ultravioleta debido a su fuerte empaquetamiento dentro de la

estructura.

Continuando con esta linea de investigacion, Kitamura y su grupo estudiaron otros geles
en disolventes alifaticos de compuestos con forma de disco obtenidos también a partir
de la co-agregacién de melamina y cianurato o barbiturato, pero en esta ocasion la

melamina tenia dos grupos azobenceno,**’ véase la Fig. 1.86.

NH, 0 o
X JL No organizacion
NTEN P ><."i jerarquica

|
i Uy o
+ Roseta
RO 50 >
Empaquetamiento
N Ney RO bR aromatico
Entrecruzamiento
PR Y | PR B
o
o o L Crecimiento
49 + FLI/N\ /’\II\\H Roseta Luz UV -
o7 N" "0 Luz UV
RO R RO OR CioHas
OR OR
R=Cy,Has 51

Fig. 1.86: Agregacion de la azo-melamina 49 con los derivados de barbiturato 50 y
cianurato 51; Ref [147].

Mientras que la mezcla del derivado di-azoico de la melanina 49 con un derivado de
barbiturato 50 no gelifica en disolventes alifaticos, la co-agregacién con el derivado de
cianurato 51 si lo hace, en concreto, en ciclohexano. Los agregados del gel se
construyen como rosetas unidas por enlaces de hidrégeno. El apilamiento de las rosetas
da lugar a columnas por interacciones solvofébicas y por interacciones entre los grupos
aromaticos. Estas columnas se asocian en forma de fibras cilindricas por la interaccion

entre las cadenas alifaticas.
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Tanto en disolucion como en gel se puede inducir un estado foto-estacionario reversible
mediante irradiacion. En estado gel (en ciclohexano), al irradiar un vial (1h) se pasa a
una fase fluida con un incremento en el isomero cis del 34%. Tras irradiar, la solucion
ha de dejarse en la oscuridad durante dos dias o bien irradiarse con luz visible y esperar
30h, lo que indica que es necesario un periodo de tiempo para la organizacion de los

agregados.

Huang y sus colaboradores, también han trabajado con mezclas de dos componentes
como los que se muestran en la Fig. 1.87. Son dos triamidas 52 y 54 0 53 y 54, de las
cuales una contiene una parte azoica'®® 52 o 53. Se obtienen organogeles en 1,4-
dioxano. En ellos se puede alcanzar un estado de fotoisomerizacion reversible pero sin

romper el estado gel.

o o
H
HN— UNOCN CigHz7—N
HN@O—(CHQ)n—O@N HN—CygHa7
: o
o
54

H_'%N

ool H-A 0

NCON” o HNA //N@*CN CogHar—N
52:n=10 HNOO—(CHZ)n—OON

53:n=4

Fig. 1.87: Estructura quimica de los componentes para la mezcla de triamidas.

1.3.2.3.2. Hidrogeles binarios

En cuanto a la mezcla de dos componentes para la formacion de hidrogeles, en la Fig.
1.88 se pueden observar dos ejemplos basados en ciclodextrinas mezcladas con
moléculas azoicas. En el caso de la y-ciclodextrina 55, al interaccionar mediante
interacciones “host-guest” con un azo 56, se forma un hidrogel.**® Si se introducen
distintos metales, esta capacidad de gelificar se modifica y pasa a un estado sol. En el
segundo ejemplo, se describe un pseudorotaxano, formado por una molécula de PEG y
una a-ciclodextrina 57 que gelifican en agua.™™ En este caso, la adicién de un
azobenceno 58 convierte el gel en estado sol. Si se irradia con luz UV se puede volver al
estado gel y con la irradiacion con luz visible se pasa de nuevo al estado sol. Esto ocurre
por la competitividad que existe entre el PEG y la molécula azoica dentro de la cavidad

de la ciclodextrina.
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é N\
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55: y- ciclodextrina 56 57: a- ciclodextrina 58

Fig. 1.88: Ciclodextrinas y compuestos azoicos para la formacién de hidrogeles.

Como ultimo ejemplo de mezclas para formar hidrogeles, hay que destacar el trabajo
realizado por Liu y sus colaboradores, donde se mezcla un bolaanfifilo 59 con un &cido
4-fenilazobenzoico 60,™" véase la Fig. 1.89. El bolaanfifilo est4 basado en un derivado
del acido glutdmico, que es capaz de auto-ensamblarse en nanotubos quirales y de
gelificar en agua. Los nanotubos del enantiomero L tienen helicidad dextrdgira y los del
enantiomero D la tienen levogira. La mezcla de los dos componentes, se puede realizar
de dos maneras distintas, siguiendo la denominacién de los autores: a “nivel
supramolecular” (A), donde el azo se dispersa en los nanotubos formados, y a “nivel

molecular” (B), donde los dos compuestos se mezclan en caliente, véase Fig. 1.89.

J Irradiacion
uv

—3£ o

Fig. 1.89: Estructura de los dos componentes de la mezcla: el gelificante 59 y el
dopante azoico 60 y representacion de la organizacién de la mezcla a “nivel

supramolecular” (A) y organizacion de la mezcla a “nivel molecular” (B); Ref [151].
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En estas mezclas se han estudiado las modificaciones obtenidas con la irradiacion. En la
mezcla a “nivel supramolecular” (A), por AFM se observan fibras practicamente
iguales antes y después de irradiar y en el espectro de absorcién si que se obtiene una
reversibilidad trans-cis-trans, mientras que en la sefial de DC no se observa
recuperacion de la sefial. A partir de estos resultados los autores proponen que las
moléculas de azo, en esta mezcla, se adsorben sobre la superficie del nanotubo por
enlaces de hidrogeno e interacciones electrostaticas, asi después de irradiar se produce
una reorganizacion de las moléculas de azo sobre la superficie que no llegan a recuperar
su organizacion original. Por el contrario, en la mezcla a “nivel molecular” (B), por
AFM se detecta una dispersion de tamafios en los nanotubos al irradiar, y se observa
también que existe reversibilidad tanto en el espectro de absorcion como en la sefial de
DC. De acuerdo a esto, los autores proponen que, en este caso, el azo esta embebido en

la pared del nanotubo y entonces la organizacion es totalmente reversible.
1.3.3. Moléculas gelificantes con azUcares y azobenceno en su estructura

El numero de gelificantes basados en azlcares como cabeza polar y que contienen
azobenceno en su estructura descritos hasta la fecha se reduce considerablemente. A

continuacion se van a explicar diferentes gelificantes con estas caracteristicas.

En primer lugar, es interesante comentar las moléculas anfifilas con azlcares y
azobenceno mostradas en la Fig. 1.90 que, aunque no han sido descritas como
gelificantes, si se ha estudiado su agregacién en una mezcla de DMSO/Agua.’® Al
afiadir agua a una disolucion de estas moléculas en DMSO, se produce un
desplazamiento en el méximo de absorcion hacia menores longitudes de onda y un
aumento de la intensidad. Ademas aparece una sefial de DC asociada a una agregacion

quiral supramolecular.

OH
HON HO
HO < > OH
O o\}g\n/o N‘N;@—owgo\fﬁw
61: n=3 62:n=6 63: n=8

Fig. 1.90: Compuestos bolaanfifilicos derivados de glucosa y azobenceno.
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Para el compuesto 63, la formacion de vesiculas o fibras depende de las condiciones de
preparacion: las fibras son los agregados cinéticamente estables mientras que las
vesiculas son los agregados termodindmicamente estables. En el caso del compuesto 62,
se ha observado que al irradiar con luz UV, se puede pasar de una estructura en forma
de vesiculas (sin irradiar) a la formacién de fibras (muestra irradiada). Si se irradia la
muestra, esta vez con luz visible, o se calienta, vuelven a formase de nuevo las

vesiculas.

Shinkai y sus colaboradores, con su experiencia en organogeles e hidrogeles con
azucares, decidieron estudiar los derivados de azo-naftol (que actia como parte
hidréfoba) y azlicar (que act(ia como parte hidrofila) que se muestran en la Fig. 1.91.™°
Los compuestos 64 y 65 son capaces de gelificar si previamente se solubiliza el
compuesto en etanol. EI compuesto 66, en cambio, precipita incluso en la mezcla de

disolventes.

OH

OH OH
OH HO
HO o HO Q
HO HO HO o HO
Oy Oy B
Oy RO O
=)
0 () 65 (

66 Q)

Fig. 1.91: Derivados de azo-naftol descritos por Shinkai y sus colaboradores.

Mas tarde este mismo grupo, sintetiz6 y estudié el comportamiento de unas moléculas

* véase la Fig. 1.92, donde usan como cabezas polares

gelificantes bolaanfifilas,*
distintos monosacaridosy como parte hidrofoba, segmentos de diazobenceno que

participaran en la agregacion por interacciones tipo -m.
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Fig. 1.92: Derivados de azucar y azobencenos bolaanfifilicos 67-70 y polilisina

modificada con un &cido borénico 71.

De los compuestos de la Fig. 1.92, el 67 es el Unico capaz de gelificar s6lo en agua a
concentraciones inferiores a 0.1%. En mezclas DMSO/agua gelifican tanto 67 como 68,
estos geles son translicidos. 69 y 70 no gelifican, de lo que se puede deducir que la
capacidad de formar geles se ve afectado por el tipo de azlcar. Mientras que 67 y 68
poseen OH ecuatoriales, en 69 y 70 hay un grupo axial. La explicacion de que 67 sea
mejor gelificante puede deberse, segun los autores, al hecho de que con B-glucosa la
conformacién mas estable de la molécula es méas planar y por tanto se favorece el
apilamiento. Por TEM se han identificado los agregados formados: en el caso de los
geles de 67 y 68 se observan fibras, mientras que en los precipitados de 69 y 70 se

observan vesiculas.

Si se afiade a un gel de 68 una concentracion creciente de polilisina modificada con
acido bordnico 71, se puede pasar del estado gel (estructura fibrilar) a un estado sol

(vesiculas) como se puede ver en la Fig. 1.93. Esto se produce gracias a las
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interacciones especificas del &cido bordnico con las partes azucaradas. La modificacion
es reversible y al afiadir fructosa, que posee una gran afinidad por el &cido boronico, el
estado sol vuelve al gel y la estructura vuelve de vesicula a fibra. Se puede realizar

entonces, un control de la transicién sol-gel a temperatura ambiente.**

a) b) ) E
: | —)

100 nm 2 um 2um

Aumento de la concentracionde 71

Fig. 1.93: 1.0 10 mol dm™ de 68 en DMSO/agua (1:1). a) En ausencia de 71, estado
gel, observacion de fibras, b) [71]= 2.0 unidades de monémero mmol dm, estado gel,
observacion de fibras y vesiculas, ¢) [71]= 3.0 unidades de monémero mmol dm?,

estado sol, observacion de vesiculas; Ref [155].

El grupo de Bhattacharya, ha estudiado la gelificacion en agua a varias concentraciones
de pH y en presencia de sales, de una molécula derivada de azucares™® como la descrita

en la Fig. 1.94.

COOH Hooc™  ©

Fig. 1.94: Estructura del tretrdamero basado en azlcar y azobenceno estudiado por

Bhattacharya y sus colaboradores.
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Los geles se forman en agua a una concentracion de 0.1 % en peso con la adicion de 10
puL de DMSO. La capacidad de gelificar de esta molécula se conserva para un rango de
pH de 4-10 y se ha demostrado que la presencia de tampones inhibe la gelificacion. Se
han realizado estudios de fotoestabilidad mediante irradiacién pero existe un
empaquetamiento demasiado fuerte que no permite el paso al isémero cis. Siguiendo la
absorcion en UV-vis de una disolucion de DMSO a la que se afiade agua, se comprueba
que se produce un desplazamiento hacia menores longitudes de onda, lo que indica que

se forman agregados tipo H. Este fuerte empaquetamiento es el que impide el paso a sol.

Das, Ajayaghosh y sus colaboradores han sintetizado diferentes compuestos derivados
de azucar que son capaces de gelificar en disolventes aromaticos.>” Como ejemplo, se
describe en la Fig. 1.95 un compuesto que actia como “super-gelificante” al tener una
concentracion de gelificacion minima de 0.05 % en peso en tolueno. Estos geles son

fotosensibles llegando a producirse una transicion gel-sol con irradiacion UV.

Fig. 1.95: Estructura de la molécula gelificante estudiada por Das, Ajayaghosh y sus

colaboradores.

Otro interesante ejemplo de moléculas gelificantes basadas en azlcares y azobenceno,
es el trabajo publicado por Huang y sus colaboradores.*® El gelificante esta formado
por una cabeza azucarada aliciclica (gluconamida) y una cola hidr6foba con un grupo
azobenceno, como se puede ver en la Fig. 1.96. Esta molécula gelifica en agua a una
concentracion de 20 mM vy su microestructura estd formada por dobles hélices
helicoidales como se ha medido por TEM y cryo-TEM. Para ver la influencia de las
distintas partes de la molécula, se han sintetizado compuestos homaélogos pero con otros
grupos polares en la cabeza sustituyendo al azucar (aminas cuaternarias, carboxilatos o

glicoles), pero con estos compuestos sélo se han obtenido micelas globulares o
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vesiculas. Ademas, han comprobado que la presencia del grupo butilo o hexilo es
esencial para que se formen las dobles hélices, ya que si las cadenas son menores
precipitan. Los autores, explican la formacion de las hélices gracias el empaquetamiento
girado de las partes azucaradas. Los enlaces de hidrogeno entre los azucares son lo que

permiten unir dos hélices.

N OH OH
R R S

|
OH CH; OH OH

Fig. 1.96: Estructura de la molécula gelificante estudiada por Huang y sus

colaboradores.

Muy recientemente, el grupo de Kitaoka ha publicado un estudio con moléculas
derivadas de azobenceno y lactonas disacéridas,*™ véase la Fig. 1.97. Estas moléculas

son capaces de gelificar en agua.

fw“@%@

OH oH OH
HO
HO o) OH
HO HO
R R

Fig. 1.97: Estructura de las moléculas gelificantes estudiada por Kitaoka y sus

colaboradores.

La orientacion quiral de los grupos azobenceno medida por DC es diferente para cada
hidrogel, asi con el compuesto 72 (derivado de lactosa) presentan una orientacion
dextrdgira, con el compuesto 73 (derivado de maltosa) presenta una orientacion levogira
y con el compuesto 74 (derivado de celobiosa) no hay quiralidad. De esto se pude
deducir que la organizacion quiral del azobenceno depende tanto del enlace glicosidico

como de la disposicion estérica de los grupos OH en los carbohidratos. Los ensayos de
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unién con lectinas y de adhesion celular revelan que las partes no reducidas se
encuentran expuestas en la superficie de las fibras del hidrogel. Se puede producir una

transicion gel-sol por irradiacion UV.
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1.4. Cristales Liquidos

1.4.1. Definicién

El estado cristal liquido aparece cuando el orden molecular de un compuesto es
intermedio entre el sélido cristalino ordenado y un liquido desordenado. Las
caracteristicas fundamentales de estas fases combinan la anisotropia de propiedades del
estado sélido y la movilidad y fluidez del liquido. Las ordenaciones moleculares de
este tipo se llaman fases cristal liquido o fases mesomorfas, y los compuestos que

muestran estas mesofases se denominan cristales liquidos o meségenos.*®

Se pueden encontrar cristales liquidos de dos tipos principales en funcion de como se
genere la mesofase. En los cristales liquidos termotropos se genera por efecto de la
temperatura. En los cristales liquidos liétropos, la mesofase se genera por efecto de un
disolvente. Los que presentan ambos tipos de comportamientos se denominan

anfétropos.

A continuacion se realizard un breve repaso de los distintos cristales liquidos tanto
termotropos, como liétropos; asi como una descripcion de varios ejemplos de
glicolipidos y glicoanfifilos con azobenceno en su estructura, que poseen propiedades

mesomorfas.

1.4.2. Cristales Liquidos termétropos

Dependiendo de la estabilidad termodindmica de la mesofase respecto a la fase solida, la
mesofase termotropa puede ser enantidtropa o mondétropa. La mesofase enantiétropa
es termodindmicamente estable y por tanto aparece tanto en el proceso de calentamiento
desde la fase sélida como en el proceso de enfriamiento desde la fase de liquido
is6tropo. La mesofase mondtropa es termodindmicamente metaestable y Unicamente
aparece en el proceso de enfriamiento desde la fase liquido isGtropo como consecuencia

de la histéresis en la cristalizacion.

Las mesofases termotropas se pueden clasificar principalmente en dos tipos
atendiendo a la geometria de los mesdgenos: mesofases de tipo calamitico, cuando las
moléculas tienen forma de varilla y de tipo discético, cuando las moléculas tienen

forma de disco.*®!
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Las mesofases mas comunes en los cristales liquidos calamiticos son las de tipo
nematico (N) o esméctico, siendo las esméctica A (SmA) y esméctica C (SmC), las méas

comunes como se muestra en la Fig. 1.98.

Mesofases Calamiticas

N ~f sma®s s
n‘ﬁ

Nematica Esméctica

Fig. 1.98: Representacion esquematica de las mesofases calamiticas mas comunes.

La mesofase nematica (N) es la menos ordenada, ya que las moléculas no presentan
orden posicional. En esta mesofase, los ejes largos moleculares estan orientados en

promedio en una misma direccion, definida por el vector director “n”.

Las mesofases esmécticas se caracterizan porque las moléculas estdn organizadas en
capas. Dos factores determinan los diferentes tipos de mesofases esmécticas. EI primer
factor es el orden posicional de las moléculas en cada capa, lo que da lugar a mesofases
esmécticas menos ordenadas (SmA y SmC) donde no hay orden posicional en las capas
o mas ordenadas (SmB, SmG... etc), cuando si existe. ElI segundo factor es la
inclinacion de las moléculas en las capas. Asi las mesofases esmécticas pueden ser no
inclinadas u ortogonales cuando en promedio el angulo formado entre el vector director
“n” y la normal a las capas “z” es nulo (SmA, SmB), o inclinadas cuando es distinto de

cero (SmC, SmG,...etc). La mesofases esmécticas mas frecuentes son la SmA

(ortogonal) y la SmC (inclinada).
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Existen ademas mesofases quirales por la introduccion de quiralidad en la molécula. Las
mas estudiadas son la nemética quiral (N*) conocida también como colésterica (Ch) y
la esméctica C quiral (SmC*), representadas en la Fig. 1.99. La quiralidad en las fases
colestéricas aparece como consecuencia de que el vector director de las moléculas rota
describiendo una hélice. La fase esmectica quiral se forma por el giro gradual de los
vectores directores de cada capa, 1o que nuevamente da lugar a una hélice.

Mesofases Quirales

SmC*

Nematica Esméctica

Fig. 1.99: Representacion esquematica de las estructura de las mesofases quirales mas

comunes.

Las mesofases discoticas se clasifican en mesofase nemética discotica (Np), donde las
moléculas se distribuyen sin ningin tipo de orden posicional y s6lo poseen orden
orientacional, y mesofases columnares, donde las moléculas mantienen cierto grado de
orden posicional, apilandose en columnas. Si las columnas no presentan ningn orden
bidimensional, la mesofase columnar es de tipo columnar nematica (Coly). Si por el
contrario presentan algun tipo de organizacion bidimensional en el plano perpendicular
a las columnas podemos encontrar la mesofase columnar hexagonal (Coly), cuando la
simetria de la red bidimensional es hexagonal, y la mesofase columar rectangular
(Col,), cuando la simetria es ortorrombica. Este tipo de mesofases se representan en la
Fig. 1.100.
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Mesofases Discoticas

Col,
‘ ~ A N
Col,, n Z

Columnar

Coly

Nematica
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Fig. 1.100: Representacion esquematica de las mesofases discoticas mas comunes.

Existen moléculas con morfologia diferente a la calamitica o discética, como moléculas

|’163

de tipo semidisco,'®? con forma piramidal,*®® con forma de V o banana'®... etc.

1.4.3. Cristales Liquidos liétropos

En cuanto a los cristales liquidos de tipo liétropo, pueden encontrarse varias clases de
fases, en general con textura caracteristica debido a su birrefringencia, excepto la fase
cubica que no es birrefringente. Las fases lidtropas se presentan secuencialmente y

ocupan una region especifica en el diagrama de fases.®% 16

Se pueden formar fases normales, donde las regiones polares estan en contacto con el
medio (disolvente) o fases reversas cuando las regiones en contacto con el medio son

las apolares.

En la fase lamelar (La), Fig. 1.101, las moléculas se encuentran en forma de
monocapas 0 bicapas, y se extienden en distancias largas. Estas capas formadas por las
moléculas estan separadas entre si por capas de agua. Esta fase es similar a la mesofase

SmA termotropa.
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Fig. 1.101: a) Estructura lamelar (La) en bicapa, b) estructura lamelar (La) en

monocapa; Ref [161].

La fase hexagonal, Fig. 1.102, estd formada por agregados cilindricos empaquetados de
una manera hexagonal. Se denominan Hj si es hexagonal normal o H; si es hexagonal

reversa.

Fig. 1.102: a) fase H;, hexagonal normal y b) fase H,, hexagonal inversa; Ref [161].

En la fase cubica, como su propio nombre indica, las micelas se organizan en una
estructura de un cubo y existen tres formas de empaquetamiento: cubica, cubica
centrada en la cara y cubica centrada en el cuerpo. Son altamente viscosas y como se ha
mencionado antes, no presentan textura birrefringente. Dentro de las fases cubicas
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encontramos la fase | (Fig.1.103), donde la agregacion micelar es esférica, o la fase V
(Fig. 1.104), donde los agregados son cilindros que estan interconectados. Suponiendo
un orden creciente de concentracion, la fase | se localiza entre la solucion micelar
isétropa y la fase hexagonal, mientras que la fase V se localiza entre la fase hexagonal y
la lamelar. Tanto | como V pueden ser normales o reversas, denominandose I,y V; las

normales y I, y V5 las reversas.

7R

a) b)

Fig. 1.103: Representacion polihédrica que muestra la organizacion micelar para a)
Pm3n, b) Im3m y ¢) Fm3m de la fase cubica I;, d) Fd3m en la fase I,; Ref [161].

Fig. 1.104: Representacion esquematica de las fases cubicas discontinuas V, a) la3d, b)
Pn3m y d) Im3m; Ref [161].

Las fases nematicas, Fig. 1.105, ocurren entre la fase is6tropa micelar y la fase
hexagonal o lamelar. Son similares a la fase nematica termétropa y poseen texturas
Schlieren. La Ng, es una fase nematica de tipo disco, que esta relacionada con la fase
lamelar, y la N, es una fase nematica de tipo cilindro, que esta relacionada con la fase

hexagonal. También existen fases lidtropas colestéricas formadas por micelas giradas.
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2) b)

Fig. 1.105: Representacion esquematica de las fases a) nematica tipo disco (Ng) y b)
nematica tipo cilindro (N¢); Ref [161].

La fase gel (L) tiene una alta viscosidad debido a que la bicapa es muy rigida. Esta fase
no ha de confundirse con los geles de tipo polimérico o supramolecular, ya que esta es
una denominacién referente a la organizacién en una fase, no al material. Las cadenas
alquilicas de los surfactantes se encuentran en todo-trans. Hay tres tipos de fases, la
fase normal donde la bicapa se encuentra normal al eje del cristal liquido y el grosor de
la capa alquilica es dos veces la configuracion todo-trans de la molécula, la fase girada,
que se obtiene cuando la cabeza polar es mayor que la anchura de la cadena alquilica, y
la fase interdigitada, que se encuentra en sistemas que tienen cadenas largas (Fig
1.106). La movilidad de las cadenas esta muy restringida pero no asi las capas de agua

que tienen mucha movilidad.

a) b)

Normal Girada Interdigitada

Fig. 1.106: Representacion esquematica de posibles fases gel, a) normal, b) girada y c)
interdigitada; Ref [161].
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Por ultimo, se describen también fases intermedias. En este grupo se clasifican
distintas estructuras como la tipo cinta, entendiendo esta fase como una fase hexagonal
distorsionada, estructuras en capas con poros, que puede considerarse como una fase
lamelar distorsionada en la cual se encuentran defectos en la bicapa y estructuras

discontinuas, siendo estructuras cubicas distorsionadas.
1.4.4. Métodos de caracterizacion y propiedades

Las propiedades cristal liquido se estudian, en primera instancia, mediante microscopia
Optica de luz polarizada, ya que estos compuestos poseen texturas caracteristicas
debido a su birrefringencia y mediante calorimetria diferencial de barrido (DSC),
para determinar la entalpia y temperatura asociadas a las transiciones de fase que sufre
el compuesto. Para el estudio del comportamiento liétropo en microscopia Optica , suele
utilizarse, en primera instancia, el método de contacto.’”> Como se indica en la Fig.
1.107, éste consiste en colocar el material entre dos vidrios, calentar hasta liquido
isétropo, dejar enfriar y entonces afiadir una gota de disolvente, permitiendo que entre
por capilaridad entre los vidrios y se cree un gradiente de concentracion en la muestra
para observar las diferentes fases en funcién del porcentaje de soluto. Es un método

cualitativo, pero permite determinar las fases rapidamente.

a  oH )
HO Gradientede
HO. ] concentracion
Ii OH OC’8H17
b) Jeringuilla

Agua Portaobjetos

Material bajo
el
cubreobjetos

Fases Cristal Hexagonal

Lamelar Cubica

Cubreobjetos

Fig. 1.107: Estudio del comportamiento liotropo del n-octil B-D-glucopirandsido
disuelto en agua: a) Representacion de su estructura, b) Representacion esquematica del
método de contacto, ¢) Fotografia donde se pueden ver las fases hexagonal, cubica,

lamelar y cristalina, en orden creciente de su concentracion en agua; Ref [72].
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1.4.5. Glicolipidos y sus propiedades Cristal Liquido

Los glicolipidos ademas de su conocida capacidad de formar agregados en agua pueden
tener comportamiento como cristales liquidos. Esto se debe a que las cabezas polares
son capaces de formar enlaces por puentes de hidrogeno entre si, mientras que las
cadenas alquilicas interaccionan entre ellas, dando lugar a regiones microsegregadas. Es
comun que algunos glicolipidos posean caracteristicas anfotropas, es decir, que tengan

un comportamiento tanto termotropo como liotropo.

Unas de las primeras familias estudiadas, en este tipo de compuestos, fueron los n-alquil

72,186 \,6ase como ejemplo el n-octil B-D-glucopiranosido representado

glucopirandsidos,
en la Fig. 1.107. En cuanto a su comportamiento termotropo, presentan fases esméticas
A 0 como mas tarde se concretd, Aq (en la fase esméctica Aq', las moléculas tienen una

organizacion interdigitada), véase la Fig. 1.108.

Fig. 1.108: Textura conico-focal de una fase esméctica Ag* del n-octil B-D-
glucopirandsido (X100); Ref [72].

Ademés los n-alquil glucopirandsidos presentan mesofases lidtropas. Estas son

diferentes atendiendo a la longitud de la cadena alquilica, véase la Fig. 1.109.
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Representacion
esquematica de las
distintas fases

Representacion
esquematica de las
distintas fases

Fotografia del
microscopio 6ptico

Fotografia del
microscopio Optico

c) n-Decil B-D-glucopirandésido

sl = [oisr ] )
Lamelar T o

b) n-Octil B-D-glucopirandsido d) n-Dodecil B-D-glucopirandsido

Lamelar

N Cristal

Fig. 1.109: Método de contacto para los derivados de n-alquil glucopiranosidos; Ref
[72].

Para el n-heptil B-glucopirandsido se observa una fase lamelar, véase la Fig. 1.109.a.
Para el n-octil B-glucopirandsido se observan la fase lamelar mas la cubica y la
hexagonal, véase la Fig. 1.109.b. Para el n-decil B-glucopiranosido se observa la fase
lamelar junto con la cubica, véase la Fig. 1.109.c y para n-dodecil p-glucopiranosido,

sin embargo, no se observan mesofases, véase la Fig. 1.109.d.

Posteriormente, el ndmero de compuestos y mesofases caracterizadas han ido
aumentando;*®” en la Fig 1.110 se muestran algunos ejemplos de cristales liquidos

termétropos basados en azUcares descritos hasta la fecha:

OH
HO OH
o
OH HO o HO N o)
o OCyH ! oAi
OHOC8H17 HO O 127725 N:|\>_©7

Cr51 SmAG60 I Cr102 SmA 205 | Cr170 SmA 185 |

OCyaH2s

Fig. 1.110: Distintos ejemplos de estructuras quimicas, temperaturas y fases de
glicolipidos mesogenos: a) Derivados de furanosa, descritos por Goodby y sus

colaboradores, Ref [167d], b) Derivados de glucosa, descritos por Van Doren y sus
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colaboradores, Ref [167e] y c¢) Derivados de galactosa, descritos por Hsu y sus
colaboradores, Ref [167f].

A pesar de que los glicolipidos mesdgenos que poseen di- o polisacaridos en su cabeza
polar'® es alin relativamente pequefio, se pueden encontrar en la bibliografia algunos

ejemplos*® como los representados en la Fig. 1.111.

OH

HO
OH HO (0]
HO OH
HO o) OH o HO T\
OCy2Hzs
HO OH HO o Ho HO
o o HO 0
HO o HO
HO
OC1,Hys OH OC4,H
HO 1225

Cr80 SmA™, 244 1 Cr 183 SmA™, 246 | Cr75Cub 162 1

(@]

Fig. 1.111: Estructura quimica, temperatura y fases de los glicolipidos mesdgenos
descritos por Vill y sus colaboradores; Ref [169].

Aunque es dificil encontrar una relacion estructura-actividad, dependiendo de factores
como el tipo de cabeza azucarada y la posicion o longuitud de la cadena del
sustituyente, se han encontrado ademas de la esméctica, otro tipo de mesofases
termotropas, como columnares o cubicas. Los dos primeros ejemplos de la Fig. 1.111
presentan mesofases esmécticas Ay mientras que el derivado de gentiobiosa tienen una
mesofase cubica. Comparando las distintas cabezas azucaradas, con la misma longitud
de cadena en el sustituyente, se puede observar que las moléculas que forman las
mesofases esmecticas tienen forma de varilla mientras que la molécula que tiene una

mesofase cubica, estd mas curvada.

En los derivados de O-(2-hidroxidodecil) sacarosa'™ de la Fig. 1.112, también se
pueden encontrar distintas mesofases dependiendo de la posicion en la que se encuentre
el sustituyente. Como en el caso anterior, se puede encontrar una relacion con la forma

mas o menos curvada de la molécula y la mesofase obtenida. Se forman fases SmA*
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cuando el sustituyente esta en posicion b, c, d, e, g, clbicas para a y columnares para f
(véase la Fig. 1.112 para establecer las posiciones de sustitucion).

Cub/Col SmA*

Fig. 1.112: Dependencia de la mesofase con la sustitucion en los derivados de O-(2-
hidroxidodecil) sacarosa; Ref [170].

En compuestos derivados de sacarosa con esteres de distinto tamafio (octanoil, decanoil,

dodecanoil, hexadecanoil y octadecanoil),'”

si se compara 6-O-octanoilsacarosa y 6-O-
octadecanoilsacarosa (Fig. 1.113) se observa que en la cadena méas corta hay una fase
columnar (la molécula estd curvada) mientras que con la cadena larga se obtiene una
fase lamelar (la molécula tiene méas forma de varilla que la de cadena corta). Para 6-O-
decanoilsacarosa, 6-O-dodecanoilsacarosa y 6-O-hexadecanoilsacarosa también se
obtienen fases SmA™*. Para los esteres sustituidos en posicion 1'-O o 6°-O, el
comportamiento es el mismo, para el derivado octanoilo se obtiene una fase columnar

mientras que para el resto es esméctica.
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O O
a) N~ (CHa)CHs b) N\~ (CHaheCHs
O O
HO HO
HO Q  oH HO Q  oH
OH OH OH OH

Fig. 1.113: Representacion de (a) 6-O-octanoilsacarosa y (b) 6-O-octadecanoilsacarosa,

c) defectos en la textura esméctica A* de 6-O-dodecanoilsacarosa; Ref [171].

Otro ejemplo, de estudios sobre el comportamiento cristal liquido termétropo y lidtropo
en glicolipidos con disacaridos (maltosa, melibiosa y lactosa), se ha realizado en
compuestos unidos por un enlace amida a cadenas derivadas de &cidos grasos desde Ci;
hasta C15'"? Fig. 1.114. Todos ellos presentan una fase esméctica A, con temperaturas
de transicion a mesofase de 130°C a 140°C. La fase liétropa encontrada también ha sido
lamelar, La. Para estudiar estos compuestos, por el método de contacto, ha sido

necesario calentar la muestra una vez afiadida la gota de agua para observar la mesofase.

OH

HO o

Fig. 1.114: Estructura quimica de un compuesto derivado de maltosa unido por un

enlace amida a un cadena alquilica Cgs.

1.4.6. Azoglicoanfifilos y sus propiedades Cristal Liquido

En compuestos glicolipidicos que poseen azobenzeno dentro de su estructura, también
se han descrito mesofases de tipo cristal liquido, si bien son muy pocos los ejemplos

descritos hasta la fecha.
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En los derivados 4-(4"-N, N-didodecilaminofenildiazo)fenil- glicésidos,”® cuando la
parte azucarada es galactosa (Fig. 1.115.a), lactosa 0 manosa, la fase que se obtiene es
lamelar, véase la Fig. 1.115.c, mientras que con glucosa (Fig. 1.115.b), la fase obtenida
es columnar rectangular, véase la Fig. 1.115.d. Esta diferencia de organizacion en la
mesofase puede explicarse porque la glucosa, a diferencia de los otros azlcares
estudiados, tiene en posicion ecuatorial todos sus grupos hidroxilos. Los autores
proponen la organizacion que se muestra en las Fig. 1.115 para la obtencion de estas

fases.

Fig. 1.115: Representacidn esquematica de los compuestos derivados de la galactosa (a)
y de la glucosa (b). Fotografias de las mesofases, lamelar para la galactosa (c) y
columnar para la glucosa (d). Representacion esquematica de las fases lamelar para la

galactosa (e) y columnar para la glucosa (f); Ref. [173].
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En el caso de compuestos bolaanfifilos con un grupo azo en el centro de la cadena
alquilica como el descrito en la Fig. 1.116, dependiendo de la longitud de dicha cadena,
se puede encontrar una mesofase SmA para n=3, ademéas de mesofases de tipo SmC*
para n= 5, 6, 8, 10.1* La combinacién de las interacciones entre los azos y las cadenas

alifaticas favorecen la torsion dentro de la organizacion.

OH
HO HO

HO o OH
O._(CHy)n o@—N: Ho\ﬁﬁ\
on (N N O (CHan._0_LsO0~E

Fig. 1.116: Estructura quimica y fotrografia de la textura SmC* para el compuesto con
n=6 a 205°C; Ref [174].

Con esta revision bibliografica sobre la estructura de moléculas anfifilas, especialmente
con azlcar en su estructura y también con un grupo azobenzeno, se ha pretendido

realizar una vision global de lo realizado antes y durante el trabajo de esta tesis.
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2.1. Objetivo

El trabajo desarrollado en esta tesis se centra en el campo de los materiales blandos, y
en concreto dentro de los geles supramoleculares. El objetivo general de esta tesis
consiste en obtener nuevos materiales sensibles a la temperatura y a la luz a partir de
moléculas gelificantes anfifilas, principalmente basadas en disacaridos como blogque
hidréfilo. Se estudiara la influencia en la capacidad de gelificacion de la estructura del

gelificante y la organizacion y propiedades tanto de las moléculas como de los geles.

La estructura elegida para el disefio de estas moléculas gelificantes ha sido la siguiente:

Puente ] Cola Hidréfoba

En la cabeza polar se va a trabajar con azUcares ya que es conocida su capacidad para
autoensamblarse y por tanto son potencialmente buenos bloques para formar geles. La
mayor parte de los trabajos previos se han focalizado en los monosacéaridos, en
concreto en la glucosa, a partir de cuyos derivados se obtienen hidrogeles en los que
normalmente es necesario la utilizacién en pequefias proporciones de un alcohol que
ayude en la gelificacion. Nuestro trabajo se basa principalmente en disacaridos. Por un
lado, supone la introduccion de un mayor nimero de grupos para formar enlaces de
hidrégeno y esto podria dar lugar a la formacion de estructuras més sélidas. Por otro
lado, se aumenta la parte hidréfila para poder posteriormente introducir grupos
hidrofobos y asi mantener la proporcion hidrofilia/hidrofobia adecuada. También se
explora, de forma comparativa, el uso de derivados de polietilenglicol por tratarse de

una molécula polar ampliamente usada en el campo de los materiales.

En cuanto a la parte apolar se ha utilizado un &cido graso para preparar glicolipidos y
se ha querido explorar la posibilidad de introducir un grupo croméforo para poder
inducir el paso mediante luz entre dos isomeros de una forma reversible, lo que puede
derivar en cambios de la estructura supramolecular y modificar la organizacion de las
fibras formadas. Los ejemplos encontrados con moléculas anfifilas azucaradas

fotosensibles son reducidos hasta la fecha.
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Con estas modificaciones estructurales se ha querido estudiar la influencia de la
relacion hidrofilia-hidrofobia en la formacion de agregados supramoleculares e

investigar la posibilidad de gelificacion.

Para cumplir los objetivos generales, los objetivos especificos han sido los siguientes:

A. Sintetizar y caracterizar moléculas anfifilas:

e Obtener moléculas anfifilas capaces de gelificar en agua basadas en un
disacarido y un &cido graso:

1. Estudiar la influencia de la variacion en la conexion entre la parte polar y
apolar: enlace amida o triazol.

2. Estudiar la influencia de la variacion en la cabeza polar: introduccion de
distintos disacaridos.

3. Estudiar la influencia de la variacion en la cadena apolar: adicion de un
aminoacido en la estructura.

e Obtener moléculas anfifilas sensibles a la luz capaces de gelificar basadas en un
disacérido, un acido graso y azobenceno y estudiar la influencia de las distintas
posiciones del gupo cromoforo dentro de la cola apolar.

e Sintetizar distintas estructuras anfifilas, derivadas de un &cido graso y un
azobenceno y determinar los cambios al introducir en la parte polar
polietilenglicol o un disacarido, manteniendo fija la estructura de la cola apolar.

e Caracterizar los materiales y en particular las propiedades térmicas y cristal

liquido de las moléculas anfifilas.

B. Estudiar las propiedades y la organizacion de los geles derivados:
1. Estudiar la capacidad de gelificacion en diversos disolventes,
concentraciones minimas de gelificacion y temperaturas de gelificacion.
2. Estudiar la organizacion del gel mediante diversas técnicas: SEM,
ESEM, TEM, cryoTEM y DC.

C. Estudiar la respuesta ante la irradiacion de los geles potencialmente sensibles:

1. lrradiar geles de un solo componente

2. Irradiar geles formados por una mezcla binaria.
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2.2. Planteamiento y nomenclatura

Este trabajo tiene como punto de partida los estudios realizados por Fitremann y sus
colaboradores en los que demostraron que una mezcla de isomeros derivados de
sucroesteres de N-palmitoilfenilalanina tenia caracteristicas gelificantes, véase la Fig.
2.1. Este compuesto, en contacto con el agua, a una concentracion minima de un 2%,
forma un gel que, debido a sus propiedades mecanicas, puede denominarse como tipo
“clara de huevo” donde el modulo elastico es siempre mayor que el modulo viscoso y

los valores absolutos de los mismos son bajos, y que ademas presenta tixotropia.

Mezcla de isbmeros

Fig. 2.1: Mezcla de isomeros de surcroésteres de N-palmitoilfenilalanina

Tomando como referencia esta estructura, el trabajo se dirige hacia la bldsqueda de
nuevos sistemas gelificantes. En un primer capitulo, se explica la utilizacion de
diferentes rutas sintéticas para obtener moléculas gelificantes y se estudia la influencia
de la estructura para la obtencién de hidrogeles. Posteriormente se introduce un grupo
fotoisomerizable, el azobenceno, para obtener geles fotosensibles y en la ultima parte
del trabajo se han sintetizado y estudiado diferentes organogeles, manteniendo la

presencia del grupo azoico.
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2.2.1. Geles Supramoleculares basados en glicolipidos derivados de

disacéaridos y &cido palmitico

a) En un primer momento se realiza la sintesis de los sucroésteres de N-
palmitoilfenilalanina, Suc-OOC-Phe-Cys y se estudia el material formado bajo

distintas técnicas y condiciones.

Mezcla de isomeros ~ SUC-OOC-Phe-Cyq

b) Posteriormente se selecciona la maltosa como el disacarido que constituiria la
cabeza polar. Se sintetiza el analogo al compuesto anterior con fenilalanina y
palmitico, uniendo la cabeza polar y la cola hidr6foba mediante un enlace amida,
Malt-NH-Phe-Cis 0 mediante un anillo de triazol, Malt-Tz-Phe-Cys y sus

analogos sin la presencia de fenilalanina, Malt-NH-C;5 y Malt-Tz-Cjs.

OH OH

HO HO
HO o HO.
% oH @\ %
S%” . o Malt-NH-Phe-Cyg % N Q Malt-Tz-Phe-Cys
" - N k/\/\/\/\/\/\/\
HO I Nl \H/\N

foA\ o Malt-NH-Cyq o9 Ny Malt-Tz-Cq

c) A continuacion, se cambia la maltosa por otros disacaridos tomando como
referencia la estructura Malt-Tz-Cys (que forma hidrogeles) y asi observar

posibles diferencias debidas a la cabeza polar.

HO
(o] (o]
HO HO o) HO HO. o -Tz-
&L Ney Cell-Tz-Cyg Ney Lact-Tz-Cy
HO N\?K/H HO N\;-I\/H
I \([_)I/\/\/\/WW
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2.2.2. Geles Supramoleculares derivados de glicolipidos con azobenceno

a) Se utiliza la estrategia sintética de la cicloadicién [3+2] azida-alquino catalizada

con cobre, para obtener compuestos derivados de azobenceno, dispuesto en
diferentes posiciones de la molécula gelificante.

OH
HO
HO o} Malt-Tz-Azo-Cyg
HO OH

o
¥ /©/
HO ) .

NNy "
HO =L N
)

HO o]
oH Malt-Tz-Cs-Az0-Cq
HO o
o
Hm Ney Noy /©/ \‘/\/\/\
N H
HO =L _N /©/
o
TO]/\/\/\
OH
HO
HO o
HO OH
o Malt-Tz-C,,-Azo-OCHj,
HO. (0] N

b) Estudio de mezclas binarias de un derivado de azobenceno con Malt-Tz-Cyg:
Gel I: Malt-Tz-Cy6 + Malt-Tz-Cs-Az0-Cq
Gel II: Malt-Tz-Cy5 + Malt-Tz-Az0-Cy6

2.2.3. Moléculas anfifililas con derivados de azobenceno y polietilenglicol

a) Preparacion de un derivado de azobenceno anfifilo

N o
HOT(\HJ\@L Phe-Az0-Cyg
o _N
N* \©\
o

b) Introduccién de una cabeza polar derivada de polietilenglicol para obtener

modificaciones en la capacidad de gelificacion. Sintesis de los compuestos
PEGg-Phe-AZO-Clg Yy PEGlG-Phe-AZO-Clg.
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L
v,

\©\ PEGB-Phe-AZO'Clg
QL °
o«} f”k@L N

16 N*

PEG;¢-Phe-Az0-Cig

Q,

c) Sintesis de un analogo con cabeza polar derivada de maltosa, Malt-Phe-Azo-
Cis, para comparar con los derivados de polietilenglicol.

Malt-Phe-Azo-Cig

Los geles derivados de las moléculas sintetizadas se denominan como el compuesto del
que proceden, indicando el porcentaje en peso y el disolvente en el que gelifican.

Este trabajo se ha realizado en colaboracion con la Universidad Paul Sabatier de
Toulouse, Francia, donde he realizado una estancia durante 18 meses. Cumpliendo con
los requisitos para la obtencion de un doctorado con mencidn europea, los capitulos que
se presentan a continuacion (que describen los principales resultados, discusion y

conclusiones) han sido redactados en inglés.
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3.1. Introduction

Amphiphilic molecules with a sugar polar head and a fatty hydrophobic chain can act as
low molecular mass supramolecular hydrogelators. As it has been mentioned in
previous chapters, in supramolecular gels, gelators form a cross-linked network by self-
aggregation, which occurs through a combination of non-covalent interactions like H-
bonding, m-n stacking, donor-acceptor interactions, solvophobic forces and van der
Waals interactions. This self-assembly allows this kind of materials to be considered as
supramolecular polymers.* In contrast to macromolecular gels, supramolecular gels can
be cycled between free-flowing liquids and non-flowing materials by means of different
stimuli, usually temperature. Depending on the gelator structure the reversibility can be

triggered by other stimuli such as pH or irradiation.?

Carbohydrates are hydrophilic building blocks used in the preparation of hydrogelators®
able to form multiple H-bonding due to their hydroxyl groups. First examples of
glycolipids as hydrogelators were described on non-cyclic glycosyl derivatives.*
Conventional single-head amphiphiles® and bolaamphiphiles® mainly based on
monosaccharides, were subsequently described. They usually have the ability to gel in a
mixture of water and alcohol or, in some cases, in only water. Cyclic forms of
carbohydrates have multiple and directional hydroxyl groups and therefore they can
give rise to a stronger cooperative network to support the self-assembled fibrous

structure of the gel.

Stability and gel properties are strongly dependent on the molecular structure of the
gelator. Different polar sugar heads, mainly mono’ but also disaccharides® units have
been used as hydrophilic part of gelators. The linker unit between hydrophilic and
hydrophobic parts is also important. In this way, it has been reported that the presence
of amide groups or the incorporation of m-m stacked rings also contributed to the
cooperative interactions of glycoamphiphiles.®® ® 9 The gelation process is a
consequence of a network resulting from the association of aggregates, which are
formed by the bottom-up assembly of glycolipids. Amphiphilic hydrogels based on
carbohydrates have been reported, for instance, as drug delivery systems or sensors®

and for cell encapsulation.™
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Apart from their ability to self-assemble in solvents, glycoamphiphiles can exhibit
microsegregated regions due to the polar asymmetry of their structure and can
consequently exhibit liquid crystal (LC) phases.*? Thermotropic LC phases were first
observed in alkyl glucopyranosides and these compounds are known to form smectic
phases, similar to the lamellar phase formed in aqueous media.*® Other mesophases
such as cubic or columnar phases have been found later.** Most of the mesogenic
glycolipids are based on monosaccharides.” *> However only a few and examples

having disaccharide head groups have been described so far.'* !¢

In a previous study by Fitremann et al, a mixture of isomers of N-
palmitoylphenylalanine sucroesters,® obtained by direct esterification of sucrose, was
reported to form an ‘egg-white’-like gel. The chemical structure of these
glycoamphiphiles (Suc-OOC-Phe-Ci6) was taken as reference in this work, see
Scheme 3.1.

The initial and direct synthesis of glycolipids, designed to fit the requirements of a
possible industrial development, was also attempted in this work and lead to a mixture
of isomers due to esterification in different positions. The gelification of this material
could be less effective compared to a well-defined hydrogelator. For this reason, new
synthetic strategies were explored to prepare well-defined hydrogelators having
disaccharides as polar head and a hydrophobic alkyl chain derived from palmitoyl acid.
Changes on the hydrophobic chain structure and the linker between the hydrophilic and
hydrophobic part were performed as well as different disaccharides were used as sugar
polar head. Finally, their gelation properties either in water or in mixtures of alcohol
and water were tested in order to better know how the structure affects to gel properties.

The liquid crystalline properties of the amphiphilic materials have been characterized by
polarizing optical microscopy (POM), thermogravimetric analysis (TGA) and
differential scanning calorimetry (DSC). The supramolecular structures formed by the
self-assembly have been studied by different microscopic techniques as scanning
electron microscope (SEM), transmission electron microscopy (TEM), cryogenic
transmission electron microscopy (cryo-TEM), environmental scanning electron
microscope (ESEM) and atomic force microscopy (AFM). Micro and nano structures
were measured on the dried gel (xerogel) as well as in hydrated conditions, close to real

gel. The sol-gel transition temperature was also determined by differential scanning
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calorimetry (DSC) and nuclear magnetic resonance (NMR). Chiral supramolecular
arrangement was studied by circular dichroism (CD). The following sections have been
divided according to the different type of glycolipids synthesized and studied in this part
of the work.

3.2. Glycolipid derived from sucrose and palmitoyl acid

As mentioned above, a mixture of N-palmitoylphenylalanine sucrose esters is known to
behave as hydrogelator. In order to investigate the organization and mechanical
behavior of hydrogels derived from this type of materials, sucrose was directly

esterified to obtain the aimed gelators.

3.2.1. Synthesis

Taking as reference the method described by Fitremann et al, N-
palmitoylphenylalanine sucrose esters (obtained from a racemate of D,L-phenyalanine)
were synthesized by functionalization of unprotected sucrose as a direct method to
obtain hydrogelators. Esterification was performed with N-palmitoylphenylalanine in
the presence of N, N'-dicyclohexylcarbodiimide (DCC) and 4-(dimethylamino)pyridine
(DMAP) in dimethylformamide (DMF), see Scheme 3.1. N-Palmitoylphenylalanine
was first synthesized by a one pot reaction; the carboxylic group was activated by N-
hydroxysuccinimide by means of a DCC coupling and then phenylalanine was added in
a mixture of THF and water to have good solubility of both reagents. Yield was around

22% from easily available starting materials.

o]

HOJW

1.DCC, THF anh. | 2. (iPr),EtN, THF/H,0O

DMF

éi/ Suc-00C-Phe-Cy¢

Mixture of isomers

OH
\ DCC/DMAP
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Scheme 3.1: Synthesis of a mixture of isomers of N-Palmitoylphenylalanine sucrose

esters.

The reaction was monitored by HPLC with a column C8 and THF/MeOH/H,O:
40/40/20 + 0.5 ml/L AcOH as eluent. When peak area at around 5 min (mixture of
monoesters) did not increase anymore, reaction was considered completed. The reaction
was stirred during 46 h. Finally, a complex mixture of different substitution degrees was
obtained. Monoester fraction was purified by flash chromatography. The solid is highly
hygroscopic and purification was performed with a mixture of solvents. In this fraction
a mixture of regioisomers was obtained as white solid which was freeze-dried.
Compounds were characterized by 'H and ?C NMR, IR and mass spectrometry to
confirm the desired structure. In a previous work carried out in the Polymeéres et
organization multi-échelle (POME) group at the Paul Sabatier University,'’
regioisomers of this mixture were separated and analyzed. Based on their results, when
D,L phenylalanine was used as starting material, 3L/3D and 3'L/3’D were the main
regioisomers; also 6L/6D, 1'L/1'D and 6'L/6'D could be identified.

3.2.2. Thermal properties

The liquid crystal (LC) properties of the sucroesters have been studied. As mentioned
before there are a few reports about glycoamphiphiles based on a disaccharide as polar
head. Molinier et al. described the self-organizing properties of monosubstituted
sucrose fatty acid esters.** They proved that lamellar phases predominated for higher
fatty chains homologues, as for example palmitic derivatives, describing their

thermotropic liquid crystals properties, see Fig. 3.1.
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Figure 3.1: Transition temperatures of thermotropic mono-1'and mono-6 palmitic

sucrose esters.
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Besides glycolipids usually present lyotropic liquid crystal properties, since they have

the ability to self-assemble in water.

Thermal and Thermotropic liquid crystal properties. The thermal degradation of the
mixture of N-palmitoylphenylalanine sucrose esters (Suc-OOC-Phe-Cjg) was first
studied by TGA. Thermogravimetric curve for Suc-OOC-Phe-C;¢ displays a 5 %
weight loss at 185°C and onset temperature for decomposition associated to weight loss
was detected at around 190°C. The sample was first stored under vacuum and
immediately analyzed. Observations by optical microscopy pointed to a texture change
around 60°C and isotropic state was observed from around 130 °C to 160°C.
Decomposition was observed when some parts of the sample became brown around this
point, most probably due to decomposition of the sugar unit. The texture of the
mesophase observed by optical microscopy, see Fig. 3.2, can be assigned as smectic, on

the basis of previous results on thermotropic glycolipids with similar structure.

A DSC study of the sample was performed by heating the compound two cycles to 120
°C, see Fig. 3.3, in order to minimize the thermal decomposition of the samples and a
third cycle to 170°C to investigate decomposition process. First and second cycles were
reproducible and only exhibit a jump of the baseline at 34°C corresponding to a glass
transition. However, in the third cycle on heating to 170°C, the decomposition of the
material was detected around 130°C as an endothermic peak and subsequent decrease of

the baseline.

Fig. 3.2: Images of Suc-OOC-Phe-C,s by polarized optical microscope: a) Smectic
mesophase at heating cycle, 80°C in the heating process; b) mesophase at 85°C in the
cooling cycle of a sample previously heated up to 160°C, partial brown decomposition

was observed (brown region, see red arrows).
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Fig. 3.3: Second cycle scan DSC profile in the solid state of Suc-OOC-Phe-Cyg.

According to these results the mixture of isomers Suc-OOC-Phe-Cys is glassy at room

temperature (RT) and presents a T at 34°C into a smectic mesophase.

Lyotropic liquid crystal properties. The lyotropic properties of Suc-OOC-Phe-Cis
were investigated by the contact method. The sample was heated to 120 °C (mesophase)
to avoid decomposition and then cooled to RT. A small amount of water was then
placed on the slide at the edge of the cover glass and this completely surrounded the
sample. Phases were observed by polarizing optical microscopy. A concentration effect
was observed, as can be seen in Fig. 3.4. A birefringent lamellar texture appeared at RT
(see Fig. 3.4.a) on a gradient of water from pure liquid to solid glass state from right to
left. Heating the sample at 50°C a dark zone appeared, one possibility to explain this
non birefrigent part could be the occurrence of a cubic phase, which remains to be

checked by other means (see Fig. 3.4.c).
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Fig. 3.4: Lyotropic phase observed by optical microscopy on a sample of Suc-OOC-
Phe-C;6 in water prepared by the contact method: a) at RT with polarizers, b) at RT
without polarizers, c) at 50°C with polarizers, d) at 50°C without polarizers. The water

concentration increases from right to left; the solid glycolipid is on the left side, bottom.

3.2.3. Supramolecular Gels

Suc-O0OC-Phe-Cj sample was soluble in DMSO and methanol. However dispersion in
water at 2 wt % give rise to transparent jellies that look like an “egg white”, see Fig.
3.5, which flows by successive cohesive lumps when transferred from one recipe to
another. The gel can be formed at RT with stirring or with slightly heating to favor
solubilization. These results are in accordance with the previously described by

Fitremann et al.®°
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Fig. 3.5: Transparent gel of a mixture of regioisomers at 2 wt % in water.

Morphological gel characterization. In order to gain an insight into the organization
of this material at different scales, several microscopic techniques have been carried out,
as transmission electron microscopy (TEM), scanning electron microscope (SEM) and
cryogenic transmission electron microscopy (cryo-TEM). These techniques give an

idea about how gelator molecules form aggregates.

The self-assembled structure of the gels was investigated by TEM. Although the
hydrogel of N-palmitoylphenylalanine sucrose esters is formed at 2 wt % in water, this
concentration is too high to perform TEM observations. The gel was prepared stirring
with a stirrer bar. When gel sample was diluted at 0.2 wt % in water and then observed
by TEM, fibres can be detected, see Fig. 3.6. To prepare the sample a drop of the
diluted solution was placed onto the grid and then was negatively stained with uranyl
acetate (1 wt %). The grid was dried overnight.

e Al NS

Fig. 3.6: TEM image of Suc-OOC-Phe-Ci4 (0.2 wt % in water).
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The effects of stirring and heating the sample on the fiber morphology were
investigated. Surprisingly, when a high stirring (9500 rpm for 30s) was applied at RT in
a 0.2 wt % water sample of Suc-OOC-Phe-Cy¢ by using a high dispersing and stirring
system (Ultra-turrax homogenizer), longer fibres than by a simple mechanical stirring
(stirrer bar), were obtained, see Fig. 3.7. If the sample was prepared by first heating at
80°C for 30 min, to favor a solubilization of the sample, and subsequent stirring 30 s at
9500 rpm, shorter fibers were observed. Consequently, the formation of well defined

and longer fibers seems to be favored by a high stirring at RT.

Fig. 3.7: TEM images of Suc-OOC-Phe-Cy¢: a) 0.2 wt % in water and stirred at 9500
rpm for 30 s, b) 0.2 wt % in water and heated at 80°C for 30 min and after stirring 30 s
at 9500 rpm.

Fibers found were approximately 12 nm thick, in all samples, but length depends on the
preparation. Moreover some spherical aggregates have been observed at different areas
of the same sample grid (see Fig. 3.7.a), with a diameter around 10-30 nm. Based on
this observation it could be thought that fibrillar aggregates have a worm-like

morphology.

By SEM direct measurements of the gel (without dilution) additional topological
information is obtained. A drop of gel was fixed onto a glass and evaporated overnight.
The sample was then coated with gold to make possible the SEM observation. The

xerogel structure can give an idea about the organization of the 3D network.
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As it is shown at Fig. 3.8, the xerogel is formed by several layers at the micrometer
scale. In an expanded area, globular aggregates appear (see Fig. 3.8.b). These
aggregates are not easy to measure and they have a wide size ranging from 25 to 100

nm.

Fig. 3.8: a) SEM images of Suc-OOC-Phe-Cys gel 2 wt % in water, b) expanded area

of a).

Cryo-TEM has been also used for the gel characterization. In this technique the drying
and staining processes are avoided and a direct observation of the frozen gel (sample
was vitrified in liquid ethane and observed at low temperature using liquid nitrogen).
Cryo-TEM measurements show a fibrillar structure, see Fig. 3.9, and the diameters are

around 10 nm. Since fibers are not cross-linked, a partial organization is observed.

Fig. 3.9: a) CryoTEM image of Suc-OOC-Phe-Ci¢gel 2 wt % in water, b) central area

of a hole of the same sample a).
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Rheological properties. In order to define macroscopic properties of the gel,
rheological experiments were performed. Previous works proved an increase of the
viscosity by a factor of 200 compared to pure water at low stirring rate in Suc-OOC-
Phe-Cis gel, 2 wt % in water.2’ A partial thixotropy was evidenced by the recovery of
the yield stress after several hours. In this section the viscoelastic behavior was tested

by dynamic rheological measurements in order to quantify the elastic component.

First of all, the linear viscoelastic region was determined: the storage (G’) and loss
(G”’) moduli were measured as a function of stress (0.1-500 Pa) at fixed frequencies
(0.1, 1, 10, 100 Hz). In Fig. 3.10 graphics at 0.1 Hz and 1 Hz are shown. The linear
viscoelastic region was established in the region 0.1-0.5 Pa for fixed frequencies of 0.1-
1 Hz (region was limited up to 0.5 Pa according to graphics of 10 and 100 Hz). For

stress values up to this region the gel can break and begins to flow.
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Fig. 3.10: a) Stress sweep (0.1-500 Pa) at fixed frequency of 0.1 Hz in a sample of Suc-
OOC-Phe-Cys gel, 2 wt % in water stirred at 9500 rpm for 30 s, b) Stress sweep (0.1-
500 Pa) at fixed frequency of 1 Hz in a sample of Suc-OOC-Phe-Cy¢ gel, 2 wt % in
water, stirred at 9500 rpm for 30 s.
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As it have been establish, 0.1-0.5 Pa is the limit for the values of the fixed stress to
measure curves of G” and G™” as a function of frequency. Then these curves were
registered. Fig. 3.11 shows two examples of these experiments at 0.1 and 0.5 Pa. G’
remains about 10 times higher than G™” over the whole range of frequency from 0.01 to
100 Hz and consequently the material is more elastic than viscous, which is distinctive

of agel. G and G™* cross over at very low frequency, nearly 10 Hz.
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Fig. 3.11: a) Frequency sweep (100-0.0001 Hz) at fixed stress of 0.5 Pa in a sample of
Suc-OO0C-Phe-Cy, 2% water, stirred at 9500 rpm for 30 s, b) Frequency sweep (100-
0.0001 Hz) at fixed stress of 0.1 Pa in a sample of Suc-OOC-Phe-C;4, 2% water, stirred

at 9.500 rpm for 30 s.

As we can see in the graphics, the two modulus values are low as can be expected for
these transparent jellies having an “egg white” like morphology. The influence of

stirring the sample with the Ultra-turrax homogenizer on their rheological properties has
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been checked and no clear differences are observed with respect to the native gel

(without stirring, see ref [8b]).

An attempt to organize the fibers forming the hydrogel in one preferential direction by a
mechanical orientation was carried out. The molecular combing technique’® was applied
to organize the fibers at the nanometric scale. This method was carried out in
collaboration with the NanoBioSystem group in the LAAS laboratory, Toulouse (C.
Vieu, A. Cerf).

Molecular combing is usually used to orient and stretch DNA molecules on a surface. A
schematic design of this technique is represented in Fig. 3.12. The linear
macromolecules can be anchored on several surfaces by their extremities or only sticked
with high interactions. The solution moves and after the meniscus has receded,

molecules are stretched and bound onto the surface.

Preferential Orientation — ’

Ge

| am
Fribillar Material %%

Fig. 3.12: Schematic representation of the molecular combing.

Different conditions were tested. Molecular combing was tried directly on a glass
surface and on treated surfaces by microcontact printing with a poly(dimethylsiloxane)
(PDMS) stamp (without or with patterns) in order to favor the anchoring of the sample.
Finally, the surface was treated with octadecylchlorosilane (OTS) in order to anchor the
hydrogel fibres on the glass defects and to align them on the hydrophobic parts (OTS).
AFM is one of the techniques commonly used in other to check if combing is achieved.
However, AFM showed a bulk agglomeration, but no fibers at the nanometer scale. For
this reason TEM was chosen and the combing was made directly on the TEM grid, see

Fig. 3.13. Moreover, different experimental conditions were tested by modifying the
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concentration (0.02% and 0.002% in water) and different speeds of pallet movement (1,
10, 100 pum/s).

As conclusion, there was agglomeration on the sides, meniscus was broken by the
viscosity of the sample and only a slight orientation was achieved, as can be seen in Fig.
3.13.b.

a)

Fig. 3.13: a) 0.02 wt % in water of Suc-OOC-Phe-Cy 9.500 rpm for 30 s, combing
speed 1mm/s, negative stained with uranyl acetate, b) a zoom of a) where a slight

preferential orientation was observed.

When the structural information of all used techniques is compiled a clear conclusion
about hydrogel organization does not arise. In fact, a fibrillar structure can be proposed
from the TEM and cryo-TEM observations. However, SEM measurements did not
confirm this conclusion and moreover by the application of capillary forces, in
molecular combing, elongated smaller entities were found. With all this information, we
might propose a fibrillar structure, probably formed by an association of worm like

aggregates.

N-Palmitoylphenylalanine sucrose-esters form gels in water with an interesting
rheological behavior, however this material is formed by a mixture of isomers and
esterification can occur in different positions. In order to investigate new glycolipids
with a well-defined chemical structure, other disaccharides and synthetic approaches
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were selected as it is reported in the following sections using new linking groups with a

higher hydrolytic resistance than the ester bond.
3.3. Glycolipids derived from maltose and palmitic acid

In this section, the synthesis, characterization and properties of four low molecular mass
amphiphilic glycolipids will be described. The glycoamphiphiles have been prepared by
linking a maltose polar head and a hydrophobic linear chain either by amidation or
copper(l)-catalyzed azide-alkyne [3+2] cycloaddition. The liquid crystalline, gel
properties and supramolecular organization of these amphiphilic molecules have been
characterized by different techniques.

3.3.1. Synthesis

The synthesis of amphiphiles analogous to Suc-OOC-Phe-C,¢ was accomplished using
maltose as starting material but linking the hydrophobic part to the sugar through an
amide bond and taking advantage of the anomeric position to obtain a selective grafting
of the hydrophabic tail on the C1 position of the sugar. According to this strategy the
synthesis of Malt-NH-C; and Malt-NH-Phe-C,¢ was first achieved. In both cases, the
previous synthesis of maltosylamine and further amidation with palmitic acid or N-

palmitoylphenylalanine was required.

In a first synthetic approach, maltose was reacted with ammonium carbonate'® or with
ammonium carbamate,?® as ammonia donor, to synthesize maltosylamine 2, see scheme
3.2. Excess of ammonia donor had to be added and product was precipitated and filtered
under vacuum. Different temperatures (RT or heating up to 45°C) and reaction times

were tested.

Scheme 3.2: Synthesis of maltosylamine 2: a) with ammonium carbonate in DMSO, b)

with ammonium carbamate in MeOH.
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By using ammonium carbonate as ammonium donor, degradation of maltosylamine was
observed. Ammonium carbamate was then tested because in this reaction a carbamic
acid salt should be obtained and therefore is expected to be more stable; however
degradation of the maltosylamine was also observed and N-maltosylcarbamate was
found as side product. Due to these stability problems, maltosylamine was finally
synthesized using ammonium carbonate but without isolation of the maltosylamine that

was directly used in the next reaction step.

The subsequent amide formation for obtaining Malt-NH-C;¢ was performed using DCC
as coupling agent. N-palmitoylphenylalanine was activated by N-hydroxysuccinimide to
react with maltosylamine 2, following the scheme 3.3.

o o

dN—OH + HOJ\/\/\/\/\/\/\/\

HO © DCC, THF
o o l cc,
on oA
o

9 o
iN_o)J\/\/\/\/\/\/\/\
o) 3

o
NH, +
on 2
OH )

HO

HO o

ony ©oH
o}

Malt-NH-C16

Scheme 3.3: Synthesis of Malt-NH-C;¢ by unprotected method.

Different conditions were tested; DMF and pyridine were used as solvents.
Diisopropylethylamine or dimethylaminopyridine were added as co-reagents and sugar
excess was added due to the degradation problems observed. Reaction was stirred for 2
days at RT and monitored by TLC (phosphomolybdic acid and ninhydrin as revelator).
Even though the final product was not finally purified it was confirmed by mass
spectrometry but yield of the reaction was lower than 5%. In the experimental section is
described one example of the experimental conditions tested by this method, see section

3.7 for more details.

To obtain Malt-NH-Phe-C4¢, two different reactions were tested, see scheme 3.4. On

one hand, the carboxylic group of N-L-palmitoylphenylalanine was first activated by a
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reaction with N-hydroxysuccinimide and then coupled with maltosylamine by DCC. On
the other hand, DCC coupling was directly made with hydroxybenzotriazole as co-

reagent.
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Scheme 3.4: Synthesis of Malt-NH-Phe-Cig

Different reaction conditions were also tested; DMF and pyridine were used as solvents,
diisopropylethylamine or dimethylaminopyridine were added as co-reagents and sugar
excess was added. Reaction was stirred at RT. In the experimental section, the
conditions of one example for each method where the product was obtained, are

described. See section 3.7 for more details.

Reactions were monitored by HPLC. The reaction crude (0,1 mL crude reaction/5 mL
HPLC eluent) was injected, using methanol/ water (82/18) + 0,5 mL/L acetic acid as
eluent in a C8 column. Under these conditions appeared, on chromatograms, two peaks
at around 11.5 and 15.5 min. In order to determinate the correspondence between
compounds and peaks, HPLC was coupled with Mass Spectrometry (Service commun
de spectrometrie de masse, ICT, Toulouse, Cathy Claparols). As example, a
chromatogram of the reaction by direct coupling with DCC and hydroxybenzotriazole,

described in experimental section, is shown on Fig. 3.14.
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Fig. 3.14 Chromatogram of the MS-HPLC experiment.

Peak at around 11.5 corresponds to the desired product as was corroborated by Mass
Spectrometry and peak around 15.5 mainly corresponds to reagent 1, although the
presence of other by-products were also identified, their mass peaks indicate that it
could be related to the formation of amide or methylic ester derivatives of 1. The
evolution of this reaction was followed by HPLC but yields were around or lower than
5%. The compound had to be purified by preparative HPLC as attempts to purify it by

flash chromatography were unsuccessful.

Preparative HPLC was performed using a X Bridge C18 column, with methanol 88% /
TFA (1% water) 12 % as solvent by isocratic method (Service commun d"HPLC, ICT,
Toulouse, Chantal Zedde). Fig. 3.15 shows the analytical HPLC of the purified final
product.
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Fig. 3.15: Analytical HPLC after preparative HPLC chromatograms of Malt-NH-Phe-
ClG-

150



3. SUPRAMOLECULAR GELS BASED ON GLYCOLIPIDS

Due to the difficulties found in the synthesis and purification of the target glycolipid by
this approach, we finally decided to attempt a new route using protected sugars to
improve the solubility in organic solvents which could facilitate the reaction workup
and also opens new synthetic possibilities.

The synthesis of the glycolipids based on maltose was then accomplished using
peracetylated maltose as the starting material (commercially available), which was
amine-functionalized as shown in scheme 3.5, by reduction of the corresponding azide
which has been previously synthesized. Maltosylazide 5 was synthesized in a
stereoselective manner, to obtain the B isomer, by treating B-D-maltose octa-acetate
with trimethylsilyl azide and tin tetrachloride, as a Lewis acid catalyst, employing the
general procedure described by Paulsen.?' The azide group was reduced to the amine by
hydrogenation using Palladium hydroxide on carbon as catalyst to yield the acetylated
maltosylamine 6. The product was used without further purification because of its
instability. The disappearance of azide was monitored by the IR signal to confirm the
product formation. Compound 6 is used in the synthesis of the target amide derivatives
by amidation with palmitic acid or N-palmitoylphenylalanine. Furthermore, this
synthetic route allows the use of the -maltosylazide for direct coupling of hydrophobic
blocks in the preparation of glycoamphiphiles as will be described below.

AcO AcO ACO
AcO AcO AcO
Me3SiNg, SnCly AcO Pd(OH)Z/C 20% wt ™
(0] CH2CI2 anh. O THF anh.
OAc 5 N3 6 NH

AcO AcO AcO

Scheme 3.5: Synthesis of the functionalized acetylated maltose derivatives.

On one hand, reaction of the peracetylated B-maltosylamine 6 with palmitic acid or a
derivative of palmitic acid gives rise to the peracetylated precursor of Malt-NH-C;¢ and
Malt-NH-Phe-Cy6, see scheme 3.6. The synthesis of Malt-NH-C;¢ was recently
published and according to this reference palmitoyl chloride was used for the
condensation.'™ On the other hand, compound 6 can react with N-
palmitoylphenylalanine which was synthesized from phenylalanine and palmitic acid

activated with N-hydroxysuccinimide, see scheme 3.6. DCC and hydroxybenzotriazole
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were used for the condensation of these synthetic blocks for the synthesis of OAc-Malt-
NH-Phe-Cy6. Yields in both condensation reactions were around 45%. Peracetylated

compounds are easy to dissolve, purify and characterize.
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. OAc
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HO @\
H
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o

Malt-NH-C,¢ Malt-NH-Phe-C,¢

Scheme 3.6: Synthesis of Malt-NH-C;4 and Malt-NH-Phe-Cjg.

As mentioned above it is possible to take advantage of the azide group on compound 5.
The coupling of azide and alkynes through a copper-catalyzed 1,3-dipolar cycloaddition
is widely used as efficient click reaction in the preparation of organic materials.** This
cycloaddition generates a triazole ring that connects the sugar head and the hydrophobic
tail. This fact opens up new possibilities for the design and preparation of amphiphilic
glycolipids. Click reaction” was first described by Sharpless and this strategy is
characterized by high yields, mild reaction conditions, and requires simple or no

workup for obtaining the final product.

Thus in an alternative approach, a copper(I)-catalyzed azide-alkyne [3+2] cycloaddition

was carried out by using compound 5 and propargyl derivatives of palmitic acid, as it is
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shown in scheme 3.7. For this purpose the N-propargyl palmitic amide 8 and the N-
propargyl amide derivative of (N’-palmitoyl)phenylalanine 9 were first synthesized.
Click reaction was carried out in DMF using CuBr and pentamethyldiethylenetriamine
(PMDETA) to give the desired product in around 90% yield.

In a final step, all the protected derivatives were deacetylated at RT according to
Zemplen's conditions using MeONa and Amberlyst IR120 in anhydrous MeOH, to give

the final product in almost quantitative yield.

Ho, A A~
HO)K/\/\/\/\/\/\/\ N
YN
[0 1L
EDC, HOBt
= NH, :
= DCC, HOBt
THF, anh. ///\ NH,
THF anh.
; N

/\ JK/WW\/\/\ X H H 2

= N S

Z  H N

TN
8 o
9
+5 +5
CuBr, PMDETA OAc CuBr, PMDETA
AcO DMF anh. AcO DMF anh.
AcO. AcO. (0]
AcO OAc
o
A AcO o
cO c N/\N;NK/H Y 0
\H/W\/WW AcO = NT(:\ JJ\A/\/\A/\A/\
OAc-Malt-Tz-C,g OAc-Malt-Tz-Phe-C;s  ©

NaOMe, amberlyst IR-120 HSO NaOMe, amberlyst IR-120
MeOH anh. MeOH anh.

Malt-Tz-C4¢
Malt-Tz-Phe-C4¢

Scheme 3.7: Synthesis of Malt-Tz-C;6 and Malt-Tz-Phe-Cjs.

Final compounds Malt-NH-Cys, Malt-NH-Phe-Cy5, Malt-Tz-C;s and Malt-Tz-Phe-
Ci6 were characterized by 'H NMR, C NMR, IR and mass spectrometry. See

experimental section 3.7 for more detail.

2D NMR experiments as COSY, TOCSY, NOESY, HSQC and HMBC were performed

in order to corroborate the chemical structure of the glycolipids.

Fig. 3.16 shows, as example, '"H NMR experiment of OAc-Malt-Tz-Cy6 and Malt-Tz-

Ci6. The assignments of the sugar protons are supported by 2D experiments. In Fig.
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3.17 the TOCSY experiment of QOAc-Malt-Tz-C;6 can be seen where by means of
correlations of a whole spin system, protons from one cycle of the sugar can be
distinguished from protons of the second cycle (see section 3.6 for a detailed example

of the structural characterization of a glycoamphiphilic product by NMR).

4 _OAc
a AcO 6
) AcO\ 5—O

3Ac021  OAc
4'[q

0
AcO )\ 5 No OAc-Malt-Tz-Cyq
4 é)H S'AcO 2’ ’
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o0& o

HOs Ney Malt-Tz-Cy5
3 HO 2NN H
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) Hl/ H6'b/ OCHs
CH,- NHHGa/ H6'D
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(CHy)
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Figure 3.16: a) OAc-Malt-Tz-C¢ and Malt-Tz-Cy¢ chemical structure, b) '"H NMR
spectrum of OAc-Malt-Tz-Cy¢ with CDClIj as solvent at 25°C, ¢) '"H NMR spectrum of
Malt-Tz-Cy¢ with MeOD as solvent at 50 °C.
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Figure 3.17: TOCSY spectrum of QOAc-Malt-Tz-C;¢ with CDClI; as solvent at 25°C and

90 ms of mixing time.

3.3.2. Thermal properties

As it was described in Chapter 1 maltose derivatives linked by an ether bond to
different alkyl chains were found to exhibit a bilayer smectic A phase. Maltose
derivatives linked by an amide bond to aliphatic chains have also been studied and in
particular, Malt-NH-C;¢ was previously reported as mesomorphic but the mesophase

was not clearly assigned.®

The thermal and mesomorphic properties of the synthesized amphiphilic glycolipids as
well as the peracetylated precursors were studied by thermogravimetric analysis (TGA),

polarizing optical microscopy (POM) and differential scanning calorimetry (DSC).

The thermogravimetric results are gathered in Table 3.1. The samples were dried and
immediately analyzed; however small weight losses are observed around 100°C,
probably due to the hygroscopy of the sample. In peracetylated precursors weight loss
associated to thermal decomposition was observed at temperatures close to 300°C.
Thermogravimetric curves for glycolipids display weight losses in the range 140-225
°C. As example, in Fig. 3.18 are shown the thermogravimetric curves of OAc-Malt-Tz-

Phe-C;6 and Malt-Tz-Phe-Cys.
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Table 3.1: Thermogravimetric analysis of peracetylated precursors and glycolipids

derived from maltose.

Compound

OAc-Malt-NH-Cg 300°C
OAc-Malt-NH-Phe-C,4 320°C
OAc-Malt-Tz-Cyq 315°C
OAc-Malt-Tz-Phe-Cyg 315°C
Malt-NH-C 4 180°C
Malt-NH-Phe-Cg 140°C
Malt-Tz-Cy4 225°C
Malt-Tz-Phe-Cy4 200°C

Tso0st = Temperatures at which 5% of the initial mass is lost. Ty = Onset of decomposition process. Ty =

Temperatures at which the rate of weight loss is maximum.

330°C
335°C
325°C
325°C
258°C
190°C
275°C
275°C

OAc-Malt-Tz-Phe-Cyq

—— Malt-Tz-Phe-Cy¢

Fig. 3.18: Thermogravimetric curves of OAc-Malt-Tz-Phe-Cy6 and Malt-Tz-Phe-Cjs.

The peracetylated precursors were studied by polarizing optical microscopy provided
with a heating stage as a function of temperature and mesomorphic behavior was not

observed. All compounds melted directly from a crystalline state into an isotropic

liquid, see Table 3.2.
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However, the final glycolipids exhibited textures which can be associated with
thermotropic liquid crystalline behavior. The poorly defined birefringent texture of the
viscous mesophase, see Fig. 3.19, cannot be unambiguously assigned. Nevertheless it
can be postulated that the mesophase is lamellar based on previous results on

thermotropic glycolipids having a similar structure.

Fig. 3.19: Microphotograph of a) Malt-NH-C;¢ taken at 155 °C, b) Malt-NH-Phe-Cy,
taken at 160 °C, ¢) Malt-Tz-C, taken at 130 °C, d) Malt-Tz-Phe-C;4 taken at 160 °C.

Decomposition of glycolipids was observed by optical microscopy at temperatures
around 170 °C since the sample became brown, most probably due to the thermal
decomposition of the sugar unit even at temperatures below the onset of the massive

weight loss detected by thermogravimetry.

The DSC study of the glycolipids was performed by heating the compounds to 150 °C
(as maximum) in order to minimize the thermal decomposition of the samples (detected
around 170 °C by optical microscopy). Under these conditions the second and
successive scans were reproducible. The transition data are gathered in Table 3.2. In all

cases, broad transition peaks were observed and traces of water were detected, even
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after drying under vacuum. Complex curves were obtained with changes in the baseline

(see Fig. 3.20).

Table 3.2: Thermal transitions of glycolipids and peracetylated precursors detected by
DSC (10°C/min).

Thermal transition (°C) [AH kJ/mol]

OAc-Malt-NH-Cy¢ Cr124[18.7] 12
OAc-Malt-NH-Phe-C; Cr170[42.5] I

OAc-Malt-Tz-Cyg Cr103[15.1] I2

OAc-Malt-Tz-Phe-Cy; Cr171[24.4] 12

Malt-NH-C;¢ Cr 49 [6.2] Cr’ 67 [5.0] (cold crystallization 75) Cr’” 144 [2.3] S,P
Malt-NH-Phe-C; Cr 24 [3.7] (cold crystallization 80) Cr* 127 [7.7] S,°
Malt-Tz-Cyg Cr 31 [2.0] Cr’ 49 [6.2] (90)¢S,P
Malt-Tz-Phe-Cyg Cr 45 [3.0] Cr’ 142 [4.0] S,b

? Data corresponding to the first heating scan. The heating cycles on protected glycolipids were only carried out up to
200 °C ® Data corresponding to the second heating scan. The heating cycles on glycolipids were only carried out up to
150 °C to avoid decomposition, which occurs before isotropization. Cr = crystal, I = Isotropic phase, S, = Smectic A

phase (according to X-ray data). ¢ See text.

Malt-NH-Cy4 was previously characterized by Branderburg and co-workers'® as a
glassy material with a transition from a glass to a mesophase (the nature of the
mesophase was not described) at around 141 °C. On heating, however, this compound
exhibits (once it has been cooled from 150 °C) two endothermic peaks (probably due to
crystalline polymorphism) followed by an exothermic transition that can be assigned to
a cold crystallization. Finally, the compound melts at around 145 °C into a highly
viscous mesophase (according to POM). On cooling, this compound crystallizes at
around 60 °C. Consequently, the compound is crystalline up to ca. 145 °C and it finally
melts to give a mesomorphic phase in contrast to the previous described

characterization, see Fig. 3.20.a.

The analog Mal-NH-Phe-C;¢ shows similar thermal behavior, but in this case the
melting point of the crystalline solid formed by cold crystallization is around 130 °C.

The thermal behavior of Malt-Tz-Phe-C,¢ is similar except that cold crystallization is
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not observed for this compound and the melting transition occurs at around 140 °C.
However, in the case of Malt-Tz-Cyg, the peak corresponding to the melting transition
is depressed and was observed at around 50 °C. Above this temperature the sample is
highly viscous and difficult to characterize by optical microscopy. Nevertheless, at
temperatures above approximately 90 °C the sample becomes more fluid and can be

clearly described as liquid crystalline according to the optical observations, see Fig.

3.20.b.

a) b)
— Malt-NH-Cy, T Malt-Tz-Cyq
! o
2 2
0 w
-50 0 50 100 150 200 -50 0 50 100 150 200
Temperature °C Temperature °C

Fig. 3.20: a) Second cycle scan DSC profile in the solid state of Malt-NH-Cy¢, b)
Second cycle scan DSC profile in the solid state of Malt-Tz-Cgs.

In all cases, decomposition was observed in the mesomorphic state at temperatures
above approximately 170 °C either by optical microscopy or DSC, when samples were
heated up to this temperature. In this case the decomposition was observed as a

modification of the baseline, see Fig. 3.21.

— Malt'TZ'C16

Endo —

-50 0 50 100 150 200 250
Temperature °C

Fig. 3.21: Third cycle scan DSC profile in the solid state of Malt-Tz-C;¢to 200°C.
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In order to identify the mesophase, XRD studies were carried out on the
glycoamphiphile Malt-Tz-Cy6, as a representative example, which exhibit
mesomorphism at lower temperatures. X-ray patterns were recorded at 65 °C for 4.5 h
on samples previously heated to 150 °C in order to develop the mesophase. Bragg
reflexions in the low-angle region were found that were related to second, third and fifth
order of a lamellar organization, see Fig. 3.22. The lamellar spacing was measured close
to 51 A, which indicates an interdigitated bilayer Smectic A phase. In Fig. 3.23 a
proposed model is shown. The length of the aliphatic acid chain is approximately 18.4
A, the sugar polar head 9.7 A and the triazole has 6.6 A (according to measurements
accomplished in Chem3D Pro 12.0 program). In the high angle region a diffuse, broad
maximum was found along with several slightly sharper peaks. These peaks were also
observed when the experiment was performed at 150 °C. This fact leads us to suggest

that some degradation occurred during the experiment.

Second lamellar order ;
Third lamellar order

i

%

Fiifth lamellar order

Fig. 3.22: XRD diffractogram of the Malt-Tz-Cs, the sample was heated until 150°C

and the experiment was recorded at 65°C for 4.5 h.
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9,7A

6,6A

SI1A 1854

18,5A
163A

Fig. 3.23: Proposed organization of the Malt-Tz-C;¢ molecules on the lamellar phase.

A qualitative study of the lyotropic properties was also carried out by the contact
method. Malt-Tz-Cy6 was selected to be tested because this compound presents
solubility in water under heating, as it will be explained below. The sample was first
heated to 120 °C (mesophase) and then cooled to RT. A small amount of water was then
placed on the slide at the edge of the cover glass and this completely surrounded the
sample. The slide was placed again for a few seconds on the hot stage at 80 °C and the
phase behavior was immediately investigated by polarizing optical microscopy. A
concentration effect was observed, as can be seen in Fig. 3.24. A birefringent texture
appeared on a gradient of water from pure liquid to solid glass state. This is due to a
lyotropic phase with a lamellar organization according to similar reported textures.'?

However, a precipitate finally appeared over time.

Fig. 3.24: Lyotropic phase observed by optical microscopy on a sample of Malt-Tz-C;¢

in water prepared by the contact method: a) with polarizers, b) without polarizers. The
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concentration increases from left to right; the solid glycolipid sample is shown on the

right side.

3.3.3. Supramolecular Gels

The solubility and gelation ability of Malt-NH-Cy4, Malt-NH-Phe-C5, Malt-Tz-Cy,
and Malt-Tz-Phe-C;¢ were examined in different solvents. With this aim, 5 mg of the
corresponding glycoamphiphile was dissolved in about 0.1-1 mL of the solvent, i.e. in
the range of 0.5-5 wt % (the gelator and the solvent were placed in a septum-capped test
tube). Glycoamphiphiles are not soluble at RT in the selected solvents, except DMSO.
However, in some of the solvents, the glycolipids eventually dissolved on heating. The
solution was then cooled down to RT and a solution, a precipitate or a gel was observed
depending on the system glycolipid-solvent. The formation of a gel was registered if the
tube was turned upside down and the solution did not flow. The results are summarized

in Table 3.3 for mixtures with 1wt % of the sample.

Table 3.3: Solubility and gelation properties of synthesized glycolipids in different

solvents at 1wt %, after heating and cooling down to RT.

Hexane | |
Ethyl Acetate I |
Tetrahydrofuran P |
Dichloromethane | |
Acetone | |
Methanol P P (G?)

|

3]

S

W - - »n = =

Water I G GP
Water/Methanol G (3:2)¢ Not tested G (3:1)d
Dimethylsulfoxide S S S

I = Insoluble, P = Precipitate, S = Solution, G = Gel. * Gels are formed at higher concentrations (2.5-5 wt %) and

upon cooling in a fridge. ® Inhomogeneous gel, see text. °5 mg in the mixture of 0.3 mL of water and 0.2 mL of

methanol.®3 mg in the mixture of 0.3 mL of water and 0.1 mL of methanol.

It can be seen that only the compounds that contain a triazole ring give rise to gels in

aqueous solution. Malt-Tz-C;¢ can gelate in water to form a homogeneous gel, at a
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minimum concentration of 1 wt % and in the absence of other organic solvents. Malt-
Tz-Phe-Cy6 also formed a stable gel in water at 1 wt % but it was found to be
inhomogeneous as some precipitate was observed within the gel structure once it was
cooled to RT. The addition of methanol as an organic solvent led to the formation of a
homogeneous and stable gel (in a mixture of water/methanol 3:1). Malt-NH-Phe-Cy,
can also gelate in a mixture of water/methanol (3:2). In all cases, gels are
thermoreversible, having a gel-sol transition at around 60-80 °C, and they are stable at
RT, see Fig. 3.25. Malt-NH-C; did not form gels even with a 1:1 proportion of water
and methanol. Compounds with phenylalanine (Malt-NH-Phe-Cy6 and Malt-Tz-Phe-
Ci6) can gelate in methanol at concentration of 2.5-5 wt %, and cooling the solution in a

freezer.

Fig. 3.25: a) Hydrogel of Malt-Tz-Cy6 (1 wt %), b) Malt-Tz-Phe-Cy¢ gels (left: 1 wt %
water, right: 3mg in 0.3 mL of water and 0.1 mL of methanol), c) Malt-NH-Phe-C;¢ gel
(5mg in 0.3 mL of water and 0.2 mL of methanol).

Temperatures of gel to sol transition of the hydrogels were studied by DSC using
aluminum sealed capsules. For Malt-Tz-Cy in a first experiment 5 wt % of solid was
dispersed in water at RT and heated at 10°C min"'. On heating this mixture an
endotherm was detected at 66 °C. A thermal peak was not observed in the cooling scan.
On the second heating, a broad peak was observed at around 65 °C and this could be due
to the gel-sol transition. In order to confirm that this peak corresponds to the gel-sol
transition, a preformed hydrogel of Malt-Tz-Cy¢ (1 wt %) was directly studied by DSC

(5 °C min™). An endothermic peak was detected at around 65 °C but a peak was not
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observed on cooling as in the first study. However, in the second heating scan the peak
corresponding to the gel-sol transition was again observed, which confirms the

reversibility of this transition, see Fig. 3.26.a.

The hydrogel derived from Malt-Tz-Phe-C;¢ at 1% wt was directly studied by DSC (5
°C min") and two peaks were detected on heating (see Fig. 3.26.b for the second
thermal cycle, top). This observation could be due to the presence of a partial
precipitate. The first peak could correspond to a solubilization transition similar to those
observed for surfactants that display a Krafft Temperature.”* A second endotherm is
measured at higher temperature and this can correspond to the gel-sol transition of the
gel. DSC measurements (5 °C/min) on the gel formed in a water/methanol/water (3:1)
mixture (see Figure 3.26.b for the second thermal cycle, bottom) show a peak at around
75 °C corresponding to the gel-sol transition (a small transition can be detected at
around 65 °C, probably due to slight insolubility). DSC measurements (10 °C min™") on
a gel of Malt-NH-Phe-C;¢ obtained in a mixture of water/methanol (3:2) also show a
single peak at around 80 °C corresponding to the sol-gel transition. In all cases,

subsequent heating scans confirmed the reversibility of these transitions.

/\_/\

a) b)

-

w

Endo—
Endo —

5 %5 45 55 65 75 8 25 35 45 55 65 75 85
Temperature°C Temperature°C
Fig. 3.26: Second DSC thermal cycle (5 °Cmin™, nitrogen atmosphere): a) gel of Malt-
Tz-Cy¢ at 1wt % water, heating scan (top) and cooling scan (bottom), b) gels of Malt-
Tz-Phe-Ci6 at 1 wt % in water, heating scan (top) and at 1 wt % in a mixture of

water/methanol 3:1, heating scan (bottom).

NMR experiments can also provide information about gel-sol transitions. Malt-Tz-Cyg
hydrogel at 1 wt % in D,O was selected as example to study the gel-sol transition

temperature. For this purpose 'HNMR spectra were recorded at different temperatures.
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On heating progressively the gel sample, the spectrum was fully resolved above 70 °C

(a clear solution is obtained around this temperature) as can be seen in Fig. 3.27.
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Fig. 3.27: '"H NMR spectra of Malt-Tz-Cy¢ hydrogel, 1 wt % (at RT) taken at different

temperatures, around the gel-sol transition.

It has been reported that two of the driving forces that can favor gelation are H-bonding
and m-m stacking of aromatic rings. In two of the synthesized compounds, Malt-NH-
Phe-C;¢ and Malt-Tz-Phe-C,4, the phenyl group is remote from the axis of the
molecule and can rotate freely and probably m-n stacking interactions are one of the
interactions responsible for the directional self-assembly. Moreover the different
gelation behavior between Malt-Tz-C;¢ and Malt-NH-Cy6 highlights the effect of the
triazole ring. This group can also provide m-m stacking interactions. Otherwise, the
triazole ring corresponds to a rigid fragment in the amphiphile structure which can favor
directional interactions and help the formation of 1D or 2D aggregates (fibrils and
tapes). Besides, the dipole moment exhibited by the 1,2,3-triazole ring increases the
hydrophilic behavior and favor the preparation of hydrogels. In the case of Malt-NH-
Phe-C; and Malt-Tz-Phe-Cy6, molecules are more hydrophobic and the presence of an
organic co-solvent is required for complete solubilization and subsequent gel formation
on cooling. Consequently, in the design of these gelators the presence of the triazole as

a linking unit between the hydrophobic and hydrophilic parts seems to play an
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important role both for the formation of the supramolecular network and also for

ensuring an appropriate solubility in water.

Morphological gel characterization. The self-assembled structure of the gels derived

from the synthesized glycoamphiphiles was studied by electron microscopy.

SEM measurements show a topological image of the xerogel obtained by drying the gel
as in this technique a high vacuum is generally needed (environmental scanning electron
microscopy —ESEM- allows the option of collection information from wet samples).
Gel was fixed onto a glass and subsequently dried and coated with gold. Xerogels
obtained from Malt-Tz-Cy6, Mal-Tz-Phe-C;s and Malt-NH-Phe-Cj¢ gels display an
interconnected fibrillar structure where the diameter of the fibres changes depending on
the sample. The microphotographs in Fig 3.28 show this fibrillar network for all the

studied compounds.

Fig. 3.28: a) SEM image of Malt-Tz-Cys (1 wt % water) xerogel, b) SEM image of
Malt-Tz-Phe-Cy6 (1 Wt % water) xerogel, c) SEM image of Malt-Tz-Phe-C;¢ (3 mg in
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0.3 mL of water and 0.1 mL of methanol) xerogel, d) SEM image of Malt-NH-Phe-Cyg

(5 mg in 0.3 mL of water and 0.2 mL of methanol) xerogel.

In Malt-Tz-C,¢ the diameter of the observed fibers is around 80 nm and the length is in
de order of several pum, see Fig. 3.28.a. Gels derived from compounds with
phenylalanine, i.e. Mal-Tz-Phe-Cy6 (in water and in a mixture of methanol and water)
and Malt-NH-Phe-Cy; (in a mixture of methanol and water), display fibrillar structures
with estimated diameters of around 80-200 nm, with lengths in the order of several um,

see Fig. 3.28 b, ¢ and d.

In order to have a deeper insight into the fibers which form the fibrillar network, a
dilution (0.1 wt %) of the different gels was measured by TEM, see Fig. 3.29. A drop of
a sample was placed onto a carbon-carbon grid and later negatively stained with a

uranyl acetate solution; also in this case the sample has to be dried.

In Malt-NH-Phe-C;¢ the fiber diameter was similar to the diameter observed by SEM,
i.e. around 150 nm (Fig. 3.29.d), but in the cases of Malt-Tz-Phe-C; and Malt-Tz-C;¢
the estimated diameters were smaller: around 15 nm for Mal-Tz-Phe-Cj¢ in water (Fig.
3.29.¢), 40-80 nm for Mal-Tz-Phe-C;¢ in mixture methanol/water and 40 nm for Malt-
Tz-Cy6 (Fig. 3.29.a). This finding is consistent with the presence of bundles of fibers of
tens of nanometers that are further interpenetrated to form the physical network and
make the immobilization of the solvent possible. Furthermore, torsion was detected in
the fibrillar structure studied. For instance, in Malt-Tz-Cy (Fig. 3.29.b) a twisted
helical ribbon was observed in a dried sample of a 0.1% solution of the material in

water.
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Fig. 3.29: a) TEM image of Malt-Tz-Cy6 (0.1 wt % water), b) TEM image of a single
fiber of Malt-Tz-Cy6 (0.1 wt % water), ¢) TEM image of Malt-Tz-Phe-Cy¢ (0. 1 wt %
water), d) TEM image of Malt-NH-Phe-Cy¢ (5 mg in 0.3 mL of water and 0.2 mL of
methanol gel, diluted 10 times). TEM images were dried and negatively stained with a

aqueous solution of uranyl acetate.

AFM measurements on Malt-Tz-Cys xerogel were also performed. A drop of the gel,
placed onto graphite and subsequently dried with air, was directly observed. As it is
shown in Fig. 3.30, fibers obtained from Malt-Tz-C,¢ have a twisted ribbon structure. If
isolated fibers of Malt-Tz-C;¢ are observed a left handed orientation was detected. As
example, a single fiber is showed in Fig. 3.30.b. Furthermore, when the thickness was
measured along the fiber, different values were observed that are also in accordance
with a helical arrangement of the ribbons instead of regular cylindrical fibers.
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Fig. 3.30: AFM microphotographs of xerogel of Malt-Tz-Cy¢ (1 wt %), b) single ribbon
of Malt-Tz-Cy6 (1 wt %).

The drawback of the microscopic results described above is that the techniques require
complete drying of the sample and consequently the structure could be modified.
Moreover the stain has the potential of introducing artifacts interacting with the
assemblies in a manner that can change their morphology.” Environmental scanning
electron microscopy (ESEM) and cryo-transmission electron microscopy (Cryo-TEM)

were used to study the native Malt-Tz-Cy¢ hydrogel.

ESEM gives an insight on the micrometer structure under wet environmental
conditions. Fig. 3.31 shows microphotographs of a directly measured Malt-Tz-Cyq

hydrogel.

Fig. 3.31: Malt-Tz-Cy5 1 wt % ESEM microphotograph a) at 99.9% humidity and 3°C
and 759 Pa, b) at 5.0% humidity and 22.0°C and 133 Pa.
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The gel has a wrinkle brain-like texture at the scale of micrometers. When humidity
decreases small fibers can be observed, which form the interpenetrated network, see

Fig. 3.31.b. This technique also enables to observe the irregular holes of the structure.

An experiment was performed at a fixed temperature of 3 °C while the humidity was
decreasing from 99.9 % to 10 % in an established area, in order to observe possible
changes promoted by drying. In a sample of Malt-Tz-Cy6 1 wt % hydrogel no drastic
modifications in the structure were detected, see Fig. 3.32. According to these results it
can be concluded that the xerogel obtained by removing the solvent has morphology

similar to wet structure of the gel.

Fig. 3.32: Malt-Tz-C,¢ 1 wt % water ESEM microphotographs: a) at 99.9% humidity,
3°C and 759 Pa b) at 65.8 % humidity, 3°C and 500 Pa, c¢) at 20.0 % humidity, 3°C and
152 Pa, d) at 10.0 % humidity, 3°C and 76 Pa.
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Cryo-TEM experiments were carried out also directly in the Malt-Tz-Cy6 1 Wt %
hydrogel. The aqueous sample was flash-frozen in liquid ethane at the temperature of
liquid nitrogen, creating thin vitrified ice films onto the grid and observed by TEM.
Microphotographs of the gel are shown in Fig. 3.33. Ribbons resulting from the self-

assembly of the amphiphile were detected by this technique.

Fig. 3.33. Cryo-TEM images of Malt-Tz-Cy6 1 wt % water gel: a), b) and c) twisted
ribbon and d) close up of a part of the microphotograph c).

On studying the twisted part of a ribbon, it can be seen that their cross-sections show
alternate dark and bright regions (as can be seen in the close up of Fig. 3.33.d) with a
thickness of these regions of about 2 nm and 2.5 nm, respectively. A model, shown in
Fig. 3.34 is proposed to explain the assembly of Malt-Tz-C,¢ amphiphiles in water into
ribbons and the resulting layered structure of the cross-section.
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Fig. 3.34: a) Close up of microphotograph c) in Fig. 3.33, b) model proposed for the
self-assembled Malt-Tz-C;¢ hydrogel.

This layered structure of the cross-section of ribbons is formed by alternating
hydrophilic parts, consisting of a bilayer of sugar polar heads, and hydrophobic parts of
interdigitated aliphatic domains. In fact, the theoretical length of the hydrophobic part is
about 25 A (18.5 A for the palmitic chain and 6.6 A for the amide and triazole ring, see
Fig. 3.23), which is in accordance with the thickness of the bright motives of around 2.5
nm. In the same way the theoretical length of the disaccharide is around 10 A. The
thickness of the dark motive is around 2 nm, which is in accordance with a disaccharide

bilayer.

X-ray diffraction experiments were performed on Malt-Tz-Cy6 sample. X ray
diffraction patterns of a gel 1 wt % in water and lyophilized gel (xerogel) were recorded

and compared, see Table 3.4 and Fig. 3.35.

Table 3.4: Spacing measured by X-ray diffraction for Malt-Tz-C;6 1 wt % water and
the lyophilized sample (xerogel).

GEL XEROGEL
(100 mm) (80 mm)

44.0 A 44.8 A
26.8 A 154 A
34A 40A

3.6A
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b)

Fig. 3.35: XRD diffractograms of Malt-Tz-Cys: a) gel 1 wt %, b) lyophilized gel. The

experiments were recorded at RT.

Information from the powder pattern obtained is the long d spacing which corresponds
to the longest repeat distance in the structure. In both cases, this d spacing was around
44 A. This pattern is larger than the length of one molecule (34.8 A, see Fig. 3.23) but
smaller than twice the extended molecular length. This result indicates that an
interdigitated tilted bilayer was probably formed as it was observed in cryo-TEM.
However, other reflections characteristic of the lamellar order were no clearly found for
the gel. In the lyophilized sample (xerogel) only the third order reflection was found
(15.4 A).
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Supramolecular Chirality. The twisted fibrillar structure observed by previous
microscopic techniques can indicate a chiral supramolecular organization in the
hydrogel of Malt-Tz-C;¢. In order to confirm this possibility, circular dichroism (CD)
measurements were carried out both in solution and hydrogel state of this compound

and the results are collected in Fig. 3.36.
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Fig. 3.36: CD (top) and UV-vis (botton) spectra of Malt-Tz-Cy6: (a) dashed line:
acetonitrile solution (0.7 wt %) and (b) solid line: hydrogel 1 wt % of Malt-Tz-Cys.

The Amax value for a Malt-Tz-C¢ solution 0.7 wt % in acetonitrile in the UV absorption
spectrum appears at around 224 nm and the A, value for a Malt-Tz-C;6 hydrogel at 1
wt % in the UV absorption spectrum appears at around 232 nm. This absorption can be
assigned to the triazole group. A Cotton effect was not observed in the CD spectrum of
a solution of the compound in acetonitrile. However, the hydrogel of this compound (1
wt %), when placed between two quartz discs, exhibited a negative Cotton effect where
the O, value appeared at 236 nm which is very slightly displaced from the Ay in the
UV spectrum (232 nm). We confirmed that the contribution of the linear dichroism
(LD) to the true CD spectrum is negligible by comparing several CD spectra recorded at

different angles around the incident light beam. See Characterization Techniques 7.
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Annex for experimental conditions. The Cotton effect for the gel sample supports the
hypothesis that an ordered chiral structure is formed by self-assembly and gelification in

aqueous solution.

In order to gain an insight into the supramolecular aggregates formed in water, a dilute

solution containing 0.01% wt of Mal-Tz-C,¢ was studied by CD, see Fig. 3.37.
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Figure 3.37: CD (top) and UV-vis (bottom) spectra of a solution of Malt-Tz-Cy¢ (0.01
wt % in water) taken at different times once the solution has been previously heated to

80 °C and left to cool to RT.

This solution was first heated to 80 °C and then cooled down to RT. The evolution of
the UV-vis and CD spectra was then registered. A displacement in the Ay,ax from 220 nm
to 235 nm in the UV spectrum was observed and an evolution of the corresponding CD
signal was also observed. A cloudy solution was eventually obtained due to
aggregation. It can be observed that there is an evolution of the signal corresponding to
the aggregates formed in solution (it should be remarked that in this concentration, gel

formation does not take place). Despite the different experimental conditions, the final
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CD spectrum exhibits as main band a negative Cotton effect at a similar wavelength as
the one observed in the gel state and corresponding to the absorption of the triazole ring.
This result may indicate a similar supramolecular arrangement of amphiphiles in a

chiral fibrillar structure.

3.4. Glycolipids derived from cellobiose or lactose and palmitic acid

According to the results described above, amphiphilic glycolipids prepared by clicking
a hydrophobic linear chain to a maltose polar head by copper(I)-catalyzed azide-alkyne
[3+2] cycloaddition resulted to be hydrogelators. This click reaction”® provides a
satisfactory synthetic pathway to link parts with different polarity and the resulting
triazole unit can afford a rigid fragment that favors the directional self-assembly in one
dimension to build fibers. Moreover, the dipole moment of the triazole unit increases
the hydrophilicity of the amphiphile, thus aiding the gelation process in water.® ?° Due
to the good gelation properties of Malt-Tz-C;¢ as hydrogelator, this compound was
selected as reference in order to modify the disaccharide polar head and study its

influence o on the gelation properties see Fig. 3.38.

Malt-Tz-C,, O

OH OH on

HO
HC&\/ OH HO&\/ OH
o o
HO HO o HO HO o
,NDN ,N:N
N H
He \%NT\/\/\/\/\/\/\/\/ Ho NKHY\AA/WW

Cell-Tz-C,s © Lact-Tz-C,s O

Figure 3.38. Chemical structure and nomenclature of the glycolipids.

In this section we prepared two new hydrogelators based on different disaccharide polar
head. Cellobiose has a B (1—4) connection between two glucoses instead of the a
(1—4) connection of maltose. In the case of lactose the terminal sugar ring is galactose

instead of glucose. These disaccharides, with different stereochemistries also adopt
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preferential conformations® that can induce different packing of the corresponding low

molecular mass amphiphiles.

The liquid crystalline properties of the amphiphilic materials were also characterized.
The fibrillar supramolecular structures formed by the self-assembly were studied by
different microscopic techniques on the dried gel (xerogel) and hydrated conditions in

order to characterize the micro and nano-structures.

3.4.1. Synthesis

Cell-Tz-Cy6 and Lact-Tz-Cy6 glycoamphiphiles were synthesized by click coupling of
the disaccharide polar head and the aliphatic chain as was previously described for
Malt-Tz-Cy5 and Malt-Tz-Phe-Cy¢ and the synthetic pathway is shown in Scheme 3.8.
The connecting group is a triazole ring bearing a neighboring amide group. The triazole
ring was formed by a copper(l)-catalyzed azide-alkyne [3+2] cycloaddition using a
disaccharide azide and N-propargylpalmitamide 8.

The synthesis of the disaccharide-azides was performed using the corresponding
peracetylated sugar as the starting material. Peracetylated lactose 10 was synthesized
using sodium acetate and acetic anhydride and peracetylated cellobiose was
commercially purchased. Glycosyl azides 11 and 12 were synthesized stereoselectively

employing the general procedure described by Paulsen® '

and previously used for
maltosylazide 5. Glycosyl azides react through a 1,3-dipolar cycloaddition with N-
propargylpalmitamide 8. The click reaction was carried out in DMF using CuBr and N-
pentamethyldiethylenetriamine (PMDETA) to give the desired product. All of the
protected derivatives were deacetylated at RT according to Zemplen’s conditions
(MeONa and Amberlyst IR120 in anhydrous MeOH) to give the final product in almost

quantitative yield.

177



3. SUPRAMOLECULAR GELS BASED ON GLYCOLIPIDS

OH on
HO (@] OH
O
HO HO. 0
Ha OH
NaOAc
OAc acetic anh.
OAc OAc
AcO AcO o OAc
AcO O OAc o
(0] AcO AcO [e)
AcO AcO Q 10 OAc
OAC AcO
‘ AcO ‘
CH,Clyanh. | MesSiNg, SnCl,
OAc l OAC oA l
AcO
AcO o] OAc AcO o) OAc
(0] (0]
AcO AcO. o AcO AcO o
N.
11 AcO 3 12 AcO Ns
o o
CuBr, PMDETA _~ L ///\NHz s
DMF anh. = N™ "CysH34 HO™ >Ci:H
7 Hg EDC, HOBt 1T
THF, anh.
OAc oA l
AXSO o OAc
O
Aco AcO T AcO o) "
NN
AcO N H
= N CqsH
OAc-Cell- TZ -C1e YCHHM OAc-Lact-Tz-C,¢ \/K/ \n/ 18T
| ) | o
NaOMe, MeOH anh. | amberlyst IR-120
OH&L
C15H31 \H/C15H31
Cell-Tz-Cyq O Lact-Tz-C,g 5

Scheme 3.8. Synthesis of Cell-Tz-Cysand Lact-Tz-Cgs.
The peracetylated precursors and the glycoamphiphiles were fully characterized by *

and *C NMR, IR and mass spectrometry. *H NMR spectra of OAc-Lact-Tz-Cys and

Lact-Tz-Cy; are shown in Fig. 3.39 as example.
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Figure 3.39: a) OAc-Lact-Tz-Cy6 and Lact-Tz-C,¢ chemical structure, b) '"H NMR
spectrum of OAc-Lact-Tz-C;¢ with CDCl; as solvent at 25°C, ¢) 'H NMR spectrum of
Lact-Tz-C¢ with MeOD as solvent at 50 °C.

2D NMR experiments COSY, TOCSY, NOESY, HSQC and HMBC were also
performed in order to corroborate the chemical structure of the glycolipids. It can be
seen in Fig. 3.39 and 3.40 that all of the sugar protons of OAc-Lact-Tz-Cs can be
assigned. These assignments are supported, as example, by TOCSY experiments (Fig
3.40). For a full elucidation of OAc-Cell-Tz-Cy and Cell-Tz-C15 molecules see section
3.6. structural characterization where correlations and determination of signals are

explained.
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Fig. 3.40: TOCSY spectrum of OAc-Lact-Tz-C,¢with CDClj3 as solvent at 25°C and 90

ms of mixing time.

3.4.2. Thermal properties

The mesomorphic properties of the synthesized amphiphilic glycolipids and the
peracetylated precursors were studied by polarizing optical microscopy (POM) and

differential scanning calorimetry (DSC).

Thermogravimetry of glycoamphiphile samples previously dried and immediately
analyzed showed weight losses at temperatures due to a massive thermal decomposition
process above 275 °C while the peracetylated compound showed weight losses at

temperatures around 310°C, see Table 3.5 and Fig. 3.41.

Table 3.5: Thermogravimetric analysis of peracetylated precursors and glycolipids.

Compound

OACc-Cell-Tz-Cyg 310°C 323°C 345°C
OAc-Lact-Tz-Cyg 305°C 320°C 345°C
Cell-Tz-Cyg 275°C 302°C 330°C
Lact-Tz-Cyq 278°C 298°C 330°C

Tso10st = Temperatures at which 5% of the initial mass is lost. T, = Onset of decomposition. T, = Temperatures at

which the maximum rate of weight loss is produced.
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Fig. 3.41: Thermogravimetric curves of peracetylated compounds versus their

corresponding glycoamphiphiles.

The peracetylated precursors were studied by polarizing optical microscopy (POM) as a
function of temperature and mesomorphic behavior was not observed. DSC experiments
confirm that QAc-Cell-Tz-Cy¢ melts directly from a crystalline state to an isotropic
liquid at 175 °C, see Table 3.6 and Fig. 3.42. Nevertheless, in the DSC study of OAc-
Lact-Tz-C;¢ crystallization was not observed on cooling the molten state and a glassy
material was obtained, see Table 3.6. DSC traces corresponding to the second or

subsequent scans only exhibit a glass transition at 52 °C, see Fig. 3.42.

Table 3.6: Thermal transitions of the synthesized glycolipids determined by DSC
(10°C.min™)

Thermal transition (°C) [AH kJ/mol]

OAc-Cell-Tz-Cy4 Cr175[37.7] I
OAc-Lact-Tz-Cyg g 52 I2

Cell-Tz-Cyg4 Cr 159 [1.9]°Sa
Lact-Tz-Cyg Cr 147 [1.5]P S,

2 The heating scans were carried out up to 200 °C. Data from the second heating scan. ® The heating scans were
carried out up to 165 °C to avoid decomposition. Data from the second cycle scan. Decomposition was observed in
the third heating scan carried out up to 250 °C. Decomposition temperatures are around 170-175 °C. Cr = Crystal, | =

Isotropic phase, S = Smectic A phase, g = Glassy state.
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Fig. 3.42: DSC curves for the second scan in the solid state of a) OAc-Cell-Tz-Cyg, b)
OAc-Lact-Tz-Cys.

The glycolipids Cell-Tz-Cy6 and Lact-Tz-Cyg, as with the previously reported Malt-Tz-
Ci6, exhibited birefringent textures associated with thermotropic liquid crystalline
behavior. The poorly defined birefringent textures of the viscous mesophase (see Fig.
3.43) precluded unambiguous assignment of the mesophase by this method. However,
according to previous results obtained on the maltose derivative, it can be assigned as
smectic. This fact was subsequently confirmed by X ray diffraction experiments (see

below). Samples become brown due to decomposition at temperatures above 170°C.

Fig. 3.43: Microphotograph of a) Cell-Tz-C;¢ taken at 165°C, first heating, b) Lact-Tz-
Cj6 taken at 165 °C, first heating.

A DSC study of the glycolipids was performed by heating the compounds to 165 °C in
the first and second scans, before decomposition in the third scan, in order to minimize

thermal decomposition of the samples, which was observed in this technique around
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170-175°C. In the third scan the sample was heated to 260 °C. Under these conditions
the second and third scans were reproducible and the transition data are gathered in
Table 3.7.

As described above Malt-Tz-Cy was characterized and exhibits a peak corresponding
to the melting transition at around 50 °C. Above this temperature the sample is highly
viscous and at temperatures above approximately 90 °C the sample becomes more fluid
and can be clearly characterized as liquid crystalline according to the optical
observations. Similar behavior was observed for Cell-Tz-Cys and Lact-Tz-Cy¢ although
the mesophase appeared at a higher temperature, around 160 and 150 °C, respectively,
see Fig. 3.44. Textures were analogous to those observed for Malt-Tz-C;6. On heating
samples up to 250 °C, peaks corresponding to decomposition were observed at around
170-175 °C, as was detected for Malt-Tz-Cys.

a) Cell-Tz-Cy b) Lact-Tz-Cy4
1 1
o o
-] k-]
i = {=
] i
-50 0 50 100 150 200 -50 0 50 100 150 200
Temperature (°C) Temperature (°C)

Fig. 3.44: DSC curves for the second scan in the solid state of (a) Cell-Tz-C;6 and (b)
Lact-Tz-Cys,

The smectic mesophase for Cell-Tz-Cy6 and Lact-Tz-Cy6 was confirmed by X ray
diffraction (XRD), see Fig. 3.45 for Cell-Tz-C;¢ and Lact-Tz-C; powder. The lamellar
spacing was measured close to 47 A, which indicates an interdigitated SmA bilayer.

Second and third order was also observed.
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a)

Third lamellar order

4

Second lamellar order

b)

First lamellar order

Fig. 3.45: a) X-ray patterns of Cell-Tz-Cy¢ recorded at 160° C for 2.5 h, b) detail of the

small angle region recorded at 160°C for 1.5 h.

3.4.3. Supramolecular Gels

The solubility and gelation ability of Cell-Tz-Cy5 and Lact-Tz-Cy¢ glycolipids were
examined in different solvents by dissolving 5 mg of compound in about 0.1-1 mL of
the solvent, i.e. 0.5-5 wt % (the gelator and the solvent were placed in a septum-capped
test tube). The results are summarized in Table 3.7. Glycoamphiphiles are not soluble at
RT in the selected solvents except for DMSO. However, in some of the selected
solvents, the glycolipids eventually dissolved on heating. The solution was then cooled
down to RT and a solution, a precipitate or a gel was observed depending on the
solvent. The formation of a gel was registered if the tube was turned upside down and
the solution did not flow. Results are compared with Malt-Tz-C15 compound described

in section 3.3.3.
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Table 3.7: Solubility and gelation properties of glycolipids in different solvents, after

heating and cooling down to RT.?

[Solvent ~ [Cell-Tz-C;y | Lact-Tz-Cyy | Malt-Tz-Cyg
|

Hexane |

Ethyl Acetate I I
Tetrahydrofuran I I
Dichloromethane I I
Acetone I I
Methanol P P
Water GP Ge Ge
Dimethylsulfoxide S S S

I
I
S
I
I
S

2| = Insoluble, P = Precipitate, S = Solution, G = Gel.® Gels are formed at 0.5 wt %. © Gels are formed at 1wt %.

Cell-Tz-Cy5 and Lact-Tz-Cy6 form hydrogels, see Fig 3.46, as the analog Malt-Tz-
C16.2% Maltose and lactose derivatives both gel at a minimum concentration of 1 wt %
while the cellobiose derivative gels at a minimum concentration of 0.5 wt %. In order to
solubilize the glycolipids in water, solutions were first heated to 90-100 °C and then
cooled to RT. Hydrogels were obtained in the cooling process. In all cases the gels are
stable at RT and thermoreversible. The sol state can be achieved again by reheating.
Thus, the septum-capped test tube was heated in a heating block and the gel-sol
transition occurs for Cell-Tz-Cy¢ at 95 °C and for Lact-Tz-C at 85 °C.

Fig. 3.46: Hydrogel of Cell-Tz-Cy6 (0.5 wt %) and Lact-Tz-Cys (1 Wt %).
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3. SUPRAMOLECULAR GELS BASED ON GLYCOLIPIDS

To better establish the gel-sol transition, hydrogels were studied by DSC (under a
nitrogen atmosphere, 10 °C min'). The hydrogel of Cell-Tz-Cy¢ (0.5 wt %) shows a
broad endothermic peak at around 90 °C, see Fig. 3.47, which is consistent with the
results obtained on heating the sample in a heating block and corresponds to the gel-sol
transition. A thermal peak was not observed in the cooling scan, however, in the second
(or subsequent) heating scans the peak at around 90 °C was again observed, thus
confirming the reversibility of this transition. In the case of Lact-Tz-C;s, peaks
corresponding to the sol-gel transition were not clearly detected by DSC (under 10
°C.min" or 5 °C.min™"). That fact is probably due to the fact that the transition occurs in

a more extended temperature range and the low enthalpic content.

—
.é 1 \J\
[°)
i3 2
w
0 20 40 60 80 100 120 75 80 85 90 95 100
Temperature °C Temperature °C

Fig. 3.47: Third DSC thermal cycle in a nitrogen atmosphere (10 °C.min™") of Cell-Tz-
Ci6(0.5 wt %) hydrogel.

NMR experiments also provide information about gel-sol transitions. On progressive
heating a gel sample in D,0, the spectrum was fully resolved once the corresponding
sol (clear solution) is obtained. Cell-Tz-Cy¢ gel (0.5 wt % D,0) was fully resolved at
around 95°C, see Fig. 3.48 and Lact-Tz-Cy¢ (1 wt % D,0) gel was fully resolved at
around 80°C, see Fig. 3.49.
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Fig. 3.48: '"H NMR spectra of Cell-Tz-Cy6 hydrogel, 0.5 wt % DO, taken at different

temperatures.
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Fig. 3.49: "H NMR spectra of Lact-Tz-Cy¢ hydrogel, 1 wt % D0, taken at different

temperatures.

In the case of Malt-Tz-C,¢ it was reported that the gel-sol transition occurs by DSC at
around 65 °C, consequently Cell-Tz-C;¢ and Lact-Tz-C;¢ present a gel state with a

higher temperature range. The nature of the sugar polar head and specially the nature of
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the glycosidic linkage between the two units (o 1—4 for maltose, B 1—4 for cellobiose
and lactose) seems to influence the stability of the supramolecular network that supports

the gels and on the gel-sol temperature or minimum gel concentration.

It is known that two of the driving forces that can promote gel formation are n-m
stacking of aromatic rings and H-bonding. The structure of the synthesized
glycoamphiphiles contains a 1,2,3-triazole ring and an amide group, both of which
could be responsible for the molecular aggregation and formation of the supramolecular
gel. In an effort to confirm the participation of these groups in the supramolecular
assembly, "H NMR experiments were performed by adding gradually water to a DMSO
solution of the glycolipids, according to the experiment described by Suzuki and

2
coworkers.”’

For both compounds, Cell-Tz-Cy6 and Lact-Tz-C;¢, the amphiphile was dissolved in
DMSO-ds (approximately 3.0 mg in 0.40 mL) and gradual addition of 0.04 mL of water
was performed. It was found that the signals corresponding to CH or CH; of the
carbohydrate remains unchanged meanwhile a displacement of the rest of signals was
observed. See Fig. 3.50 for '"H NMR experiments of Lact-Tz-Cy¢ (3.4 mg in 0.40 mL
DMSO0-dg) from 3.00 to 6.00 ppm.

As it is showed in Fig. 3.51 for Lact-Tz-Cy6, a singlet corresponding to the H of the
triazole ring is located at 8.04 ppm and the signal corresponding to the NH group is
located at around 8.27 ppm. The addition of water to the sample led to shielding of the
signal due to the H of the triazole ring, a change that indicates the contribution of n-n
stacking to the aggregation. Moreover, a simultaneous deshielding of the NH signal was
also observed and this can be assigned to self-assembly through hydrogen bonding, as

well as it happens with OH signals.
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Fig. 3.50: "H NMR spectra from 3.00 to 6.00 ppm in DMSO-dg at 25°C upon addition of
water, (a) 3.4 mg of Lact-Tz-C;4 in 0.40 mL DMSO-ds, (b) addition of 0.04 mL H,O,
(c) addition of 0.08 mL H,O, (d) addition of 0.12 mL H,O, (e) addition of 0.16 mL
H,O0.
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Fig. 3.51: "H NMR spectra from 7.95 to 8.50 ppm in DMSO-d, at 25°C upon addition of
water, (a) 3.4 mg of Lact-Tz-C;¢ in 0.40 mL DMSO-dg, (b) addition of 0.04 mL H,O,
(¢) addition of 0.08 mL H,O, (d) addition of 0.12 mL H,O, (e) addition of 0.16 mL
H,O0, (f) addition of 0.18 mL H,O.
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In this experiment, the Admax value for the H of the triazole is 0.068 ppm and Ad.x for
NH is 0.097 ppm when 0.16 mL of water (40%) was added. The signals did not shift
further beyond this volume (see Fig. 3.51 e and f) and a gel-like structure, suspended in

the solvent, is formed.

Same results are obtained for Cell-Tz-Cy, see Fig. 3.52. In this experiment the Adyax
value for the H of the triazole is 0.069 ppm and Adma.x for NH is 0.095 ppm when 0.16
mL of water (40%) was added.
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Fig. 3.52: 'H NMR experiments in DMSO-d, at 25°C upon water addition, a) 3.0 mg of
Cell-Tz-Cy4 in 0.40 mL DMSO-dg, b) addition of 0.04 mL H,O, c) addition of 0.08 mL
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H,0, d) addition of 0.12 mL H,O, e) addition of 0.16 mL H,O , f) full spectrum of 3.0
mg of Cell-Tz-Cy¢ in 0.40 mL DMSO-dg, g) full spectrum of 3.0 mg of Cell-Tz-Cy¢ in
0.40 mL DMSO-d¢+ 0.16 mL H,O.

Consequently the amide groups have an important role in the design of hydrogelators,
as is well known, but the presence of the triazole as the linking unit of the hydrophobic
and hydrophilic parts of the synthesized glycoamphiphiles also plays a key role in the

properties of these materials as hydrogelators.

Morphological gel characterization. The self-assembled microstructures of the
xerogels derived from Cell-Tz-Cy6 and Lact-Tz-C;¢ were studied by SEM and TEM
and additional experiments were performed by ESEM and cryo-TEM in order to better
understand the swollen structure in water. AFM measurements were also performed in

order to obtain topological information on the structure.

FESEM measurements on the xerogel obtained from Cell-Tz-Cy6 (0.5 wt % gel in
water) show a supramolecular fibrillar network formed by bundles of ribbons with a
width ranging from around 50 to 400 nm, and a length of several um (Fig. 3.53.a).
Similar ribbons are also observed for Lact-Tz-Cy¢ (1.0 wt % gel in water), with a width
ranging from around 40 to 150 nm and a length of several um (Fig. 3.53.b). This
physical network of ribbons is responsible for the immobilization of the solvent in

hydrogels.

191



3. SUPRAMOLECULAR GELS BASED ON GLYCOLIPIDS

Fig. 3.53: a) FESEM image of Cell-Tz-C;6 (0.5 wt % water) xerogel, b) FESEM image
of Lact-Tz-Cy6 (1 wt % water) xerogel, ¢) FESEM image of a single ribbon of Cell-Tz-
Ci6 (0.5 wt % water) xerogel, d) FESEM image of a single ribbon of Lact-Tz-Cy6 (1 wt

% water) xerogel. The samples were coated with platinum.

When single ribbons are observed, torsion can be detected in both samples.
Surprisingly, Cell-Tz-Cy ribbons exhibit a right-handed twist, as can be seen in Fig.
3.53.c, while the torsion in Lact-Tz-C;¢ ribbons leads to a left-handed twist, as can be

seen in Fig. 3.53.d.

For TEM measurements, diluted samples of 0.05 wt % for Cell-Tz-Cy6 or 0.1 wt % for
Lact-Tz-Cy6 (10 times more diluted than minimum gel concentration) were used and
negatively stained with uranyl acetate. Microphotographs of the physical network and
ribbons are shown in Fig. 3.54. Upon dilution, TEM microphotographs also display a
physical network of twisted ribbons that have widths of around 60 to 150 nm for Cell-
Tz-Cq6, see Fig. 3.54.a. In Lact-Tz-Cy¢ the ribbons seem to have a more regular width

of around 40 nm, see Fig. 3.54.b.
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Fig. 3.54: a) TEM image of Cell-Tz-C;¢ (0.05 wt %), b) TEM image of Lact-Tz-C;¢
(0.1 wt % water), c) TEM image of a single ribbon of Cell-Tz-Cy6 (0.05 wt % water)
with a right handed twist, d) TEM image of ribbons of Lact-Tz-C6 (0.1 wt % water)
with a left handed twist. TEM images were taken on samples that were dried and

negatively stained with uranyl acetate (1wt % water).

On careful observation of a single ribbon of Cell-Tz-Cys, see Fig. 3.54.¢ a right-handed
twist is detected. In the single ribbon of Lact-Tz-Cye, see Fig. 3.54.d a left-handed twist
can be observed. The space between two torsions (pitch) seems to be approximately
regular within a single ribbon but differs from one fiber to another, especially as the

width changes.

AFM measurements were performed on a drop of the gel placed onto graphite and
subsequently dried with air. It can be observed in Fig. 3.55 that the samples have
opposite twisted ribbons in hydrogels from Cell-Tz-Cy6 and Lact-Tz-Cye, a situation in
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accordance with the results obtained by electron microscopy. As an example, for a
single ribbon of Cell-Tz-Cy4 the profiles of two different zones are represented in Fig.
3.55.d. The widths for the two profiles are around 125 nm. A height of 42 nm was
determined at the highest point (profile 1, black) and 26 nm at the torsion (profile 2,
red).
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Fig. 3.55: AFM microphotographs of hydrogels a) Cell-Tz-Cys (0.5 wt %), b) single
ribbon of Cell-Tz-Cy4 (0.5 wt %), ¢) single ribbons of Lact-Tz-Cy6 (1 wt %), d) profiles
of two different zones of a single ribbon of Cell-Tz-Cy¢ (0.5 wt %).

ESEM and cryo-TEM experiments were also carried out in order to better understand
the structure in the native gel. ESEM measurements on the gels provide an insight into
the structure under wet conditions. In the case of Cell-Tz-Cy, flat ribbons are directly

observed, see Fig. 3.56.a while Lact-Tz-C6 shows a rough structure, see Fig. 3.56.c.
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= &

Fig. 3.56: a) ESEM image of Cell-Tz-C;6 (0.5 wt % water) 99.9% humidity, 3.0 °C, 759
Pa, b) ESEM image of Cell-Tz-Cy6 (0.5 wt % water) 20% humidity, 3.0 °C, 152 Pa, c)
ESEM image of Lact-Tz-Cy6 (1 wt % water) 99.9% humidity, 3.0 °C, 759 Pa, d) ESEM
image of Lact-Tz-C16 (1 wt % water) 20.0 % humidity, 3.0 °C, 152 Pa.

Smaller fibers are detected as the gels are progressively dried. This technique also
enables to observe holes in the structure (these holes are easier observed in Cell-Tz-Cyg

in comparison with Lact-Tz-Cyg, see Fig. 3.56 b and d).

Significant changes were not observed on studying the same area in the samples while
the humidity was progressively decreased. This fact shows that the supramolecular 3D
network remains very similar when water is removed, see Fig. 3.57 for Lact-Tz-C;¢ gel

as example.
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Fig. 3.57: ESEM image of Lact-Tz-Cy¢ (1 wt % water): a) 80% humidity, 3.0 °C, 607
Pa, b) 60% humidity, 3.0°C, 459 Pa, ¢) 40% humidity, 3.0 °C, 303 Pa, d) 20.0 %
humidity, 3.0°C, 150 Pa.

Cryo-TEM experiments were carried out directly on hydrogels vitrified in liquid ethane.
The ribbons resulting from the self-assembly of the amphiphiles were also detected by
this technique in both samples. Cryo-TEM microphotograph of Cell-Tz-Cy¢ gel is
shown in Fig. 3.58. On studying the twisted part of the ribbon, it can be seen that the
cross-sections of the ribbon show alternate dark and bright regions, as can be seen in
Fig. 3.59 (a close up of microphotograph Fig. 3.58) with a thickness of these regions of
about 2 nm and 2.5 nm, respectively, as well as it was found in Malt-Tz-C¢ gel. The
model shown in Fig. 3.59 is proposed to explain the assembly of amphiphiles into

ribbons and the resulting layered structure of the cross-section.
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Fig. 3.59: Close up of Cryo-TEM image of Cell-Tz-C;4 0.5 wt % water gel and model
proposed for molecular arrangement (bottom): Ribbons formed by alternating
hydrophobic sugar regions and interdigitated hydrophobic regions. A close up of the
cross-section of the ribbon is shown on the right corner (see below the model for this

cross-section).
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This layered structure of the cross-section of the ribbons is formed by alternating
hydrophilic parts, consisting of a bilayer of sugar polar heads, and hydrophobic parts of
interdigitated aliphatic domains. As was previously described, the theoretical length of
the hydrophobic part of the synthesized glycoamphiphiles is about 25 A (18.5 A for the
palmitic chain and 6.6 A for amide and triazole ring), which is in accordance with the
thickness of the bright motives of around 2.5 nm. In the same way the theoretical length
of the disaccharide is around 10 A. The thickness of the dark motive is around 2 nm,

which is in accordance with a disaccharide bilayer.

Similar results were obtained for Lact-Tz-Cq¢ gel. Twisted ribbons are observed with
alternate dark and bright regions in the cross-section. However this technique does not
differentiate the opposite direction of the torsion. In Fig. 3.60, we can see a close-up of
a single ribbon which has the alternative dark and bright regions in the cross-section,

with about 2 nm and 2.5 nm, respectively.

Fig. 3.60: a) Cryo-TEM image of Lact-Tz-Cy6 1 wt % water gel, b) single ribbon of
Lact-Tz-Cy6 1 Wt % water gel.

Supramolecular chirality. The twisted ribbons detected in hydrogel samples are a
consequence of a chiral supramolecular arrangement of self-assembled amphiphiles.
The opposite handedness of the ribbons, observed by the different microscopic

techniques, seems to be consequence of an opposite supramolecular chirality.
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In an attempt to confirm this opposite supramolecular chirality, circular dichroism (CD)
measurements were carried out on the gels at their minimum gel concentration and the

results are represented in Fig. 3.61.
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Fig. 3.61: CD (top) and UV-vis (bottom) spectra of hydrogels derived from: Cell-Tz-
Ci16 (0.5 wt %), solid line and Lact-Tz-Cy¢ (1 wt %) dashed line.

The Amax value for a hydrogel of Cell-Tz-Cy¢ at minimum gelator concentration (0.5 wt
%) in the UV absorption spectrum appears at around 230 nm and this absorption can be
assigned to the triazole group. The hydrogel of this compound (0.5 wt %), when placed
between two quartz discs, exhibited a positive Cotton effect for which the 0.« value
appeared to be slightly displaced from the A in the UV spectrum to 240 nm. For the
hydrogel derived from Lact-Tz-Cy¢ at minimum gelator concentration (1 wt %) the Amyax
(due to the triazole group) appears at 227 nm, but in this case the Cotton effect was
negative. The Oy value appeared to be displaced from the A,y in the UV spectrum to
237 nm. For Lact-Tz-Cy4 compound, the signal of the Cotton effect matched those

obtained for an aqueous gel of Malt-Tz-Cy¢ at 1 wt %. It was confirmed that the
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contribution of the linear dichroism (LD) to the CD spectrum is negligible by
comparing several CD spectra recorded at different angles around the incident light

beam. See Characterization Techniques 7. Annex for experimental conditions.

The opposite CD signals can be attributed to an opposite chiral supramolecular
arrangement of the molecules, a structure that is the origin of the opposite handeness
observed in the ribbons. This fact shows that the stereochemical arrangement of only
one hydroxyl group (equatorial OH-4 in Cell-Tz-Cy¢ vs axial OH-4 in Lact-Tz-Cys) or
the arrangement of the glycosidic bond (B 1—4 in Cell-Tz-C;4 vs oo 1—4 in Malt-Tz-
Ci6) has a significant effect on the preferential conformation that drives the self-

assembly and supramolecular organization of these molecules.

3.5. Summary and conclusions

v A mixture of isomers of sucrose esters have been synthesized which can act as

gelators in water, using sucrose, phenylalanine and palmitic acid as starting materials.

e The rheological properties of the hydrogel prepared by stirring with
Ultra-turrax homogenizer are similar to the previously described for gels
of this material.

e From the results based on microscopic techniques we propose a fibrillar
structure for Suc-OOC-Phe-Cys hydrogels, probably formed by an

association of worm like aggregates.

v" New amphiphiles based on disaccharides (maltose, cellobiose and lactose) as
polar head groups, similar to sucrose esters, have been synthesized. Different
synthetic routes were performed based on deprotected and protected sugars.
Their liquid crystalline and gel-forming properties have been investigated. The
resulting gel network morphology was studied by different microscopic
techniques, either in the xerogel state by TEM, FESEM and AFM or in a wet
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environment by cryo-TEM and ESEM. A supramolecular chirality was

confirmed by CD.

e Copper(l)-catalyzed azide-alkyne [3+2] cycloaddition provided a
satisfactory and versatile synthetic pathway to obtain glycoamphiphiles.

e The glycolipids give rise to thermotropic and lyotropic liquid crystalline
phases.

e Glycolipids containing a triazole ring, obtained from the click coupling,
as linking group of the hydrophilic and hydrophobic blocks give rise to
stable hydrogels at RT.

e Glycolipids with phenylalanine are molecules more hydrophobic and the
presence of an organic co-solvent is required for complete solubilization
and subsequent gel formation on cooling.

e Temperatures of gel-sol transitions and minimum concentration depend
on the chemical structure of the glycoamphiphile. Small structural
differences promoted changes in gel properties.

e Gels are supported by a fibrillar network, which has been characterized
and is composed by ribbons resulting from the supramolecular
arrangement of glycoamphiphiles.

e Twisted ribbons with different thickness were characterized by different
microscopic techniques.

e A chiral arrangement of amphiphiles in the gel structure was confirmed
by CD.

e The handedness of the supramolecular arrangement of amphiphiles and

the sense of the CD signal were found to depend on the sugar polar head.

3.6. Structural characterization

As example of the structural characterization of the glycoamphiphiles, a detailed
explanation of OAc-Cell-Tz-C6 and Cell-Tz-Cy6 characterization is included in this
section. 2D experiments as COSY, TOCSY, NOESY, HSQC and HMBC, were

performed in order to elucidate their chemical structure.
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First, H and C of sugar cycles of OAc-Cell-Tz-Cys and Cell-Tz-Cy5 have been named
as it is specified in Fig. 3.62. For example, 1" is indicated for identifying proton H1 and

carbon C1” which correspond to the first ring directly linked to the hydrophobic chain.
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Fig. 3.62: OAc-Cell-Tz-Cy6 and Cell-Tz-Cy6 chemical structure and nomenclature.

Structural characterization of OAc-Cell-Tz-Cys. *H NMR experiment of OAc-Cell-
Tz-Cys was performed in CDCIl; as solvent at RT. First, H corresponding to
hydrophobic chain were identified, as well as CH3 of the acetyl groups and the H from
the triazole ring (see characterization below and Fig. 3.63, both in green). Region
ranging from 3.50 to 6.50 ppm corresponds to H of the sugar and amide group. They
were identified by 2D experiments as it is discussed below (see characterization and
Fig. 3.63 in red).

'H NMR (400 MHz, CDCl5 & ppm): 0.87 (t, 3H, J = 6.8 Hz, -(CH,)1,-CH3), 1.19-1.35
(m, 24H, -(CHy)1,-), 1.55-1.65 (m, 2H, CO-CH,-CH,-(CH,)12), 1.86 (s, 3H), 1.98 (s,
3H), 2.01 (s, 3H), 2.03 (s, 3H), 2.04 (s, 3H), 2.10 (s, 3H), 2.11 (s, 3H), CH;-CO-0O x7,
2.17 (t, 2H, J = 7.3 Hz, CO-CH,-CH,), 3.69 (ddd, 1H, J45=9.6 Hz, Js6,= 2.1 Hz, Js 6=
4.3 Hz, H5), 3.84-3.98 (m, 2H, H4", H5"), 4.06 (dd, 1H, Js6, = 2.1 Hz, Jgaen = 12.5 Hz,
H6a), 4.12 (dd, 1H, Js 62=4.7 Hz, Jsasp=12.2 Hz, H6"a), 4.38 (dd, 1H, Js¢, = 4.3 Hz,
Jsasp = 12.5 Hz, H6b), 4.43-4.53 (m, 3H, H6'b, C = C-CH,-NH), 4.55 (d, 1H, J;, = 8.2
Hz, H1), 4.94 (dd, 1H, J1, = 8.2 Hz, J,5 = 9.4 Hz, H2), 5.07 (dd, 1H, J34 = 9.5 Hz, Js5
= 9.6 Hz, H4), 5.16 (dd, 1H, J23 = 9.4 Hz, J34 = 9.5 Hz, H3), 5.33-5.42 (m, 2H, H2",
H3"), 5.73- 5.81 (m, 1H, H1"), 6.11 (t, 1H, J = 5.6 Hz, -CH,-NH-CO), 7.70 (s, 1H, N-
CH = C-CHjy triazole).
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Fig. 3.63: 'H NMR spectrum of OAc-Cell-Tz-Cgin CDCl; at RT.

In a second step, C1 was identified at 101.7 ppm and C1” was identified at 85.9 ppm.
C1 is deshielded comparing with C1” because it is linked to two O atoms and C1” it is
linked to one O atom and one N atom. Then HSQC experiment was performed to
identify H1 (4.55 ppm) and H1" (5.73-5.81 ppm). In this experiment correlations
between protons and carbons appear. NH (7.70 ppm) can be also identified by HSQC
because it has not a correlation with C, see Fig. 3.64. The identification of C1, H1 and
Cl’, H1" was also corroborated by HMBC. This experiment allows obtaining two
dimensional heteronuclear chemical shift correlation maps between long-range coupled
'H and *C. First, Cch wiazole Was identified by HSQC (121.2 ppm), see Fig. 3.65, red
circle. Subsequently by HMBC the correlation of this carbon with H1" confirmed the

previous assignation, see Fig. 3.66, red square.
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Fig. 3.64: HSQC NMR spectrum of OAc-Cell-Tz-Cy6in CDCl; at RT.
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Fig. 3.65: HSQC NMR spectrum of OAc-Cell-Tz-Cy6in CDCl; at RT.
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Fig. 3.66: HMBC NMR spectrum of OAc-Cell-Tz-C;6in CDCl; at RT.

With COSY experiment, H directly coupled to each other can be identified. Starting
with H1 (4.55 ppm) and following a vertical to horizontal line, correlations with the
neighbor H can be identified. H2 (4.94 ppm) is identified by the red-blue correlation
line, see Fig. 3.67. From H2 (4.94 ppm), blue-violet correlation line identifies H3 (5.16
ppm). Violet-green correlation line identifies H4 (5.07 ppm). Green-black correlation
line identifies H5 (3.69 ppm). Black-yellow correlation line identifies one of the

and yellow-dark red correlation line identifies the other H6 (4.06 ppm).
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Fig. 3.67: COSY NMR spectrum of OAc-Cell-Tz-Cy5in CDCl; at RT.

As it can be observed at Fig. 3.67, from 4.43 to 4.53 ppm there is a correlation with H
amide, see dark blue circle. This correspond to a signal of CH, of C=C-CH,-NH group.

In a TOCSY experiment, correlations are seen among all H in a spin system. Protons
from cycle H1-H6 (H are in blue) were confirmed as well as protons from cycle” H1 -
H6" (red circles), see Fig. 3.68.
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Fig. 3.68: TOCSY NMR spectrum of OAc-Cell-Tz-Cy5in CDCl; at RT.
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In a second step, H1", H2", H3", H4, H5"and H6" are identified. Nevertheless there are
two H in the signal from 5.33 to 5.42 ppm and also two H are in the signal from 3.84 to
3.98 ppm, consequently identification is not evident. First, HSQC was again
investigated. C6"was identified (61.9 ppm) and therefore H6"a (4.12 ppm) and H6 b
(4.43-4.53 ppm), see Fig. 3.69.

HQ'b

T
NV O | Y | 1 | . N .

C6’, C6 —j 62

64

: 66

— ] 68

0 F7

4 ¥ W s

74

= w2 8

= P;} [ 78

T T T T T T T t
55 54 53 52 51 50 49 48 47 46 45 44 43 42 41 40 39 38 37 36 ppm

Fig. 3.69: HSQC NMR spectum of OAc-Cell-Tz-Cyin CDCl3 at RT,

H5" (3.84-3.98 ppm) and H2" (5.33-5.42 ppm) were then identified by a COSY

experiment, see Fig 3.70.
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Fig. 3.70: COSY NMR spectum of OAc-Cell-Tz-Css,
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With this information there are two possibilities of assignation: 3.84-3.98 (m, 2H)
corresponds to H4", H5" and 5.33-5.42 (m, 2H) corresponds to H2", H3" or 3.84-3.98
(m, 2H) corresponds to H3", H5" and 5.33-5.42 (m, 2H) corresponds to H2", H4".

The cross peaks of a NOESY spectrum indicate which protons are close in space and
the aim is to identify spins undergoing cross-relaxation. NOESY experiment was

performed but no additional information was obtained, see Fig. 3.71.
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Fig. 3.71: NOESY NMR spectum of OAc-Cell-Tz-Cys,

HMBC can be used to verify the correct assignment of the H, studying the correlation
among the C from the carbonyl of the peracetyl group and the corresponding H of the
sugar. H3" has correlation with a quaternary C of the acetyl group while H4" has not this

correlation, see Fig. 3.72.
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Fig. 3.72: HMBC NMR spectum of OAc-Cell-Tz-Cy6in CDCl3 at RT,

Therefore H2"/H3" both appear in the signal from 5.33 to 5.42 ppm and H4’/H5" in the
signal from 3.84 to 3.98 ppm, with these identifications the H of the glycoamphiphiles

were eventually assigned.

Once H were identified, C can be assigned by direct correlation by HSQC, see Fig.
3.73.

13C NMR (100 MHz, CDCls, 8 ppm): 14.4 (CHy)1»-CHs, 20.5, 20.7, 20.8, 21.0, 21.1
CH3-CO-O x7, 23.0 -(CHp)12-, 25.8 CO-CHp-CHo-(CHy)12, 29.6, 29.6, 29.7, 29.8, 29.9,
29.9, 30.0, 32.2, -(CH2)12-, 35.1 C-CH,-NH, 36.9 CO-CH,-CH,, 61.9 x2 C6, C6', 68.0
C4, 70.8 C2or C3', 71.9 C2, 72.5, 72.6 C5, C2'or C3", 73.2 C3, 76.0 C4’, 76.3 C5',
85.9 C1", 100,1 C1, 121.2 CH triazole.
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Fig. 3.73: a) HSQC NMR spectrum of OAc-Cell-Tz-Cy b) close up of red square.

C4” (76.0 ppm) and C5” (76.3 ppm) could be distinguished by HMBC, as well as the
quaternary C of acetyl (169.3, 169.4, 169.6, 169.8, 170.4, 170.5, 170.8 ppm), triazole
and amide groups (173.6 ppm), see Fig. 3.74.
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Fig. 3.74: HMBC NMR spectra of OAc-Cell-Tz-Ci6: a) close up of region
corresponding to C4’and C5°, b) close up of region corresponding to quaternary C of
the triazole group, c) close up of region corresponding to quaternary C of acetyl groups,

d) close up of region corresponding to quaternary C of the amide group.
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Ctriazole (145.7 ppm), C2°-O-CO- / C3"-0-CO- (169.3 ppm), C2-0-CO- (169.4 ppm),
C4-0O-CO- (169.6 ppm), C2°-O-CO- / C3-O-CO- (169.8 ppm), C3-O-CO / C6"-0-CO
(170.4, 170.5 ppm), C6-0O-CO (170.8 ppm), NH-CO-CH, (173.6 ppm).

Structural characterization of Cell-Tz-C15. "H NMR experiment of Cell-Tz-C1¢ was
performed in MeOD as solvent at 50°C. H corresponding to hydrophobic chain were
identified, as well as H from the triazole ring (see characterization and Fig. 3.75 in
green). Zone ranging from 3.50 to 6.50 ppm corresponds to sugar H. They were
identified by 2D experiments as described below (see characterization and Fig. 3.75 in
red).

'"H NMR (400 MHz, MeOD, 50 °C & ppm): 0.90 (t, 3H, J = 6.8 Hz, -(CH2)12-CHs),
1.13-1.45 (m, 24H, -(CH,)12-CHs), 1.56-1.66 (m, 2H, CO-CH»-CH,-(CH,)12), 2.21 (t,
2H, J = 7.3 Hz, CO-CH,-CH,), 3.27 (dd, 1H, J;, = 7.3 Hz, J,3 = 8.4 Hz, H2), 3.32-3.46
(m, 3H), 3.65-3.80 (m, 4H), 3.85-3.92 (m, 3H), H3", H4", H5", H6 a, H6'b, H3, H4, H5,
H6a, H6b, 3.95 (dd, 1H, Jy » = 9.8 Hz, J» 3" = 7.7 Hz, H2"), 4.45 (m, 2H, C-CH,-NH)
4.48 (d, 1H, J1, = 7.3 Hz, H1), 5.60 (d, 1H, Jr» = 9.2 Hz, H1"), 8.00 (s, 1H,
CHtriazole).

) CH3
CHtriazole
CO-CH
J Jl J J“ 2 (CHous
[ XiH

xTH X1EIH  XAHKAH  xAH _3H X3 X3H__x3H

8.0 7.5 7.0 6.5 6.0 5.5 5.0 4.5 4.0 35 3.0 25 2.0 1.5 ppm

Fig. 3.75: "H NMR spectum of Cell-Tz-C16in MeOD at 50°C,

First, as in peracetylated compound, C1 (104.6 ppm) and C1” (89.4 ppm) were
identified by HSQC, see Fig. 3.76 to further identify H1 (4.48 ppm) and H1" (5.60
ppm). HMBC experiment, see Fig. 3.77, verifies the assignation of H1", red square. H1

and H1" are used as reference for the correlations among H by COSY. But in this case,
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only H2 (3.27 ppm) and H2" (3.95 ppm) can be determined because the rest of the H
appear as multiplets (tree multiplets, each one integrating by 4 H), see Fig. 3.78.
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Figure 3.76: HSQC NMR spectum of Cell-Tz-Cy5in MeOD at 50°C.
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Figure 3.77: HMBC NMR spectum of Cell-Tz-Cyin MeOD at 50°C.
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Fig. 3.78: COSY NMR expectum of Cell-Tz-C1in MeOD at 50°C.

TOCSY and NOESY were performed but no additional information was obtained, see
Fig. 3.79 and 3.80.
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Fig. 3.79: TOCSY NMR spectum of Cell-Tz-Cyin MeOD at 50°C.
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Fig. 3.80: NOESY NMR spectum of Cell-Tz-C;4in MeOD at 50°C,

Once H were identified, C can be assigned by direct correlation by HSQC, see Fig.
3.81. °C NMR (125 MHz, MeOD, 55 °C_ § ppm): 14.3 -(CHy)1o-CHs, 23.6 -(CHy)12-,
26.8 CO-CHy-CH,-(CHy)12, 30.4, 30.5, 30.7, 32.9 -CHp-(CHy)2-, 35.6 C-CH,-NH-,
37.0 CO-CH,-CH,, 61.7, 62.6, 71.5, 76.9, 78.0, 78.2, 79.6, 79.9 C3',C4", C5',C¢",
C3,C4, C5,C6, 73.8 C2°, 75.6 C2, 89.4 C1°, 104.6 C1, 123.4 CHtriazole, 146.4
Ctriazole, 176.3 NH-CO-CH,.
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Fig. 3.81: a) HSQC NMR spectrum of OAc-Cell-Tz-C16 in MeOD at 50°C, b) close up
of red square region.

The quaternary C of triazole and amide group can be distinguised by HMBC, see Fig.

3.82.
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Figure 3.82: HMBC NMR spectum of Cell-Tz-Cy5 in MeOD at 50°C.

3.7. Experimental section

Synthesis of N-Palmitoyl-D,L-phenylalanine (C;sH41NO3) (1):

Palmitic acid (2.00 g, 7.80 mmol) and N-hydroxysuccinimide (1.26 g, 10.92 mmol)
were dissolved in 25 mL of THF and DCC (2.57 g, 12.48 mmol) was dissolved in 14

mL of THF. All these solutions were joined and stirred at RT for 96 h and the reaction

was monitored by NMR until completion. When the first reaction was completed D,L-

Phenylalanine (1.31 g, 6.59 mmol) and diisopropylethylamine (2.11 mL, 12.78 mmol)

were dissolved in 64 mL of water and 32 mL of THF. The mixture was stirred at RT for

48 h. The reaction was monitored by *H NMR. The crude reaction was filtered and
washed with THF. A solution of HCI (37%) was added in order to reach pH= 4. Part of

the solvent was removed and then extracted with dichloromethane (3x100 mL). The

organic solvent wasdried with anhydrous Na,SO,4. The product was recrystallized with
petroleum ether/dichloromethane (95/5). A white solid was obtained (1.14 g, 36%).

'H NMR (300 MHz, CDCls, & ppm): 0.88 (t, 3H, J= 7.2 Hz, CHs- CH,-), 1.58-1.25 (m,
26 H, -(CHy)13-), 2.17 (t, 2H, J=7.2 Hz, -CH,-CO-), 3.29-3.09 (m, 2H, CH-CH,- Car),
4.85 (ddd, 1H, J= 6.0 HZ, J= 6.0 HZ, J= 6.0 Hz, CH-CH,- Car), 5.84 (d, 1H, J=6.0 Hz,
NH), 7.15-7.33 (m, 5H, Harom).
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13C (75 MHz, CDCls, 8 ppm): 14.8 -CH,-CHs, 23.4 -CH,-CHa, 26.3 —CH,-CH,-CHg,
28.9, 29.3, 29.5, 29.7, 29.8, 29.8, 29.8 —(CHy)10-, 32.6 —CHz-arom., 37.1 CH,-CH,-CO,
37.9 CH,-CO, 53.7 CO-CH-NH, 127.8, 129.3, 130.0 CHarom, 174.8 CH-CO-NH,
175.4 -CO-OH.

ESI: 404.2 [M+H]".
IR (KBr, Cm'l): 3295, 2916, 2849, 1706, 1641, 1544, 698.
Synthesis of Suc-OOC-Phe-Cis (Ca7Hs1NO13):

A solution of sucrose (10.95 g, 31.99 mmol) was prepared in 80 mL of DMF and heated
to reach a complete solution. N-Palmitoyl-D,L-phenylalanine (1.845 g, 4.57 mmol) and
diisopropylethylamine (302 ul, 1.82 mmol) were dissolved in 20 mL of DMF. Sucrose
solution was cooled at RT and added to the former solution. The mixture was cooled at
5° C for 10 min and DCC (1.42 g, 6.87 mmol) was added carefully. It was allowed to
warm at RT and stirred for 46 h. The reaction was monitored by HPLC. The solvent
was evaporated under reduced pressure and the product purified by flash
chromatography with dichloromethane/acetone/methanol/water (67/15/15/3). The
product was freeze-dried. The freeze-drying was carried out by redissolving the solid in
water and freezing in liquid nitrogen. The block was broken in small pieces, in order to
avoid the breaking of the vessel during the process due to tension on the glassware,
introduced in the freeze-dried flask and kept in vacuum for 4 days. A white solid was
obtained (0.72 g, 22%).

'"H NMR (300, MeOD, & ppm): 0.84 (t, J=6.6 Hz, 3 H, CH3-CH,), 1.00-1.30 (m, 24H,-
(CHy)p-), 1.38-1.43 (m, 2H, CH,-CH,-C=0), 2.10-2.17 (m, 2H, CH,-C=0 ), 2.87-3.02
(m, 2H, CH,-arom), 3.36-4.25 (m, Hsucrose),4.59-4.65 (m, 1H, CH-NH), 5.34-5.47 (m,
Hsucrose), 5.57-5.60 (m, 1H, NH), 7.16-7.29 (m, 5H, Harom).

13C NMR (100, MeOD, & ppm): 13.1 -(CHy)1»-CH3 22.4, 25.6, 28.8, 29.1, 29.3, 29.5,
295, 31.8, 35.5, 35.6, 36.8, 37.1, CO-CHy-(CHy)13-CH3 -CH-CH,-arom 53.6 -CH-
CH,-arom, 60.8, 62.1, 62.1, 62.3, 62.5, 62.8, 70.0, 70.2, 70.3, 70.7, 71.9, 72.9, 73.1,
73.3, 73.8, 73.9, 74.1, 74.4, 76.2, 76.5, 78.0, 82.1, 82.2, 82.5, 89.3, 89.5, 92.3, 104.0,
104.2, 104.5, 104.7, Cmaltose, 125.9, 126.4, 126.4, 127.7, 128.1, 128.1, 128.8, 128.9,
129.0, 129.2, 137.1, 137.3, CHarom, Carom, 171.5, 171.6, 174.9, 175.1 malt-NH-CO-
CH, CH-NH-CO-CH,.
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Hsucrose and *C were not completely assigned due to the mixture of isomers (see ref
8b).

HPLC column C8, eluent: THF/MeOH/H,0: 40/40/20 + 0.5 ml/L AcOH, 0.8 mL/min.:

tr (min) = 3.61 (solvent), 5.03 (mixture of monoesters).
MS (FAB+, NBA):750 [M+Na]".

IR (KBr, cm™): 3390 (broad), 2923, 2852, 1741, 1650, 1547, 1455, 1378, 1217, 1053,
1002, 930, 699.

Synthesis of Maltosylamine (C12H23NOp) (2):
I.  Carbonate method:

Maltose (500 mg, 1.46 mmol) was dissolved in 10 mL of DMSO and ammonium
carbonate was added in intervals to keep the solution saturated. The reaction was
monitored by TLC using a mixture of ethyl acetate/ acetic acid/ methanol/ water
(4/3/3/2) as eluent. The reaction was kept for 48 h under argon and stirring at RT. The
crude product was precipitated by addition of acetone and filtered under argon and
immediately used. The product seems to be sensitive to air and the solvent of the next
reaction was added immediately to continue the next reaction.

Il.  Carbamate method:

Maltose (509 mg, 1.48 mmol) was dissolved in 7.5 mL of anhydrous methanol and
ammonium carbamate was progressively added to keep the solution saturated. The
reaction was monitored by TLC using a mixture of ethyl acetate/ acetic acid/ methanol/
water (4/3/3/2) as eluent. The reaction was kept for 24 h under argon and stirring at 37
°C. A white precipitate was obtained, filtered under argon and immediately used. The

product was immediately used in the next reaction.
Synthesis of N-Palmitoyloxy succinimide (CzoH3sNO3) (3):

Palmitic acid (5.13 g, 20 mmol) was dissolved in 30 mL of THF, N-hydroxysuccinimide
(3.24 g, 28 mmol) was dissolved in 45 mL of THF and DCC (6.60 g, 32 mmol) was
dissolved in 35 mL of THF. These solutions were mixed and stirred for 96 h at RT. The

reaction was monitored by *H NMR. The reaction mixture was filtered and the solvent
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was distilled off. The product was recrystallized from isopropanol to give a white
powder (5.55 g, 78%).

'H NMR (400 MHz, CDCls, 5 ppm): 0.87 (t, 3H, J=6.8 Hz, -CH,-CHs), 1.25-1.42 (m,
24H, -(CH,)12-), 1.60-1.79 (M, 2H, ~(CH2)1»-CH»-CH,-CO-), 2.60 (t, 2H, J=7.5 Hz, -
CH,-CO-0-), 2.83 (s, 4H, -CO-CH, -CH,-CO-).

3C NMR (100 MHz, CDCl3 & ppm): 14.3 -CH,-CHs, 22.8 -CHy-CHs, 24.7 —CH,-CH,-
CHs, 25.7 CH»-CO-N x2, 28.9, 29.3, 29.5, 29.7, 29.8, 29.8, 29.8 —(CH)10-, 31.1 CH,-
CH,-CO, 32.0 CH»-CO, 168.9 CH,-CH,-CO-N, 169.3 CH,-CO-N x2.

ESI: 376.3 [M+K]".
IR (KBr, cm'l): 2955, 2920, 2850, 1822, 1788, 1726, 1210, 1070, 868, 654.
Synthesis of Malt-NH-Cs (CogHs3NO14):

Compound 3 (36.0 mg, 0.10 mmol) was dissolved in 1.3 mL of anhydrous DMF, 1.0
mL of maltosylamine solution (0.29 mmol in 5.0 mL of anhydrous DMF), N,N-
diisopropylethylamine (0.03 mL, 0.17 mmol) and dimethylaminopyridine (2.5 mg, 0.02
mmol) were mixed. Reaction was stirred at RT for 48 h and monitored by TLC with
dichloromethane/ acetone/ methanol /water (56/20/20/1). Yield was lower than 5%,

therefore purification was not performed.

Synthesis of the N-(N"-Palmitoyl-(S)-phenylalanyloxy)succinimide (C9H4N2Os)
(4):

N-palmitoylphenylalanine (1.14 g, 2.82 mmol) was dissolved in 10 mL of THF, N-
hydroxysuccinimide (0.46 g, 3.95 mmol) was dissolved in 15 mL of THF and DCC
(0.94 g, 4.51 mmol) was dissolved in 20 mL of THF. All these solutions were joined
and stirred for 48 h at RT. The reaction was monitored by *H NMR. The crude reaction
was filtered and the solvent was distilled off. The product was recrystallized in oil
petroleum/dichloromethane (95/5). A white solid was yield (1.12 g, 80%).

'H NMR (300, CD30D, & ppm): 0.88 (t, 3H, J= 7.2 Hz, CH3-CH,-), 1.58-1.25 (m, 26 H,
-(CHy)13-, 2.17 (t, 2H, J=7.2 Hz, -CH,-CO-), 2.85 (s, 4H, -CH,-CO-), 3.29-3.09 (m, 2H,
CH-CH,-Car), 5.34-5.28 (m, 1H, CH-CH,-), 5.70 (d, 1H, J=6.0 Hz, NH),7.31 -7.26 (m,
5H, Harom).
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Synthesis of Malt-NH-Phe-C16 (C37HsN2012):

Compound 4 (130.0 mg, 0.26 mmol) was dissolved in 3.55 mL solution of
maltosylamine in pyridine (1.13 mmol in 4.8 mL of anhydrous pyridine, supposed
previous reaction 100%). Crude reaction was stirred at RT and monitored by HPLC
(methanol/ water (82/18) + 0.5 mL/L acetic acid, C8 column). Purification was made by
flash chromatography: first chromatography in dichloromethane / acetone / methanol /
water (56/20/20/4), and second chromatography in dichloromethane / acetone /

methanol/ water (67/15/15/3). A white solid was obtained in a yield lower than 5%.

Compound 1 (0.500 g, 1.24 mmol) was dissolved in 16.5 mL of anhydrous DMF, 4.2
mL of maltosylamine solution (1.26 mmol in 5 mL of anhydrous DMF) and N-
hydroxybenzotriazole (0.169 g, 1.25 mmol) in 6.5 mL of anhydrous DMF, were mixed.
This solution was cooled to 0° C and then DCC (0.266 g, 1.29 mmol) in 6.5 mL of
anhydrous DMF was added. The reaction was kept at 0°C for 30 min. Crude reaction
was stirred at RT and monitored by HPLC (methanol/ water (82/18) + 0.5 mL/L acetic
acid, C8 column). Purification was made by flash chromatography: first
chromatography in dichloromethane / acetone / methanol / water (56/20/20/4), and
second chromatography in ethyl acetate /methanol / water (75/20/5). Finally reaction
was purified by HPLC preparative. Preparative HPLC was performed using a X Bridge
C18 column, 19 mm diameter and 150 mm height with a flow speed of 20 mL/min.
Eluent conditions were: methanol 88% / trifluoroacetic acid (TFA, 1% water solution)

12 %, by isocratic method. A white solid was obtained with a final yield of around 5%.

'H NMR (400 MHz, MeOD, 55 °C, & ppm): 0.89 (t, 3H, J = 6.5 Hz, -(CH5)12-CHs),
1.20-1.29 (M, 24 H, -CHy-(CH5)12-CH3), 1.42-1.49 (m, 2H, -CH»-CH,~(CH,)12-), 2.14
(t, 2H, J = 7.3 Hz, -CO-CH,-CH,-), 2.89 (dd, 1H, Jor-chea = 9.4 Hz, Jerzacrizs = 14.0
Hz, -CH-(CH.)p-arom), 3.18 (dd, 1H, Jorcrzs = 4.9 Hz, Jeoachzs = 14.0 Hz, -CH-
(CHy)a-arom), 3.27-3.88 (m, 11H, H3", H4", H5 H6 s, H6,, H2, H3, H4, H5, H6,,
H6p), 3.37 (dd, 1H, Jurz = 9.1 Hz, Jpny = 9.2 Hz, H2"), 4.67 (dd, 1H, Jop-chzn = 4.9
Hz Jor.ctiza = 9.4 Hz, -CH-CHa-arom), 4.92 (d, 1H, Jyrz = 9.1 Hz, H1'), 5.18 (d, 1H,
Junz = 3.5 Hz, H1), 7.17-7.26 (m, 5H, CHarom).

MS (FAB*, NBA): 749 [M+Na]".
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HPLC column C8, eluent: MeOH/H,O: + 0.5 ml/L AcOH, 0.8 mL/min.: tr (min) =
3.91 (solvent), 10.97.

Synthesis of Hepta-O-acetyl-p-maltosyl azide (C,sH35N30,7) (5):

Trimethylsilyl azide (543 pl, 4.13 mmol) and tin tetrachloride (173 pl, 1.48 mmol) were
added, at RT and under argon, to a solution of B-D-maltose octaacetate (2.00 g, 2.95
mmol) in dry dichloromethane (6 mL, 0.5 M). The reaction mixture was stirred at RT
and the reaction was monitored by TLC (6:4 hexane/ethyl acetate). After 24 h,
dichloromethane was added and the solution was washed with saturated Na,CO; and
twice with water. The organic layer was dried over anhydrous MgSQ,, filtered and
evaporated under reduced pressure. The product was purified by flash chromatography

using hexane/ethyl acetate 6:4. A white solid was obtained (1.59 g, 80%).

'"H NMR (500 MHz, CDCls, § ppm): 1.99 (s, 3H), 2.01 (s, 3H), CH;-CO-O-C3/CH;-
CO-0-C3’, 2.02 (s, 3H), 2.04 (s, 3H) CH;-CO-0-C2/CH;-CO-0-C4, 2.03 (s,3H), 2.10
(s, 3H), 2.15 (s,3H) CH;-CO-0-C2/CH;-CO-0-C6/ CH;-CO-0-C6’, 3.77 (ddd, 1H, Js-.
6v= 2.5 Hz, J5.6v=4.5 Hz, J45=9.7 Hz, H5"), 3.94 (ddd, 1H, J5.=2.4 Hz, Js.c,=3.7 Hz,
J5.4=10.0 Hz, H5), 4.01 (ddd, 1H, J34= 10.0 Hz, J4~s= 9.7 Hz, H4"), 4.04 (dd, 1H, Js.
0v=2.4 Hz, Jooco=12.5 Hz, H6b), 4.24 (dd, 1H, Js.c,=3.7 Hz, Jea.o=12.5 Hz, Hb6a), 4.24
(dd, 1H, Js.6.=4.5 Hz, Jga. ¢v=12.2 Hz, H6'a), 4.50 (dd, 1H, Js-6v=2.5 Hz, Jsaev=12.2
Hz, H6'b), 4.70 (d, 1H, J, = 8.7 Hz, HI "), 4.78 (dd, 1H, ], = 8.7 Hz, J,-3= 9.0 Hz,
H2"),4.85 (dd, 1H, J,,=4.0 Hz, J,.5= 10.5 Hz, H2), 5.05 (dd, 1H, J34= 9.7 Hz, J4.5= 10.0
Hz, H4), 5.25 (dd,1H, Jo-3= 9.0 Hz, J3-4=10.0 Hz, H3"), 5.35 (dd, 1H, Js4= 9.7 Hz, J».
+=10.5 Hz, H3), 5.40 (d, 1H, J,.= 4.0 Hz, HI).

C NMR (125 MHz, CDCls, 8 ppm): 20.5, 20.6, 20.7, 20.8 CH3-CO- x7, 61.5 C6, 62.5
C6’,68.0 C4, 68.6 C5,69.3 C3,70.0 C2,71.5 C2°,72.4 C4',742 C5’,75.1 C3’, 87.46
C1°,95.7 CI,169.4, 169.5 C2"-0-CO-/C4-0-CO-, 169.9, 170.1 C3-O-CO-/C3’-0O-CO-,
170.1, 170.4, 170.5 C2-0-CO-/C6-0-CO/C6’-O-CO.

MALDI-TOF MS (DCTB): 684.2 [M+Na]".

IR (KBr, cm™): 2962, 2122, 1754, 1371, 1228, 1033, 896, 603.
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Synthesis of Hepta-O-acetyl-B-maltosyl amine (C;sH3sNO;7) (6):

Compound 5 (1.00 g, 1.51 mmol) was dissolved in 10 mL of anhydrous THF under an
argon atmosphere. Palladium hydroxide (20 wt % Pd on carbon wet, 104 mg, 10% wt)
was added and the reaction mixture was stirred for 2 days at RT under an atmosphere of
hydrogen. The catalyst was removed by filtration and the solvent was removed under
reduced pressure. The disappearance of azide was monitored by the IR signal at 2122

cm™. The product was used without further purification.
MALDI-TOF MS (DCTB+NaTFA): 658.2 [M+Na] .
Synthesis of Palmitoyl chloride (C,¢H3,Cl0) (7):

Palmitic acid (295 mg, 1.15 mmol) was dissolved in 25 mL of anhydrous
dichloromethane. Oxalyl chloride (0.30 mL, 2.81 mmol) and DMF (0.3 mL) were
added. The reaction mixture was stirred overnight. The solvent was removed under
reduced pressure. The acyl chloride formation was monitored by appearance of an IR

signal at around 1800 cm™. The product was used without further purification.
Synthesis of OAc-Malt-NH-C16 (C4,Hg7NOg):

Compound 6 was dissolved in 10 mL of anhydrous DMF. Pyridine (130 pL, 1.61
mmol) was added and the solution was cooled to 0 °C. A solution of palmitoyl chloride
7 in 5 mL of anhydrous DMF was added. The reaction mixture was stirred for 48 h at
RT and poured into 150 mL of water. The aqueous phase was extracted with 3 x 150
mL of dichloromethane. The combined organic phases were washed once with 150 mL
of saturated Na,COs solution and 2 x 150 mL of water. The organic phase was dried
with anhydrous MgSQO,. The solution was filtered and the solvent was removed under
reduced pressure. The resulting syrup was purified by flash chromatography with
dichloromethane/ethyl acetate 4:6 as eluent. A white solid was obtained (0.369 mg,
45%).

'H NMR (400 MHzCDCly): 0.87 (t, 3H, J = 6.7 Hz, -(CH2)1o-CHs), 1.1-1.38 (m, 24H,
CHy-(CH2)12-CH3), 1.52-1.62 (m, 2H, -CH,-CHp-(CH2)12), 1.99 (s, 3H), 2.00 (s, 3H),
2.02 (s, 3H), 2.06 (s, 3H), 2.09 (s, 3H), 2.12 (s, 3H), 2.16 (s, 3H) CH3-CO-O X7, 2.10-
2.20 (M, 2H, CO-CH,-CH,-), 3.72 (ddd, 1H, Jys = 9.0 Hz, J5.6a = 4.3 Hz, Js-gb = 2.3
Hz, H5), 3.85 (ddd, 1H, Jos = 9.9 Hz, Js.ca = 3.8 Hz, Js = 2.2 Hz, H5), 3.89 (dd, 1H,
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Jyr = 9.5 Hz, Jrs = 9.0 Hz, H4"), 3.97 (dd, 1H, Jsep = 2.2 Hz, Jep-ca = 12.4 Hz, H6b),
4.15 (dd, 1H, Js.6a = 3.8 Hz, Jeaep = 12.4 Hz, H6a), 4.17 (dd, 1H, J5-ga = 4.3 Hz, Jsasb
= 12.3 Hz, H6'a), 4.35 (dd, 1H, Js1 = 2.3 Hz, Jyagb = 12.3 Hz, H6'b), 4.68 (dd, 1H,
Jir = 9.4 Hz, Jy3 = 9.5 Hz, H2'), 4.78 (dd, 1H, J1. = 4.0 Hz, J,.5 = 10.5 Hz, H2), 4.99
(dd, 1H, Js = 9.8 Hz, Jus = 9.9 Hz, H4), 5.21 (dd, 1H, Jy—» = 9.4 Hz, Jy.un = 9.4 Hz,
H1'), 5.26-5.33 (M, 3H, H1, H3, H3"), 5.97 (d, 1H, J;-n = 9.4 Hz, -NH-CO).

13C NMR (100 MHz, CDCl3): 14.1 -(CH,)1,-CHs, 20.6, 20.6, 20.7, 20.8 CH3-CO-O X7,
22.7,25.2, 29.0, 29.3, 29.3, 29.4, 29.6, 31.9, 36.7 -CO-CH,-(CH,)13-CHs, 61.4 C6, 62.8
C6’, 67.9 C4, 68.5 C5, 69.3 C3, 70.0 C2, 71.4 C2’, 72.7 C4', 73.9 C5', 75.0 C3', 77.7
Cl’, 95.6 C1, 169.5 CH3-CO-O-C4, 169.6, 169.8, 170.4 CH3-CO-O-C2/ CH3-CO-O-
C6/ CH3-CO-0-C6", 170.5, 170.7 CH3-CO-O-C3/ CH3-CO-0O-C3", 171.1 CH3-CO-O-
C2",173.2 NH-CO-CH,.

MALDI-TOF MS (DCTB+NaTFA): 896.4[M + Na]".

Anal. Calcd for C4oHg7NO1s: C, 57.72; H, 7.73; N, 1.60. Found: C, 57.30; H, 7.57; N,
1.60.

IR (KBr, cm™): 3322 (broad), 2925, 2853, 1747, 1672, 1538, 1371, 1236, 1039, 900,
603.

Synthesis of N-Palmitoyl- (S)-phenylalanine (C,sH4;NO3) (1L):

L-Phenylalanine (1.26 g, 7.63 mmol) and diisopropylethylamine (2.50 mL, 15.26
mmol) were dissolved in 100 mL of water and 50 mL of THF. A solution of compound
4 (2.70 g, 7.63 mmol) in 115 mL of THF was added. The mixture was stirred at RT for
6 h. The reaction was monitored by *H NMR. A solution of HCI (37%) was added to
give pH = 4. The solvent was partially removed and the resulting aqueous phase was
extracted with dichloromethane (3 x 100 mL). The organic layer was dried with
anhydrous Na,SO, and finally the solvent was evaporated. A white solid was obtained

and recrystallized from petroleum ether/dichloromethane (95/5) (2.27 g, 78%).

'H NMR (300 MHz, CDCls, 8 ppm): 0.88 (t, 3H, J= 7.2 Hz, -CH,-CH3), 1.25-1.38 (m,
24 H, -(CH3)12-CHg), 1.50-1.58 (m, 2H, CH,-CH,-(CH,)1,-CH3) 2.17 (t, 2H, J=7.2 Hz, -
CH,-CO-, 3.09-3.29 (m, 2H, CH-CH,- arom), 4.85 (m, 1H, -CH-CHj-arom), 5.84 (d,
1H, J=6.0 Hz, NH), 7.15-7.33 (m, 5H, CHarom).
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13C (75 MHz, CDCls, 8 ppm): 14.8 -CH,-CHs, 23.4 -CH,-CHa, 26.3 —CH,-CH,-CHg,
28.9, 29.3, 29.5, 29.7, 29.8, 29.8, 29.8 —(CHy)10-, 32.6 —CHp-arom., 37.1 CH,-CH,-CO,
37.9 CH,-CO, 53.7 CO-CH-NH, 127.8, 129.3, 130.0 CHarom, 174.8 CH-CO-NH,
175.4 -CO-OH.

ESI: 404.2 [M+H]".
IR (KBr, cm-1): 3295, 2916, 2849, 1706, 1641, 1544, 698.
Synthesis of OAc-Malt-NH-Phe-Cjg (Cs;H76N,019):

Compound 6 (700 mg, 1.10 mmol) was dissolved in 10 mL of anhydrous THF, N-
palmitoyl-L-phenylalanine 1L (680 mg, 1.68 mmol) and hydroxybenzotriazole (255
mg, 1.89 mmol) were added and the solution was cooled to 0 °C. A solution of DCC
(330 mg, 1.60 mmol) in 10 mL of anhydrous THF was added. The reaction mixture was
stirred for 2 days at RT. The reaction was monitored by TLC using a mixture of
hexane/ethyl acetate 1:1 as eluent. The mixture was filtered and the solvent was
removed under reduced pressure. 150 mL of ethyl acetate were added and the organic
phase was washed three times with 1M KHSOQO, solution, and three times with 1M
NaHCOj3 solution. The organic layer was dried over anhydrous MgSO,. The solution
was filtered and the solvent was removed under reduced pressure. The resulting white
solid was purified by flash chromatography with a mixture of hexane/ethyl acetate 1:1

and recrystallized from ethanol. A white solid was obtained (720 mg, 50%).

'"H NMR (500 MHz, CDCls, & ppm): 0.87 (t, 3H, J = 7.0 Hz, -(CH,)1,-CH3), 1.25-1.40
(m, 24H, -CH,-(CH,)12-CH3), 1.46-1.60 (m, 2H, -CH,-(CH,)1,-CH3), 1.93 (s, 3H), 1.99
(s, 6H), 2.02 (s, 3H), 2.05 (s, 3H), 2.10 (s, 3H), 2.15 (s, 3H) CH3-CO-0O- x7, 2.10-2.20
(m, 2H, CO-CH,-CH,), 2.97-3.15 (m, 2H, CH-CH,-ar), 3.75-3.85 (m, 1H, H5"), 3.91-
3.96 (m, 2H, H4", H5), 4.03 (dd, 1H, Js.ep = 2.0 Hz, Jeaep = 12.4 Hz, H6D), 4.20-4.26
(m, 2H, H6a, H6"a), 4.47 (dd, 1H, Js.6n = 2.2 Hz, Jga-eb = 12.3 Hz, H6'b), 4.57 (m, 1H,
NH-CH-CH,-), 4.67 (dd, 1H, J1» = 9.5 Hz, J».3 = 9.5 Hz, H2"), 4.84 (dd, 1H, J1., = 4.0
Hz, J,.3 = 10.5 Hz, H2), 5.06 (dd, 1H, Js.4 = 10.0 Hz, Js.5 = 10.0 Hz, H4), 5.20 (dd, 1H,
Ji = 9.5 Hz, Jy.nn = 9.1 Hz, H1"), 5.33 (dd, 1H, J;3 = 9.5 Hz, J3.4 = 9.2 Hz, H3"),
5.35(dd, 1H, J34 = 10.0 Hz, J,3 = 10.5 Hz, H3), 5.37 (d, 1H, J;-» = 4.0 Hz, H1), 5.77 (d,
1H, JnH-cH = 7.6 Hz, CH-NH-CO), 6.64 (dd, 1H, J Hy .y = 9.1 Hz, malt-NH-CO), 7.16-
7.11 (m, 2H, ar-CH-C-NH), 7.29-7.21 (m, 3H, ar-CH = CH-CH = ar).
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3C NMR (125 MHz, CDCls, & ppm): 14.1 (CH,)13-CHs, 20.5, 20.6, 20.7, 20.9, CHa-
CO-O X7, 22.7, 24.9, 25.4, 25.6, 29.1, 29.3, 29.3, 29.4, 29.6, 29.7, 31.9, 33.9 -CH,-
(CHy)12-CHs, 36.4 CO-CH,-CH;-, 37.1 CH-CHa-arom, 53.9 CO-CH-CH,, 61.4 C6, 62.7
C6’, 67.9 C4, 68.6 C5, 69.3 C3, 70.0 C2, 71.2 C2°, 72.6 C4", 73.9 C5', 74.8 C3, 77.8
C17, 95.6 C1, 127.1, 128.7, 128.8, 129.1, 129.4 CHarom, 135.9 Carom, 169.5 CH3-CO-
0-C4, 169.7, 169.8 CH3-CO-O-C3/CH3-CO-0O-C3", 170.4, 170.5, 170.6 CH3-CO-O-
C2/CH3-CO-0-C6/CH3-CO-0-C6”, 170.9 CH3-CO-O-C2°, 171.7 mal-NH-CO-CH,
173.3 NH-CO-CH,-.

MALDI-TOF MS (DCTB+NaTFA): 1043.6 [M + Na]".

Anal. Calcd for Cs51H7sN2019: C, 59.99; H, 7.50; N, 2.74. Found: C, 59.60, H, 7.51, N,
2.99.

IR (KBr, cm™): 3332, 2918, 2849, 1745, 1689, 1649, 1533, 1371, 1226, 1040, 938, 611.
Synthesis of Malt-NH-C;s and Malt-NH-Phe-Cis:

The protected peracetylated glycolipids, OAc-Malt-NH-C,5 or OAc-Malt-NH-Phe-Cg
(149.7 mg, 0.146 mmol) was dissolved in 7.5 mL of anhydrous methanol and sodium
methoxide (55.3 mg, 1.023 mmol) was added. The solution was stirred at RT until the
reaction was complete (TLC, hexane/ethyl acetate 1:1). Amberlyst IR 120 (H* form)
was added to exchange sodium ions. The resin was filtered off and the solvent was
evaporated in vacuo to give a white solid (70-85%).

Malt-NH-016 (C28H53N01 1):

'H NMR (400 MHz, MeOD, 55 °C, & ppm): 0.90 (t, 3H, J = 6.7 Hz, -(CH5)12-CHs),
1.20-1.41 (M, 24H, CHy-(CHz)1o-CH3), 1.56-1.67 (M, 2H, CHa-CH,-(CH2)12-), 2.23 (m,
2H, -CO-CH,-CH,-), 3.20-3.88 (m, 12H, H2, H3, H4, H5, H6a, H6b, H2", H3",
H4"H5",H6 a, H6'b), 4.89 (d, 1H, J1-» = 9.2 Hz, H1"), 5.16 (d, 1H, J1» = 3.7 Hz, H1).

3C NMR (100 MHz, DMSO, & ppm): 14.5 ~(CHz)15-CHs, 25.4 -CHy-CHy-(CHz)1-,
225, 29.1 29.2, 29.3, 29.4, 29.5, 29.5, 31.7, CH~(CH,)12-CHs, 35.9 -CO-CH,-CH,-,
60.9, 61.2, 70.4, 72.4, 73.0, 73.7, 73.9, 77.2, 77.7, 79.6, C2, C3, C4, C5, C6, C2", C3,
C4',C5’, C6",80.1 C1’, 101.4 C1, 173.1 NH-CO-CH,.
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Micro-TOF MS: 580.3698 [M + H]" calcd 580.3691; 602.3521[M + Na]* calcd
602.3511.

IR (KBr, Cm'l): 3312 (broad), 2914, 2850, 1670, 1548, 1472, 1151, 1083, 1033, 715.
Malt-NH-Phe-C16 (C37H62N2012):

'H NMR (400 MHz, MeOD, 55 °C, & ppm): 0.89 (t, 3H, J = 6.5 Hz, -(CH5)1,-CHs),
1.20-1.29 (m, 24 H, -CH,-(CH,)12-CHg), 1.42-1.49 (m, 2H, -CH,-CH,-(CHy)12-), 2.14
(t, 2H, J = 7.3 Hz, -CO-CH,-CH>-), 2.89 (dd, 1H, Jch-ch2a = 9.4 Hz, Jcpoa-cron = 14.0
Hz, -CH-(CH,)p-arom), 3.18 (dd, 1H, Jcn-caan = 4.9 Hz, Jcpza-chzn = 14.0 Hz, -CH-
(CHy),-arom), 3.27-3.88 (m, 11H, H3", H4", H5",H6 5, H6',, H2, H3, H4, H5, H6,, H6p,)
3.37 (dd, 1H, Ju1-n2 = 9.1 Hz, Jyops = 9.2 Hz, H2"), 4.67 (dd, 1H, Jcp-crap = 4.9 Hz
Jeh-cHea = 9.4 Hz, -CH-CH,-arom), 4.92 (d, 1H, Ju1-1z = 9.1 Hz, H1"), 5.18 (d, 1H, s
ne = 3.5 Hz, H1), 7.17-7.26 (m, 5H, CHarom).

3C NMR (100 MHz, MeOD, 55 °C, § ppm): 14.3 -(CH,)1,-CHs, 26.7 -CH,-CH,-
(CH2)12-, 23.6, 30.3, 30.4, 30.6, 32.9 -CHy-(CH2)12-CH3, 36.9 -CO-CH,-CH,-, 38.8 -
CH-CHy-arom, 55.7 -CH-CH,-arom, 62.2, 62.8, 71.7, 74.2, 74.8, 75.2, 78.45, 78.7, 80.9
C2, C3, C4, C5, C6, C3", C4", C5", C6", 73.7 C2°, 81.3 C1", 102.8 C1, 127.7, 129.3,
130.4 CHarom, 138.3 Carom, 174.63 malt-NH-CO-CH, 176.1 CH-NH-CO-CH..

Micro-TOF MS: 727.4400 [M + H]* calcd 727.4375; 749.4234 [M + NaJ*, calcd
749.4194.

IR(KBr, cm™): 3323 (broad), 2919, 2850, 1645, 1540, 1147, 1081, 1034, 698.

Synthesis of N-propargyl palmitoylamide (8) and N-propargyl (N -palmitoyl-(S)-

phenylalanine)amide (9):

Palmitic acid or compound 1L (1.0 g, 2.48 mmol) and hydroxybenzotriazole were
dissolved in 20 mL of anhydrous tetrahydrofuran. Propargylamine (0.16 mL, 2.50
mmol) was added. The solution was cooled to 0 °C. A solution of DCC (511 mg mg,
2.48 mmol) in 15 mL of anhydrous THF was added. The reaction mixture was stirred
for 2 days at RT. The reaction was monitored by TLC with hexane/ethyl acetate 7:3 as
eluent. The mixture was filtered and the solvent was removed under reduced pressure.
250 mL of dichoromethane were added and the organic phase was washed three times

with 1M KHSQ, solution, and three times with 1M NaHCO3 solution. The organic layer
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was dried over anhydrous MgSQO,. The solution was filtered and the solvent was
removed under reduced pressure. The resulting white solid was purified by
recrystallization from ethanol. A white solid was obtained (545 mg, yield 75% for
compound 8 and 820 mg, yield 75% for compound 9).

N-Propargyl palmitoylamide (C19 H35NO) (8):

'H NMR (300 MHz, CDCls, & ppm): 0.87 (t, 3H, J=6,5 Hz, ~CH,-CHj), 1.20-1.40 (m,
24H, —CHy-(CH2)12-), 1.59-1.64 (m, 2H, ~CH,-(CH,)1-), 2.18 (t, 2H, J=7,5Hz, -CO-
CHy-), 2.22 (t, 1H, J=2,4 Hz, HC=C-), 4.05 (dd, 2H, Jerp-c=c= 2,5 Hz, Joro-nn=5,0 Hz,
=C-CH,-NH-), 5.63 (s, 1H, NH).

3C NMR (75 MHz, CDCls, & ppm): 14.1 ~CH»-CH3 25.6 -CH,~(CHo)1p, 22.7, 29.2,
29.3, 29.3, 29.4, 29.5, 29.6, 29.7, 29.7, 31.9, -(CH2)12-, =C-CH,-NH, 36.5 -CO-CH,-
(CH2)13, 71.5 HC=C, 79.7 HC=C-CHj, 172.7 NH-CO-CH..

Micro-TOF MS: 294.2773 [M+H]" calcd 293.2713; 316.2612 [M+Na]*, calcd
316.2611.

IR (KBr, cm™): 3292, 3073, 2955, 2918, 2848, 1639, 1553, 1472, 1462, 1275, 729, 719,
689, 666, 631, 570.

N-Propargyl (N"-palmitoyl-(S)-phenylalanine)amide (C,s H44sN,05) (9):

'H (300 MHz, CDCls, & ppm): 0.88 (t, 3H, J=6.7 Hz, ~CH,-CH3), 1.25-1.34 (m, 24H, —
CHy-(CHy)12-), 1.52-1.57 (M, 2H, ~CH»-(CH2)12-), 2.16 (t, 2H, J=8.0 Hz, -CO-CH,-),
2.18 (t, 1H, J=2.5 Hz, HC=C-), 3.00-3.13 (m, 2H, -CH-CH,-Phe), 3.95 (dd, 2H, Jci-
c=cu= 2.5 Hz, Jorpnu=5.4 Hz, =C-CH,-NH-), 4.64 (m, 1H, -CO-CH-CO-), 6.06 (d, 1H,
J=7,7 Hz, -CH-NH-CO-), 6.13 (t, 1H, J=54 Hz, —-CH,-NH-CO-), 7.19-7.33 (m, 5H,

Harom).

BC (75 MHz, CDCls, & ppm): 14.0 —CH,-CHs, 25.5 -CHp-(CH2)12-, 22.7, 29.1, 29.2,
29.3, 29.3, 29.4, 29.6, 29.6, 29.7, 30.8, 31.9 -(CHa)12-, =C-CH,-NH, 36.6 -CO-CH,-
(CHy)13, 38.3 -CH-CH»-Phe, 54.3 -CO-CH-NH-, 71.6 HC=C, 78.9 =C-CH,, 127.1,
128.7, 129.3 CHarom, 136.6 Carom, 170.7 —-NH-CO-CH-CHj-arom, 173.3 —NH-CO-
CH3-(CHy)12.

MALDI-TOF MS (DCTB+NaTFA): 463.3[M+Na]".

228



3. SUPRAMOLECULAR GELS BASED ON GLYCOLIPIDS

IR (KBr, cm™): 3285, 3067, 2953, 2917, 2850, 1656, 1634, 1543, 1237, 1228, 752, 727,
703, 689, 658, 501.

Synthesis of OAc-Malt-Tz-Cy5 and OAc-Malt-Tz-Phe-Cig:

N-Propargyl derivatives 8 or 9 (266 mg, 0.91 mmol), azide 5 (602 mg, 0.91 mmol),
copper(l) bromide (27.7 mg, 0.19 mol) and N-pentamethyldiethylenetriamine
(PMDETA) (38 pL, 0.18 mmol) were dissolved in anhydrous DMF (6mL) under an
argon atmosphere. The mixture was stirred at RT for 2 days. The reaction was
monitored by TLC with hexane/ethyl acetate 1:1 as eluent. The catalyst was removed by
filtration and the solvent was removed under reduced pressure. The reaction was poured
into 150 mL of water. The aqueous phase was extracted three times, each with 150 mL
of dichloromethane/ethyl acetate 1:1. The organic phase was dried with anhydrous
MgSQ,. The solution was filtered and the solvent was removed under reduced pressure.
The resulting white solid was purified by flash chromatography using initially
dichloromethane/ethyl acetate 1:1 and then increasing the polarity. A white solid was
obtained (756 mg, 87% of OAc-Malt-Tz-C;s and 850 mg, 85% of OAc-Malt-Tz-Phe-
Cie).

OAc- Malt-TZ-Cle (C45H70N4O]8):

'H NMR (400 MHz, CDCls, & ppm): 0.87 (t, 3H, J = 6.2 Hz, -(CH,)1,-CHa), 1.16-1.35
(m, 24H, -(CHy)12-), 1.55-1.66 (m, 2H, -CH,-(CH,)12), 1.84 (s, 3H, CH3-CO-0-C2")
2.00 (s, 3H), 2.02 (s, 6H), 2.06 (s, 3H), 2.10 (s, 3H), 2.13 (s, 3H), CH3-CO-0 x7, 2.17
(t, 2H, J = 7.7 Hz, CO-CH,-CHy), 3.96-3.98 (m, 2H, H5, H5"), 4.05 (dd, 1H, Jsp5s = 1.5
Hz, Jeasp = 1.6 Hz, H6b), 4.13 (dd, 1H, J3.4 = 9.3 Hz, Jy5 = 9.3 Hz, H4"), 4.23-4.27
(m, 2H, H6a, H6"a), 4.44-4.54 (m, 3H, C = C-CH,-NH, H6"b), 4.87 (dd, 1H, J;», = 3.9
Hz, J,.3 = 10.7 Hz, H2), 5.07 (dd, 1H, J3.4 = 10.0 Hz, J4.5 = 9.8 Hz, H4), 5.31 (dd, 1H,
Jy = 9.1 Hz, Jy.3 = 8.8 Hz, H2"), 5.37 (dd, 1H, Jo.3 = 10.7 Hz, J3.4 = 10.0 Hz, H3),
5.43 (dd, 1H, Jy.3 = 8.8 Hz, J3.» = 9.3 Hz, H3"), 5.44 (d, 1H, J., = 3.9 Hz, H1), 5.84
(d, 1H, J;-»- = 9.1 Hz, H1"), 6.06 (t, 1H, J = 4.7 Hz, -CH,-NH-CO), 7.69 (s, 1H, N-CH
= C-CH_triazole).

3C NMR (100 MHz, CDCls, & ppm): 14.1 -(CH2)12-CHs, 20.2, 20.6, 20.7, 20.8, 20.8
CH3-CO-0 X7, 25.6 CHy-CHy-(CHy)12-, 22.7, 29.3, 29.4, 29.4, 29.5, 29.6, 29.7, 29.7,
31.9, 35.6 -(CHy)12-, CO-CH,-CH,, 34.8 C-CH,-NH, 61.5 C6, 62.5 C6", 67.9 C4, 68.8
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C5,69.2 C3,70.0C2°,709C2,72.4 C4",75.1C3", 754 C5,85.3C1",95.9 C1, 120.8
N-CH=C-Ntriazole, 145.3 CH=C-Ntriazole, 169.1, 169.4, 169.9 CH3-CO-O-C2/ CHs-
CO-0-C6/ CH;-CO-0-C6, 169.9, 170.3 CH3-CO-0O-C3/ CH3-CO-0O-C3’, 170.5 CHjs-
C0O-0-C4, 170.6 CH3-CO-0-C2", 173.2 NH-CO-CHs,.

MALDI-TOF MS (DCTB+NaTFA): 977.5 [M + Na]".

Anal. Calcd for C4sH7oN4O1s: C, 56.59; H, 7.39; N, 5.87. Found: C, 56.25; H, 7.28; N,
5.80.

IR (KBr, cm)): 3303, 2925, 2854, 1754, 1645, 1552, 1369, 1233, 1036.
OAC-Malt-TZ-Phe-Cm (C54 H79N5019):

'H NMR (400 MHz, CDCls, § ppm): 0.87 (t, 3H, J = 6.8 Hz, -(CH,)1,-CHg), 1.14-1.40
(m, 24H, -(CH,)12-), 1.47-1.58 (m, 2H, -CH,-(CH>)12-), 1.83 (s, 3H, CH3-CO-0-C2"),
2.01 (s, 3H), 2.03 (s, 6H), 2.07 (s, 3H), 2.10 (s, 3H), 2.12 (s, 3H), CH3-CO-0O x6, 2.10-
2.17 (m, 2H, CO-CH,-CHy), 2.98-3.10 (m, 2H, -CH-CH,-Phe), 3.94- 4.01 (m, 2H, H5,
H5"), 4.07 (dd, 1H, Js.p = 1.8 Hz, Jeasp = 12.4 Hz, H6b), 4.16 (dd, 1H, J3.4 = 9.4 Hz,
Jrs = 9.4 Hz, H4"), 4.23-4.28 (m, 2H, H6a, H6"a), 4.42 (d, 2H, J = 5.8 Hz, C-CH,-
NH), 4.51 (dd, 1H, J5-61, = 2.2 Hz, Js'a6b = 12.4 Hz, H6"b), 4.60-4.66 (m, 1H, -CO-CH-
NH-), 4.88 (dd, 1H, J1., = 3.9 Hz, J,.3 = 10.5 Hz, H2), 5.07 (dd, 1H, J34 = 9.7 Hz, J45 =
10.0 Hz, H4), 5.32 (dd, 1H, Jy = 9.4 Hz, Jy.3 = 9.2 Hz, H2"), 5.38 (dd, 1H, J.3 = 10.5
Hz, J3.4 = 9.7 Hz, H3), 5.45 (dd, 1H, J»3 = 9.2 Hz, J3.» = 9.4 Hz, H3"), 5.46 (d, 1H, J1.,
= 3.9 Hz, H1), 5.83 (d, 1H, J;-» = 9.4 Hz, H1"), 6.04 (d, 1H, J = 7.6 Hz, CH-NH-CO),
6.36 (t, 1H, J = 5.7 Hz, CH,-NH-CO), 7.12-7.13 (m, 2H, Harom), 7.27-7.22 (m, 3H,
Harom), 7.54 (s, 1H, N-CH = C).

3C NMR (100 MHz, CDCls, § ppm): 14.1 -(CH,)1,-CHs, 20.5, 20.6, 20.7, 20.8, CHs-
CO-0 X7, 22.7 -(CH2)12-, 25.5 -CH-(CHa)12, 29.2, 29.3, 29.3, 29.4, 29.6, 29.7, 32.0 -
(CHy)12-, 34.9 C-CH,-NH, 36.5 CO-CH,-CH,, 38.2 CH-CH,-Phe, 54.3 -CO-CH-CH,,
61.5 C6, 62.5 C6’, 68.0 C4, 68.8 C5, 69.3 C3, 70.0 C2, 70.9 C2", 72.5 C4’, 75.2 C3’,
75.5 C57, 85.0 C17, 96.0 C1, 120.8 N-CH=C-N triazole, 127.0, 128.9, 129.2 CHarom,
136.5 Carom, 144.9 CH=C-N triazole, 169.1 CH3-CO-O-C2", 169.3 CH;-CO-O-C4,
169.8 CH3-CO-0-C3, 169.9 CH3-CO-0-C3’, 170.4 CH;3-CO-0-C2, 170.5, 170.3 CHs-
CO-0-C6/ CH3-CO-0-C6’, 171.0 NH-CO-CH-, 173.2 NH-CO-CH;-.
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MALDI-TOF MS (DCTB): 1124.4 [M + Na]".

Anal. Calcd for Cs4H79N5019: C, 58.84; H, 7.22; N, 6.35. Found: C, 58.24; H, 7.12; N,
6.28.

IR (KBr, cm™): 3306, 2923, 2852, 1753, 1640, 1546, 1370, 1234, 1037.
Synthesis of Malt-Tz-Cy5 and Malt-Tz-Phe-Cis:

The protected compound OAc-Malt-Tz-Cys or OAc-Malt-Tz-Phe-Cy (0.146 mmol)
was dissolved in 7.5 mL of anhydrous methanol. Sodium methoxide (55.3 mg, 1.023
mmol) was added. The solution was stirred at RT until the reaction was complete (TLC,
hexane/ethyl acetate 1:1). Amberlyst IR 120 (H* form) was added to exchange sodium
ions, the resin was filtered off and the solvent was evaporated in vacuo. A white solid
was obtained (85-90%).

Malt-TZ-Cle (C31H56N401 1):

'H NMR (400 MHz, MeOD, 55 °C, & ppm): 0.90 (t, 3H, J = 6.9 Hz, -(CH2)1-CH),
1.20-1.36 (M, 24H, -(CH2)12-CHs), 1.56-1.60 (m, 2H, CH,-CHap-(CHa)12), 2.21 (t, 2H, J
= 7.4 Hz, CO-CH,-CH,), 3.28 (dd, 1H, Jsa = 9.6 Hz, Jus = 9.5 Hz, H4), 3.47 (dd, 1H,
Ji2 = 3.8 Hz, Jp.3 = 9.7 Hz, H2), 3.64 (dd, 1H, Jo.3 = 9.7 Hz, Jsu = 9.6 Hz, H3), 3.65-
3.90 (m, 8H, H5, H6a, Heb, H3", H4", H5", H6"a, H6'b), 3.93 (dd, 1H, J-»" = 9.1 Hz,
Jrs" = 9.0 Hz, H2"), 4.34 (s, 2H, C-CH,-NH), 5.13 (d, 1H, J1» = 3.8 Hz, H1), 5.50 (d,
1H, Jr» = 9.1 Hz, H1"), 7.95 (s, 1H, N-CH-C-triazole).

3C NMR (100 MHz, MeOD, 55 °C, & ppm):13.0 -(CH.)1,-CHs, 22.3, 25.4, 28.9, 29.2,
31.6 -CH2-(CHy)12-, 34.1 C-CH,-NH-, 35.5 CO-CH,-CH,, 60.4, 61.3, 73.7, 76.8, 78.2,
C6, C3",C4", C5",C6", 70.1 C4, 72.2 C2", 72.8 C2, 73.5 C3, 78.9 C5, 88.0 C1, 101.5
C1, 120.0 N-CH=Ctriazole, 145.0 CH=C-CH, triazole, 174.9 NH-CO-CH.

MicroTOF MS: 683.383 [M+ Na]", calcd: 683.384.
IR (KBr, cm™): 3313 (broad), 2917, 2849, 1643, 1543, 1464, 1429, 1241, 1050, 719.
Malt-Tz-Phe-C16 (C40H55N5012):

'H NMR (400 MHz, MeOD, 55 °C, § ppm): 0.86 (t, 3H, J = 6.8 Hz, -(CH,)12-CHs),
1.10-1.32 (m, 24H, CH»-CH,-(CHy)12), 1.38-1.48 (m, 2H, CH,-CHa-(CHy)12.), 2.15 (t,
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2H, J = 7.5 Hz, CO-CH,-CHy), 2.89 (dd, 1H, Jch-cHza = 8.9 Hz, Jchza-chzn = 13.9 Hz,
CH-(CHj)a-Phe), 3.11 (dd, 1H, Jep-cran = 6.4 Hz, Jemzachap = 13.9 Hz, CH-(CHy)b-
Phe), 3.34 (dd, 1H, J34 = 8.8 Hz, J45 = 9.0 Hz, H4), 3.52 (dd, 1H, J;, = 3.8 Hz, J,3 =
9.6 Hz, H2), 3.67 (dd, 1H, J,.3 = 9.6 Hz, J3.4 = 8.8 Hz, H3), 3.70-3.93 (m, 9H, H5, H6a,
Héb, H2", H3",H4",H5",H6 a, H6"b), 4.42 (s, 2H, C-CH,-NH), 4.61 (dd, 1H, Jch-chza =
8.9 Hz, Jch-chzp = 6.4 Hz, CO-CH-NH), 5.29 (d, 1H, J;» = 3.8 Hz, H1), 5.59 (d, 1H, J;-
,  =8.8Hz, H1"), 7.16-7.29 (m, 5H, Harom), 7.88 (s, 1H, N-CH=C-triazole).

3C NMR (100 MHz, MeOD, 55 °C, & ppm): 13.0 -(CHy)12-CHs3, 25.3 CH,-CH,-
(CH2)12-, 22.1, 28.5 28.7, 28.8, 28.9, 31.4 -(CH3)12-, 34.4 C-CH,-NH-, 35.6 CO-CH;-
CHy, 37.5 CH-CHy-arom, 54.7 CO-CH-NH-, 60.6, 61.3, 73.3, 76.8, 78.2, 78.3 C5, C6,
C3,C4,C5,C6,70.2C4,723C2°,72.6 C2,73.7 C3,87.9 C1", 101.1 C1, 122.4 N-
CH=C triazole, 126.5 Carom, 128.2, 128.9, 136.9 CHarom, 144.8 CH=C-CHj triazole,
175.6 NH-CO-CH, 175.2 NH-CO-CH.-.

Micro-TOF MS: 808.4666 [M + H]" calcd: 808.4702; 830.4495 [M + Na]", calcd:
830.4521.

IR (KBr, Cm'l): 3297 (broad), 2919, 2850, 1638, 1543, 1456, 1377, 1036, 699.
Octa-O-acetyl-lactose (CysH33019) (10):

To a refluxing suspension of anhydrous NaOAc (4.14 g, 50.46 mmol) in acetic
anhydride (30 mL, 317.36 mmol) was added a-lactose monohydrate (4.54 g, 12.60
mmol). The reaction mixture was refluxed for 3 h and cooled to 100 °C, then
immediately transferred into ice-water mixture and stirred vigorously until a gum
formed. After decanting the water, the gum was dissolved in dichloromethane and then
washed with saturated aqueous NaHCO; and water. The organic layer was dried over
MgSQ,, filtered and evaporated under reduced pressure. The crude product was purified
by column chromatography using hexane/ethyl acetate 1:1 to give a white solid (7.44 g,
87%).

"H NMR (500 MHz, CDCl5, 25 °C, § ppm): (1B) 1.96 (s, 3H), 2.02 (s, 3H), 2.03 (s, 3H),
2.04 (s, 3H) 2.06 (s, 3H), 2.09 (s, 3H), 2.11 (s, 3H), 2,15 (s, 3H) CH;-CO-O- x8, 3.75
(ddd, 1H, J5 = 2.0 Hz, J5 ¢.= 4.8 Hz, J4-5= 9.8 Hz, H5 ), 3.81 — 3.88 (m, 2H, H5),
H4'5), 4.04 — 4,16 (m, 3H, H6ay, H6bs, H6 ag), 441 — 4.49 (m, 2H, H6 by, H1y), 4.94
(dd, 1H, Js4= 3.4 Hz, 1,5=10.5 Hz, H3), 5.04 (dd, 1H, J;-,= 8.2 Hz, J,.3= 8.7 Hz,
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H2'p), 5.10 (dd, 1H, J;,= 7.8 Hz, J,5= 10.5 Hz, H2j), 5.23 (dd, 1H, J,3= 8.7 Hz,
J34=9.3 Hz, H3'5), 5.34 (dd, 1H, J34= 3.4 Hz, I;5= 1.1 Hz, H4p), 5.66 (d, 1H, J;- = 8.2
Hz, HI'p). (1a) 1.96 (s, 3H), 2.00 (s, 3H), 2.05 (s, 3H), 2.05 (s, 3H) 2.06 (s, 3H), 2.12
(s, 3H), 2.15 (s, 3H), 2,17 (s, 3H) CH;-CO-O- x8, 3,78- 3.90 (m, 2H, H4',, H5,), 3.97
(m, 1H, H5',), 4.05-4.18 (m, 2H, H6a,, H6b,), 4.12-4.18 (m, 1H, H6 a,), 4.43-4.51 (m,
2H, H6'b,, Hl,), 4.94-4.97 (m, 1H, H3,), 5.00 (dd, 1H, J, »= 3.7 Hz, J,.3= 10.5 Hz,
H2',), 5.10- 5.14 (m, 1H, H2a), 5.34-5.37 (m, 1H, H4a,), 5.45 (dd, 1H, J, 3= 10.5 Hz,
J34=9.3 Hz, H3",), 6.24 (d, 1H, I, »= 3.7 Hz, HI a).

C NMR (125 MHz, CDCl3, 25 °C, § ppm): (1p) 20.7, 20.7, 20.8, 20.9, 20.9, 21.0 CHs-
CO- x8, 61.0, 61.9 C6p, C6'4, 66.7 C4p, 69.1 C2p, 70.6 C274, 70.9, 71.7, C55 C3p, 72.8
C375,73.6 C5'p, 75.8 C4'5,91.7 C1'4, 101.6 Clp, 169.0, 169.2 C2-O-CO-, C1'-O-CO-,
169.7, 169.8 C2’-O-CO-, C3’-0-CO-, 170.2, 170.3, 170.5, 170.5 C3-O-CO-, C4-O-CO-
, C6-0O-CO-, C6’-O-CO. (1a) 20.8, 21.1, 20,7, 21,1 CH3-CO- x8, 60.9, 61.6, C6,, C6',
69.3, 69.8, 71.1, 75.9, Cx, 69.5 C3’,, 70.8 C5',, 89.1 CI’,, 101.3 C1,, 169.1, 169.3,
170.1 CH3-O- CO-, other C cannot be assigned.

MALDI-TOF MS (DIT+NaTFA): 701.2 [M + Na]".
IR (KBr, cm™): 3481, 2983, 1754, 1371, 1219, 1048, 898, 601.

Synthesis of Hepta-O-acetyl-p-cellobiosyl azide (11) and Hepta-O-acetyl-p-lactosyl
azide (12):

Trimethylsilyl azide (1.1 mL, 8.36 mmol) and tin tetrachloride (350 pl, 2.99 mmol)
were added, at RT and under argon, to a solution of compound 10 or a-cellobiose
octaacetate (4.01 g, 5.92 mmol) in dry CH,Cl, (15 mL). The reaction mixture was
stirred at RT and the reaction was monitored by TLC (1:1 hexane/ethyl acetate). After
24 h, dichloromethane was added and the solution was washed with saturated Na,COj3
and twice with water. The organic layer was dried over MgSOy, filtered and evaporated
under reduced pressure. The product was purified by flash chromatography using

hexane/ethyl acetate 1:1. A white solid was obtained (3.19 g, 82%)).
Hepta-O-acetyl-B-cellobiosyl azide (C,cH3sN30,7) (11):

'"H NMR (400 MHz, CDCl5, 25 °C, § ppm): 1.98 (s, 3H), 2.00 (s, 3H), 2.02 (s, 3H), 2.03
(s, 3H), 2.06 (s,3H), 2.08 (s, 3H), 2.14 (s,3H) CH;-CO-O- x7, 3.61- 3.73 (m, 2H, H3,
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H5%, 3.79 (dd, 1H, J34= 9.0 Hz, Jy5= 9.9 Hz, H4'), 4.03 (dd, 1H, Js¢= 2.3 Hz,
Jeasv=12.9 Hz, H6a), 4.11 (dd, 1H, J5 ¢,:=4.9 Hz, Jousv=12.2 Hz, H6a), 4.37 (dd, 1H,
Js= 4.5 Hz, Jeao=12.9 Hz, H6b), 4.48-4.56 (m, 2H, HI, H6',), 4.61 (d, 1H, I, ,= 8.9
Hz, HI'), 4.86 (dd, 1H, J;-»= 8.9 Hz, J,-3= 8.4 Hz, H2"), 4.92 (dd, 1H, J;,= 7.9 Hz,
Jos= 9.1 Hz, H2), 5.06 (dd, 1H, J3,= 9.4 Hz, J45= 9.7 Hz, H4), 5.14 (dd, 1H, J,3= 9.1
Hz, Js4= 9.4 Hz, H3), 5.18 (dd,1H, J, 3= 8.4 Hz, J- 4= 9.0 Hz, H3").

13C NMR (100 MHz, CDCls, 25 °C, & ppm): 20.6, 20.7, 20.7, 20.8, 20.9 CH;-CO- x7,
61.6,61.7 C6, C6', 67.8 C4,71.0 C2’, 71.7 C2, 72.2, 72.3, 73.0, 75.0 C3, C5, C3', C5’,
76.1 C4’,87.8 C1’,100.8 C1, 169.2 C2-O- CO-, 169.4 C4-O- CO-, 169.6 C2'-O- CO-,
169.8 C3’-0- CO-, 170.3, 170.4, 170.6 C3-O- CO-, C6-O- CO-, C6’-O- CO-.

MALDI-TOF MS (DIT+NaTFA): 684.0 [M+ Na]".
IR (KBr, cm'l): 3474, 2954, 2879, 2121, 1748, 1371, 1238, 1066, 1046, 904, 600.
Hepta-O-acetyl-B-lactosyl azide (C,cH3sN30;7) (12):

'"H NMR (400 MHz, CDCls, 25 °C,  ppm): 1.96 (s, 3H), 2.04 (s, 3H), 2.04 (s, 3H), 2.06
(s, 3H), 2.06 (s, 3H), 2.13 (s, 3H), 2.14 (s, 3H) CH;-CO-O- x7, 3.70 (ddd, 1H, Js-s1,=
5.1 Hz, Js = 2.2 Hz, J4-5=9.9 Hz, H5"), 3.81 (dd, 1H, Jy 4= 9.1 Hz, J4 5= 9.9 Hz,
H4"), 3.87 (ddd, 1H, Jsg= 7.3 Hz, Jse= 7.3 Hz, Js4= 0.9 Hz, H5), 4.05-4.14 (m, 3H,
H6a, H6b,H6";), 4.47-4.52 (m, 2H, HI, H6",), 4.62 (d, 1H, J,-»= 8.8 Hz, HI", 4.85 (dd,
1H, ], »= 8.8 Hz, Jo-3=9.3 Hz, H2"), 4.95 (dd, 1H, J34= 3.5 Hz, J,5=10.5 Hz, H3), 5.10
(dd, 1H, J,,=7.9 Hz, J,5= 10.5 Hz, H2), 5.20 (dd,1H, J,-3= 9.3 Hz, J;.4=9.1 Hz, H3"),
5.34 (dd, 1H, J34= 3.5 Hz, J45= 0.9 Hz, H4).

C NMR (100 MHz, CDCl;, 25 °C, § ppm): 20.6, 20.7, 20.7, 20.7 20.8, 20.9 CH;-CO-
x7, 60.9 C6, 61.8 C6', 66.7 C4, 69.2 C2,70.8, 71.0, 71.1 C3, C5, C2’, 72.6 C3’, 74.9
C5,759 C4',87.8 C1',101.2 C1, 169.2 C2-O-CO-, 169.6 C2'-O-CO-, 169.7 C3"-O-
CO-, 170.1, 170.2 C3-O- CO-, C4-O- CO-, 170.4, 170.5 C6-O- CO-, C6'-O- CO-.

MALDI-TOF MS (DIT+NaTFA): 684.3 [M + Na]".

IR (KBr, cm™): 3481, 2983, 2122, 1753, 1372, 1230, 1057, 899, 602.
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Synthesis of acetylated glycolipids OAc-Cell-Tz-Csand OAc-Lact-Tz-Cys:

Propargyl derivative 8 (0.44 g, 1.50 mmol), azide derivative 11 or 12 (1.00 g, 1.51
mmol), copper(l) bromide (46.6 mg, 0.32 mol) and N-pentamethyldiethylenetriamine
(PMDETA) (65 pL, 0.31 mmol) were dissolved in anhydrous DMF (10mL) under argon
atmosphere. The mixture was stirred at RT for 2 days. The reaction was monitored by
TLC with hexane/ethyl acetate 1:1 as eluent. The catalyst was then removed by
filtration and the solvent was removed under reduced pressure. The reaction was poured
into 150 mL of water. The aqueous phase was extracted three times, each with 200 mL
of hexane/ethyl acetate 1:1. The organic phase was dried with anhydrous MgSO,4. The
solution was filtered and the solvent was removed under reduced pressure. The resulting
white solid was purified by flash chromatography using initially dichloromethane/ethyl
acetate 1:1 and then increasing the polarity. A white solid was obtained (1.14 g, 80% of
OAc-Cell-Tz-Cy,1.17 g, 81% of OAc-Lact-Tz-Cjg).

OAC-CCH-TZ-CM (C45H70N4018)2

'H NMR (400 MHz, CDCl;_ 25 °C, & ppm): 0.87 (t, 3H, J = 6.8 Hz, -(CH,),-CH3),
1.19-1.35 (m, 24H, -(CH>)12-), 1.55-1.65 (m, 2H, CO-CH,-CH,-(CH2)12), 1.86 (s, 3H),
1.98 (s, 3H), 2.01 (s, 3H), 2.03 (s, 3H), 2.04 (s, 3H), 2.10 (s, 3H), 2.11 (s, 3H) CH;-CO-
O x7,2.17 (t, 2H, J = 7.3 Hz, CO-CH,-CH>), 3.69 (ddd, 1H, J45=9.6 Hz, Js 5= 2.1 Hz,
Js6o= 4.3 Hz,, H5), 3.84-3.98 (m, 2H, H4', H5"), 4.06 (dd, 1H, Jsc, = 2.1 Hz, Jea6p =
12.5 Hz, H6a), 4.12 (dd, 1H, Js-6»=4.7 Hz, Joa6v=12.2 Hz, H6 a), 4.38 (dd, 1H, Jse, =
4.3 Hz, Jeasr = 12.5 Hz, H6b), 4.43-4.53 (m, 3H, H6'b, C = C-CH,-NH), 4.55 (d, 1H,
J12,=8.2Hz, HI),4.94 (dd, 1H, J,,=8.2 Hz, J,3=9.4 Hz, H2),5.07 (dd, 1H, J54=9.5
Hz, J45 = 9.6 Hz, H4), 5.16 (dd, 1H, J,3=9.4 Hz, J34=9.5 Hz, H3), 5.33-5.42 (m, 2H,
H2', H3),5.73-5.73- 5.81 (m, 1H, H1"), 6.11 (t, 1H, J = 5.6 Hz, -CH,-NH-CO), 7.70 (s,
1H, N-CH = C-CHj, triazole).

C NMR (100 MHz, CDCls, 25 °C, & ppm): 14.4 -(CH,)1,-CHs, 20.5, 20.7, 20.8, 21.0,
21.1 CH3-CO-O x7, 23.0 -(CHy)j2-, 25.8 CO-CH,-CH,-(CHy) 2, 29.6, 29.6, 29.7, 29.8,
29.9,29.9, 30.0, 32.2, -(CH,) -, 35.1 C-CH,-NH, 36.9 CO-CH,-CH,, 61.9 x2 C6, C6’,
68.0 C4, 70.8 C2’or C3’, 71.9 C2, 72.5, 72.6 C5, C2'or C3’, 73.2 C3, 76.0 C4’, 76.3
C5’,85.9 CI',100,1 CI, 121.2 CH triazole, 145.7 Ctriazole, 169.3 C2'-O-CO- or C3'-
0-CO-, 169.4 C2-0-CO-, 169.6 C4-0-CO-, 169.8 C2-O-CO- or C3'-0-CO-, 170.4,
170.5 C3-0-CO, C6’-0O-CO, 170.8 C6-0-CO, 173.6 NH-CO-CH,.
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MALDI-TOF MS (DIT+NaTFA): 977.4 [M + Na]".

Anal. Calced for C4sH70N4O15: C, 56.59; H, 7.39; N, 5.87. Found: C, 57.00; H, 7.75; N,
5.93.

IR (KBr, cm'l): 3360, 3073, 2923, 2852, 1750, 1650, 1377, 1228, 1044, 906, 599.
OAc-Lact-Tz- C16 (C45H70N4018):

'H NMR (400 MHz, CDCl;, 25 °C, & ppm): 0.87 (t, 3H, J = 6.8 Hz, -(CH)1,-CH3), 1.20-
1.36 (m, 24H, -(CH>)12-), 1.56-1.65 (m, 2H, CO-CH,-CH,-(CH,);2), 1.86 (s, 3H), 1.97
(s, 3H), 2.05 (s, 3H), 2.06 (s, 3H), 2.08 (s, 3H), 2.11(s, 3H), 2.16 (s, 3H) CH3-CO-0 x7,
2.18 (t, 2H, J = 7.3 Hz, CO-CH,-CH,), 3.85-3.99 (m, 3H, H4",H5, H5"), 4.05-4.19 (m,
3H, Hb6a, H6,, H6',), 4.42-4.57 (m, 4H, C-CH,-NH, H1, H6'}), 4.97 (dd, 1H, J,3=10.4
Hz, J;4 = 3.5 Hz, H3), 5.12 (dd, 1H, J;, = 7.9 Hz, J,5 = 10.4 Hz, H2), 5.33-5.44 (m, 3H,
H2', H3', H4),5.78 (d, 1H, J;'»- =9.2 Hz, HI "), 6.11 (t, 1H, J = 5.3 Hz, -CH,-NH-CO),
7.71 (s, 1H, N-CH = C-CHj triazole).

*C NMR (100 MHz, CDCls, 25 °C, § ppm): 14.2 -(CH,),-CH3, 20.3, 20.6, 20.7, 20.8,
20.9 CH3-CO-O x7, 22.8 CH,-CHy-(CH,)12-, 25.7 CO-CH,-CHy-(CHy)1a, 29.4, 29.5,
29.5,29.6, 29.7, 29.8, 29.8, 32.1, -(CH,) -, 34.9 C-CH,-NH, 36.7 CO-CH,-CH,, 60.9,
61.8 C6, C6°, 66.7 C4, 69.1 C2, 70.7, 70.9, 71.0, 72.5, 75.5, 75.9, C2", C3’, C4’, C5’,
C3, C5, 85.6 CI1,101.2 C1, 120.8 CHtriazole, 145.5 Ctriazole, 169.2, 169.2, 169.6,
170.2, 170.2, 170.3, 170.5 CH3-CO-O-, 173.4 NH-CO-CH,.

MALDI-TOF MS (DIT+NaTFA): 977.4 [M + Na]".

Anal. Calcd for C45H70N4Oq5: C, 56.59; H, 7.39; N, 5.87. Found: C, 56.88; H, 7.73; N,
5.84.

IR (KBr, cm'l): 3398, 2925, 2854, 1754, 1658, 1371, 1230, 1047, 919, 603.
Synthesis of glycolipids Cell-Tz-Cy6 and Lact-Tz-C¢:

The protected triazole-disaccharide-heptaacetate derivative (OAc-Cell-Tz-C;6 or OAc-
Lact-Tz-Cy6) (401 mg, 0.42 mmol) was dissolved in 25 mL of anhydrous methanol.
Sodium methoxide (160 mg, 2.96 mmol) was added. The solution was stirred at RT
until the reaction was complete (TLC, dichoromethane/ethyl acetate 1:1). Amberlyst IR
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120 (H" form) was added to exchange sodium ions, the resin was filtered off. A white

solid was obtained (214 mg, 77% for Cell-Tz-C¢,220 mg, 80% for Lact-Tz-Cje).
Cell-TZ-C16 (C31H56N401 1)2

'H NMR (500 MHz, MeOD, 50 °C. & ppm): 0.90 (t, 3H, J = 6.8 Hz, -(CH,)»-CH}),
1.13-1.45 (m, 24H, -(CH>),,-CH3), 1.56-1.66 (m, 2H, CO-CH,-CH,-(CH»)12), 2.21 (t,
2H, J =7.3 Hz, CO-CH,-CHy), 3.27 (dd, 1H, J,, = 7.3 Hz, J,3 = 8.4 Hz, H2), 3.32-3.46
(m, 3H), 3.65-3.80 (m, 4H), 3.85-3.92 (m, 3H, H3', H4', H5', H6'a, H6'b, H3, H4, H5,
Ho6a, H6b), 3.95 (dd, 1H, J,-» =9.8 Hz, J,-3" = 7.7 Hz, H2"), 4.45 (m, 2H, C-CH>-NH),
448 (d, 1H, J,» = 7.3 Hz, HI), 5.60 (d, 1H, J;»- = 9.2 Hz, HI"), 8.00 (s, 1H,
CHotriazole).

C NMR (125 MHz, MeOD, 55 °C, § ppm): 14.3 -(CH,)1,-CH3, 23.6 -(CH,)5-, 26.8
CO-CHp-CHy-(CHy) 12, 30.4, 30.5, 30.7, 32.9 -CH,-(CHy)12-, 35.6 C-CH,-NH-, 37.0
CO-CH,-CH,, 61.7, 62.6, 71.5, 76.9, 78.0, 78.2, 79.6, 79.9 C3",C4’, C5',C6’, C3,C4,
C5,C6, 73.8 C2°,75.6 C2,89.4 C1’,104.6 CI, 123.4 CHtriazole, 146.4 Ctriazole, 176.3
NH-CO-CH,.

MicroTOF MS: 661.3997 [M+ H]", calcd: 661.4018.

Anal. Calcd for C3;H5¢N40;1.H,O: C, 54.85; H, 8.61; N, 8.25. Found: C, 54.94; H, 8.88;
N, 8.27.

IR (KBr, cm™): 3326, 2915, 2848, 1649, 1542, 1468, 1368, 1328, 1247, 1227, 1210,
1095, 1041, 997, 899, 997, 899, 831, 760, 719, 655.

Lact-Tz-C16 (C31H56N401 1)2

'H NMR (400 MHz, MeOD, 50 °C. & ppm): 0.90 (t, 3H, J = 6.9 Hz, -(CH,),-CH3),
1.22-1.40 (m, 24H, -(CH>)12-), 1.56-1.66 (m, 2H, CO-CH,-CH,-(CH»)12), 2.21 (t, 2H, J
= 7.3 Hz, CO-CH,-CHy), 3.50 (dd, 1H, J,3 = 9.7 Hz, J54 = 3.3 Hz, H3), 3.59 (dd, 1H,
Ji2=7.8 Hz, J»53 = 9.7 Hz, H2), 3.82-3.86 (m, 1H, H4), 3.60-3.64 (m, 1H), 3.69-3.82
(m, 5H), 3.87-3.91 (m, 2H, H3",H4', H5', H6',, H6'y, H5, H6, H6), 3.95 (dd, 1H,
Ji2=92Hz I, 3=8.9 Hz, H2"), 442 (d, 1H, ], = 7.8 Hz, HI), 4.44 (s, 1H, -CH,-NH-
CO), 5.60 (d, IH, J;»-=9.2 Hz, HI"), 8.02 (s, 1H, CH triazole).
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13C NMR (100 MHz, MeOD, 50 °C. & ppm): 14.3 ~(CH,);,-CHs, 23.6 ~(CHa)12-, 26.8
CO-CH,-CH,~(CH»)1»-, 30.3, 30.3, 30.5, 30.6, 30.7, 32.9, -CH,~(CH»)1»-, 35.6 C-CHo-
NH-, 37.0 CO-CH,-CH,, 61.8, 62.6, 76.9, 77.1, 79.6, 80.1,C3",C4’, C5',C6", C5, C6,
70.4 C4, 72.6 C2, 73.8 C2’, 75.0 C3, 89.1 CI’, 105.2 CI, 123.4 CHtriazole, 146.4
Ctriazole, 176.2 NH-CO-CH,.

MicroTOF MS: 661.4008 [M+ Na]’, calcd: 661.4018.

Anal. Caled for C31Hs¢N4O11.H,0: C, 54.85; H, 8.61; N, 8.25. Found: C, 55.34; H,
8.96; N, 8.39.

IR (KBr, cm™): 3328, 2915, 2848, 1649, 1542, 1467, 1416, 1379, 1329, 1247, 1227,
1130, 1089, 1074, 1048, 998, 895, 758, 700, 645.
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4.1. Introduction

Research on supramolecular gels based on low molecular weight gelators (LMWG) has
increased in recent years due to their potential applications' as biomaterials, smart
materials and electronic devices. These applications in the field of materials are based in
the fact that these supramolecular gels are responsive to external stimuli, taking into
account the reversibility of the weak interactions which form the 3D structure of the
gel.? These interactions are supposed to be weaker and easily reversible in the case of
gels based on low molecular mass gelators compared to supramolecular polymeric gels.
The type of response depends on the applied stimulus and can affect the supramolecular
structure at different hierarchical levels. For instance, by triggering adequate
modifications, these materials can be cycled between free-flowing liquids and non-
flowing materials. However other modifications can also be promoted, for example, in
the chemical or physical properties, such as color or conductivity or swelling and
shrinking by extension or contraction of the network.?

Changes in these supramolecular materials can be triggered by chemical or physical
stimuli yielding to smart materials. Different supramolecular gels have been reported to
be chemo-responsive by a host-guest complexation,* a metal-ion interaction® and pH
changes.® Apart from the response to temperature and mechanical stress, among the
different physical stimuli, light is attractive because it is a remote stimulus that can
promote spatially controlled changes. As photoactive gels there are several examples of
luminescent gels’ and phototunable gels, having a structure transformation through a
photochemical process of a photochromic unit. The photochromic unit can be the
gelator itself or a co-gelator. The gel response is a consequence of the ability of the
photochromic unit to alternate between two different chemical forms with light; the two
forms displaying different absorption spectra. Most often, the mechanisms involved at
the molecular level are trans-cis isomerization, tautomerization and electrocycling ring
closures and openings. The photoinduced response in gels can be irreversible or
reversible.® Azo dye systems are used in supramolecular assemblies to trigger reversible
environmental changes, due to the reversible trans-cis photochemical isomerization
experienced by azobenzenes, where the cis isomer can promote a structural change or

disruption of the structure.’
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Examples of trans-isomer organogels giving rise to a photo-stationary state of trans-cis
mixtures which provide a sol state, have been described on aza-crown-appended
cholesterol derivatives'® and recently on hydrazine'* and lipid derivatives.'? By contrast,
in organogels derived from bis-ureido-azobenzene derivatives, the trans-cis
isomerization is blocked in the gel state.* Most reported examples are related to
organogels, due to the difficulty of incorporating a hydrophobic photoresponsive part in
water soluble aggregates. However, a few photoresponsive hydrogels based on peptide
derivatives have also been reported."* Azobenzene chromophores can also be
incorporated into glyco-amphiphilic structures. Changes under irradiation in their

structure™ or gel-sol transition'® have been described for sugar-based azo-gelators.

Multi-component supramolecular gels*’ have also been previously studied because the
mixture of components allows tailoring the properties of the resulting gel. If two
components, which are themselves gelators, are used, either co-gels or self-sorting gels
can be formed.*® Azo mixtures have been studied by the potential light control of the gel
structure through azo isomerisation.’® As example, the co-assembly of an azobenzene
derivative with gels having a chiral nanotube structure has been studied, in which
reversible changes have been regulated by light switching.”> Furthermore, mixtures of

amphiphiles based on sugars have been also described as self-sorting gels.**

On the other hand, as it has been concluded in previous chapters, click chemistry is an
effective reaction to link a hydrophilic sugar head and a hydrophobic chain in order to
prepare amphiphilic molecules. The triazole ring gives additional n-n stacking and its
dipolar moment increases the hydrophilicity of the amphiphile, contributing to the
formation of hydrogels. Now we are going to introduce in the structure an azobenzene
group at different positions of the hydrophobic chain, using maltose as sugar polar head,
in order to obtain photoactive gels, see Fig. 4.1. The liquid crystalline behavior, chiral
supramolecular structures and light-response capability of these gels have been
explored. Furthermore, hydrogel formed by a mixture of gelators of similar structure
have been formed in order to investigate if the chiral arrangement can be modulated by

light as remote stimulus.
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Fig. 4.1: Chemical structure of the synthesized azo-glycolipids.

4.2. Results and discussion

4.2.1. Synthesis

As starting materials were used peracetylated maltose, as the sugar block precursor, and

the azobenzene-containing carboxylic acids shown in Fig. 4.2.

ausas
N
HO
HOOC-Azo-Cyg

HO\([)I/\/\/\O D N’NOOM

HOOC-C5-Azo-Cg
O
A S
(o}

HOOC-C,(-Az0-OCH,

Fig. 4.2: Chemical structure and nomenclature of the azobenzene blocks.

Compounds HOOC-Az0-Cjs and HOOC-Cs-Azo-Cg were synthesized following
Scheme 4.1 and Scheme 4.2 respectively. HOOC-C1,-Azo-OCHj3 was provided by the

Liquid Crystal and Polymer group at Zaragoza University (Eva Blasco).
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Scheme 4.1: Synthesis of HOOC-Az0-Cgs.
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Scheme 4.2: Synthesis of HOOC-Cs-Az0-OCs.

Compounds were prepared by an azo coupling reaction?? using sodium phenoxide and
ethyl p-aminobenzoate for HOOC-Azo0-Cs5, (R)-2-octyloxyaniline (15) for HOOC-Cs-
Az0-Cg and p-methoxyaniline for HOOC-Cy,-Azo-OCHgs, respectively. Compound
(R)-2-octyloxyaniline (16) was prepared from 4-nitrophenol by etherification with (S)-
2-octanol and further reduction of the nitro group. The carboxylic aliphatic chains were
introduced by a Williamson reaction, followed by the hydrolysis of the ester group to

yield the aimed acid.

The glyco azo-amphiphiles were synthesised by click coupling of 3-maltosylazide and
the N-propargylamides derived from the azobenzenes shown in Figure 4.2 using a

copper(l)-catalysed azide-alkyne [3+2] cycloaddition, see Scheme 4.3.

The resulting triazole ring connects the maltose polar head with the hydrophobic part.

The hydrophobic part consists of an azobenzene group and an alkyl chain with the

248



4. SUPRAMOLECULAR GELS DERIVED FROM AZOBENZENE GLYCOAMPHIPHILES

azobenzene at different positions: directly linked to the triazole (Malt-Tz-Azo-Cgg), in
the middle of the chain (Malt-Tz-Cs-Az0-Csg) or at the end of the chain (Malt-Tz-Cy,-
AZO-OCHg.
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OAc o) lo)
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Scheme 4.3: Synthesis of Malt-Tz-Azo-Cy, Malt-Tz-Cs-Az0-Cg, and Malt-Tz-Cyo-
Az0-OCHa.

As was described in Chapter 3, B-maltosylazide 5 was synthesized in a stereoselective
manner by treating f-maltose octa-acetate with trimethylsilyl azide and tin tetrachloride,
as a Lewis acid catalyst, employing the general procedure described by Paulsen. To
introduce the alkyne, the propargylamide derivatives 19, 20 and 21, were synthesized
using EDC as coupling agent and hydroxybenzotriazole. The click coupling reaction
azide-alkyne was carried out in DMF using CuBr and N-pentamethyldiethylenetriamine
(PMDETA) to give the azo-glycosyl products in 80-90% vyield. All of the protected
derivatives were deacetylated at room temperature with MeONa and Amberlyst IR120
in anhydrous THF to give the final product at a yield of 75-90%.

Peracetylated compounds and azo-glycoamphiphiles were characterized by *H NMR,
3C NMR, IR and mass spectrometry (see experimental section). Peracetylated
compounds (OAc-Malt-Tz-Azo-Cy, OAc-Malt-Tz-Cs-Azo-Cgand OAc-Malt-Tz-Cyp-
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Az0-OCHj3;) and azo-glycoamphiphilic compounds (Malt-Tz-Azo-Cy, Malt-Tz-Cs-
Az0-Cg, and Malt-Tz-Cyo-Az0-OCHj3) were characterized by additional 2D NMR
experiments (COSY, TOCSY, NOESY, HSQC and HMBC) to corroborate their

chemical structure.

As an example of the characterization studies, Fig. 4.3 shows *H NMR experiments on
OAc-Malt-Tz-C1p-Azo-OCH3; and Malt-Tz-C19-Azo-OCHgs, and Fig. 4.4 shows a 2D
TOCSY experiment on OAc-Malt-Tz-Cy9-Azo-OCHj3 where all the sugar ring protons

can be assigned.

a) OAc-Malt-Tz-C,;-Azo-OCHj; and Malt-Tz-C,,-Azo-OCHj,
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Fig. 4.3: a) OAc-Malt-Tz-C13-Az0-OCH3 and Malt-Tz-C,p-Azo-OCH; chemical
structure and nomenclature, b) *H NMR spectrum of OAc-Malt-Tz-C1p-Az0-OCH;
with CDCI; as solvent at 25°C, c) 'H NMR spectrum of Malt-Tz-C1o-Az0o-OCHj3 with
DMSO as solvent at 25°C.
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Fig. 4.4: TOCSY experiment of OAc-Malt-Tz-C,o-Azo-OCH3; with CDCI; as solvent
at 25°C and 60 ms of mixing time.
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The exact masses of the azo-glycoamphiphiles were determined by mass spectrometry,
see Fig. 4.5 for MicroTOF mass spectrometry of Malt-Tz-C,p-Azo-OCH3; as an
example, and the results also confirmed the proposed structures of these materials.

intens, . C39H57N6013 ,817.40 Intens. 5. C39H56 N6 NaO 13 ,839.38
X104 R
1 817.3978 1 839.3798
2.0 1
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Fig. 4.5: MicroTOF Mass Spectrometry of Malt-Tz-C1o-Az0-OCHg,
4.2.2. Thermal properties

The thermal properties of the synthesized azo-glycolipids were studied by
thermogravimetric analysis (TGA), polarizing optical microscopy (POM) and

differential scanning calorimetry (DSC).

In peracetylated precursors, 5% weight losses were observed at temperatures close to
300°C. However, thermogravimetric curves for deprotected azo-glycolipids display 5%
weight losses at temperatures of 170-245°C (in samples previously dried and
immediately analyzed). See Table 4.1 and Fig. 4.6.

Table 4.1: Thermogravimetric analysis of peracetylated precursors and azo-glycolipids.

Compound

OAc-Malt-Tz-Azo-Cyg 315°C  320°C 340°C
OAc-Malt-Tz-C5-Azo-Cq 315°C  320°C 336°C
OAc-Malt-Tz-Cy,-Az0-OCHj, 315°C  320°C 335°C
Malt-Tz-Azo-C 215°C  240°C 260°C
Malt-Tz-C5-Azo-Cq 245°C  273°C 285°C
Malt-Tz-C,,-Az0-OCHj,4 170°C  218°C 258°C

Tso410st = Temperatures at which 5% of the initial mass is lost. T,p; = Onset of decomposition. T, = Temperatures at

which the maximum rate of weight loss is produced.
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Fig. 4.6: Thermogravimetric curves of OAc-Malt-Tz-Cs-Azo-Cg and Malt-Tz-Cs-Azo-
Cs.

The peracetylated precursors were studied by polarized optical microscopy and DSC as
a function of temperature. Mesomorphic behavior was not observed in these
peracetylated precursors. OAc-Malt-Tz-Azo-Cys and OAc-Malt-Tz-Cy9-Azo-OCHg,
melt directly from a crystalline state into an isotropic liquid. OAc-Malt-Tz-Cs-Azo-Cs
Is an amorphous solid having a glass transition around 57°C (DSC), see Fig. 4.7.

— OAc-Malt-Tz-C;-Azo-Cq

Endo —

-50 0 50 100 150
Temperature °C

Fig. 4.7: DSC curve for the second scan in the solid state of OAc-Malt-Tz-Cs-Azo-Cs,

Decomposition of azo-glycolipids was observed by optical microscopy at temperatures

above 170°C and the sample became brown, most probably due to decomposition of the

sugar units. In DSC experiments, when the azo-glycolipids were heated up to 200°C,

decomposition at around 170-175°C was observed for Malt-Tz-Azo-C,s and Malt-Tz-

Cs-Az0-Cg; while for Malt-Tz-Cy9-Azo-OCHg, the decomposition started at 120°C as a
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decrease of the baseline. As consequence, DSC studies of the azo-glycolipids were
performed by heating the compounds up to 120°C (maximum) to prevent the thermal
decomposition of the samples, see Table 4.2. Under these conditions, the second and
successive scans were reproducible. Compounds are crystalline except OAc-Malt-Tz-
Cs-Az0-Cg that only exhibits a glass transition (in the first heating exhibits an

endothermic peak at approximately 110°C, which is not observed in successive scans).

Table 4.2: Thermal characterization of peracetylated compounds and azo-glycolipid

compounds.

Thermal transition (°C) [AH kJ/mol]?
OAc-Malt-Tz-Azo-C,° Cr171[48.3] 1
OAc-Malt-Tz-C5-Azo-CgP g 57 I
OAc-Malt-Tz-C,-Azo-OCH,P Cr132[38.4] |
Malt-Tz-Azo-Cy¢° Cr 58[5.2] Cr ‘79 [3.3] Cr’" 1409 S,
Malt-Tz-C5-Az0-Cg¢ g78 Sm
Malt-Tz-C,-Azo-OCH,¢ g 67 Sm+dec

*DSC thermal cycles were carried out in nitrogen atmosphere (10°C/min). "The heating cycles were carried out up to
200°C. Data corresponding to the second heating scan. “The first and second heating cycles were carried out up to
120°C. Data corresponding to the second heating scan. *Data from polarized light microscopy. Cr = crystal, I =

isotropic liquid, g = glassy state, Sm = smectic phase.

From the DSC measurements, Malt-Tz-Azo-Ci has a thermal transition at around
80°C; however, above this temperature, the sample is highly viscous and difficult to
study by optical microscopy. Nevertheless, using optical microscopy, the sample
becomes more fluid at temperatures above approximately 140°C, and it can be
characterized as a liquid crystal according to the optical observations. In DSC (sample
heated up to 200°C) a peak was not clearly observed in this region although a broad
transition cannot be ruled out. Malt-Tz-Cs-Az0-Cg has a glass transition (no clear
endothermic or exothermic peaks were observed in the first heating), observed by DSC
measurement, at around 78° C and also exhibits a birefringent texture corresponding to a
highly viscous mesophase above this glass transition, see Fig. 4.8. Malt-Tz-Cy,-Azo-
OCHj3 is semicrystalline as obtained. Once heated above 120°C (endothermic peak at
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120°C) the compound does not crystallize on cooling and exhibits a glass transition (at
around 70°C) in the second and subsequent heating scans. The textures of all

compounds were similar and difficult to be unambiguously assigned.

b)

—— Malt-Tz-C;5-Azo-Cg

Endo —

-50 0 50 100 150
Temperature °C

Fig. 4.8: a) Microphotograph of Malt-Tz-Cs-Azo-Cg taken at 130° C at first heating

cycle, b) DSC curves for the second heating and cooling scan of Malt-Tz-Cs-Azo-Cg

In an effort to identify the mesophase by XRD, several attempts were made to obtain
oriented fibers of the compounds. A fiber of Malt-Tz-Cs-Az0-Cg compound was
obtained around 160°C; at lower temperatures any fibre can be drawn. However,
oriented fibres of Malt-Tz-Azo-C and Malt-Tz-C1p-Azo-OCHj3 could not be obtained.
X-ray patterns of the Malt-Tz-Cs-Azo-Cg fibre were recorded at room temperature for
15h, see Fig. 4.9. Bragg reflections were found in the low-angle region corresponding to
the second, third and fourth lamellar orders. The lamellar spacing obtained is close to
61.6A which is larger than the length of one molecule (44.1A according to
measurements accomplished in Chem3D Pro 12.0 program), but smaller than twice the
extended molecular length. This result indicates that an interdigitated bilayer is

probably formed. In the high angle region a diffuse, broad maximum was found.
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Secondlamellarorder

b7

Third lamellar order

" 8

Fig. 4.9: a) X-ray pattern of a fibre ofMalt-Tz-Cs-Az0-Cg recorded at RT for 15 h
(fibre axis indicated in the figure).

Forth lamellar order

4.2.3. Supramolecular Gels

The solubility and gelation abilities of the azo-glycolipids were examined in different
solvents by dissolving the compound in the corresponding solvent with a concentration
in the range of 0.5-5 wt % (the gelator and the solvent were placed in a septum-capped
test tube). Malt-Tz-Azo-Cs and Malt-Tz-C15-Az0-OCHj3 azo-glycoamphiphiles are not
soluble at room temperature (RT) in any of the selected solvents, except DMSO.
However, the Malt-Tz-Cs-Azo-Cg compound has a different behavior: it is soluble at
RT in solvents such as chloroform, THF, DMF, DMSO, methanol and the DMSO/water
mixture. This compound is not soluble in water; however if the aqueous solution is
heated, the compound is finally solubilized and remains soluble when the aqueous
solution is cooled down to RT (2.5 wt %). The results for the three compounds in the
selected solvents are summarized in Table 4.3. If the compound was not soluble at RT,
the mixtures were first dissolved by heating and then cooling to RT. Under this process
a solution, a precipitate or a gel was observed depending on the solvent. The formation

of a gel was registered if the tube was turned upside down and the solution did not flow.
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Table 4.3: Solubility and gelation properties of the synthesized azo-glycolipids in
different solvents tested at different concentrations (0.5-5.0 wt %), after heating and

cooling down to RT.

Malt-Tz-Az0-Cy; | Malt-Tz-Co-Az0-C; | Malt-Tz-C,,-Az0-OCH,
| |

Toluene

I
Choroform | S |
THF P S
Dodecanol |
Acetone I
DMF P
DMSO S
Methanol |
Water G (5.0 wt %) 2 |

DMSO/Water G (1.5 Wt %, 1:1 wt) S G (2.0 Wt %, 1:1 wt)

w un un -

P
S
I

I=Insoluble, P = Precipitate, S = Solution, NT = Not Tested, G= Gel (minimum gelation concentration). *Soluble by

previous heating at 2.5 wt % in water.

Malt-Tz-Azo-Cy5 compound gelates in water in a minimum gelation concentration of
5.0 wt % to form a gel in the absence of other organic solvents. This gel is opaque, but
becomes a little transparent in a DMSO/water mixture, as can be seen in Fig. 4.10.

Fig. 4.10: Left: gels of Malt-Tz-Azo-Cy 5.0 wt % water and 1.5 wt % DMSO/water
(1:1 wt). Right: gel of Malt-Tz-C10-Azo-OCH3 2.0 wt % DMSO/water (1:1 wt).
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The minimum gelation concentration decreases to 1.5 wt % for the mixture of the two
solvents (DMSO/water, 1:1 wt). Malt-Tz-C,p-Azo-OCHj also formed a gel in a
DMSO/water mixture (1:1 wt) at 2.0 wt % as minimum gelation concentration; this gel

is also opaque.

These molecules have a highly hydrophobic tail and the presence of an organic co-
solvent such as DMSO, in addition to water, is required for complete solubilisation on
cooling and subsequent gel formation. In all the cases, the gels are stable at RT and
thermoreversible. Sol states were reached by heating the septum-capped test tube in a
block heater, for Malt-Tz-Azo0-C (5.0 wt % water) at 90°C, Malt-Tz-Az0-Cjg (1.5 wt
% DMSO/water 1:1 wt) at 85°C and for Malt-Tz-Cy,-Az0-OCH3; (2.0 wt %
DMSO/water 1:1 wt) at 100°C. However, Malt-Tz-Cs-Azo0-Cg compound cannot form a

gel even in mixtures of solvents.

To corroborate the presence of m-m stacking and H-bonding interactions, *H-NMR
experiments were performed to study the groups involved in the self-assembly. An
experiment was carried out starting from a DMSO solution of Malt-Tz-C;o-Azo-OCHj3

and subsequent addition of water.

For example, Fig. 4.11 shows the the 8.50 to 6.90 ppm region of the *H NMR spectra of
the Malt-Tz-C19-Az0-OCH3 compound (2.9mg) in 0.40mL of DMSO-d¢ at RT (and
successive addition of water) and Fig. 4.12 shows the region from 6.00 to 3.00 ppm.
The spectra were recorded upon successive additions of 0.04 mL of water to the initial
DMSO-dg solution. The signals corresponding to CH or CH, of the carbohydrate
remains unchanged (see Fig. 4.12) meanwhile a displacement of the rest of signals was
observed. Several signals exhibited a shift upon addition of water up to 0.16 mL. Upon
addition of more water the signals did not exhibit additional shift and the intensity
decreased. A shielding was found for the H signal of the triazole ring (A8(Hr,) = 0.072
ppm) and for the H signals of the azobenzene aromatic ring (A3(Harom) = 0.036 ppm in
both signals). These latter protons have a similar shift in DMSO-ds solution, but become
unequally shifted as the aggregation takes place, due to parallel displacement of the
rings minimizing the unfavorable electrostatic effects in the m-n stacked arrangements.
This supports the contribution of m-m stacking to the aggregation of the amphiphiles
promoted by water addition.
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A simultaneous deshielding for the NH signal is detected (Ad(Hnn) = 0.075 ppm) as
well as in the OH signals which can be assigned to H-bonding interactions. These facts
are in accordance with self-assembly upon addition of water that finally led to a swollen

gel aggregate macroscopically detected in the NMR tube.

H Triazole
a) NH AS,,,=0.072 ppm | H Arom H Arom
AS,,,,=0.075 ppm JM A3,,,=0.036ppm| | AS,,,=0.036 pp Jl)k
——
r T L T T ! T T T T T T ‘ T
84 83 82 8180 79 V8 77 76 75 7.4 743 7.2 74 7.0 ppm
b) ; ; ; ;
L Tt S

r T T T T ' T T T T T T T T T T T

84 83 82 81:80 79 78 77 76 75 74 73 72 74 70 ppm

I U i

r T T T T v T T T T T T T T T

T T
84 83 82 81 : 80 79 78 77 76 75 74 73 72 7.]4 7.0 ppm

c)

@ s s
" | A JNL JM
I T ™ T T : T T T T T ‘
8.4 8.3 8.2 8.1 9 7.6 75 7.4 73 7.2 7.ﬂ 70 ppm
€) 1 1
. ) J‘L L
I T T T T | T T T T T
84 8.3 8.2 8.1 9 7.6 7.5 7.4 7.3 7.2 7.1 70 ppm

Fig. 4.11: 8.50 to 6.90 ppm region of the *H NMR spectra in DMSO-dg upon successive
addition of water, (a) 2.9 mg of Malt-Tz-C1,-Az0-OCHg3 in 0.40 mL DMSO-ds, (b)
addition of 0.04 mL H,0O to (a) [1:0.1 DMSO/water], (c) addition of 0.08 mL H,O to (a)
[1:0.2 DMSO/water], (d) addition of 0.12 mL H,O to (a) [1:0.3 DMSO/water], (e)
addition of 0.16 mL H,0O to (a) [1:0.4 DMSO/water].
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Figure 4.12: 6.00 to 3.00 ppm region of the *H NMR spectra in DMSO-ds upon
successive addition of water. (a) 2.9 mg of Malt-Tz-Cy9-Azo-OCHg; in 0.40 mL
DMSO-dg, (b) addition of 0.04 mL H,0 to (a) [1:0.1 DMSO/water], (c) addition of 0.08
mL H,O to (a) [1:0.2 DMSO/water], (d) addition of 0.12 mL H,O to (a) [1:0.3
DMSO/water], (e) addition of 0.16 mL H,O to (a) [1:0.4 DMSO/water].

The position of the azobenzene group seems to have an influence of the solubility and
gel ability. When the azobenzene group is located in the middle (Malt-Tz-Cs-Az0-Cs),
the compound is soluble in several organic solvents and surprisingly soluble in water,
and no gels were obtained in the solvents studied. If it is directly linked to the sugar
polar head, the compound (Malt-Tz-Azo-Cis) gelates in water, but when the
azobenzene is at the end of the hydrophobic chain (Malt-Tz-C;9-Azo-OCHy3), the gel
had to be formed in a mixture of a solubilising solvent, DMSO, and a non-solubilising

solvent, water.

Morphological gel characterization. The self-assembled structure of the gels derived
from Malt-Tz-Azo-Cis and Malt-Tz-Cyp-Az0-OCH3; were studied by electron
microscopy (SEM and TEM) on dried gels under vacuum (xerogels).
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SEM measurements of the xerogels show bundles of fibres which form the 3D network
responsible for the gel structure, see Fig. 4.13. The fibres of the Malt-Tz-Azo0-Cys gel,
either in water or in a mixture of 1:1 wt DMSO/water, show diameters of around 40-
60nm, see Fig. 4.13.a and b. However, fibres from gels in water seem to be shorter than
for the mixture of solvents, where they are several um in length. Moreover, some wider
fibres of around 100nm in diameter can also be measured in the gel from the mixture of
solvents. Malt-Tz-C;o-Azo-OCHj3; xerogel images show fiber with a broad range of
diameters (some of them are close to 1 um, fibres of around 80 nm can also be

observed; however most of the fibers are mainly around 200-250 nm), see Fig. 4.13c.

Torsion was observed for a single Malt-Tz-C19-Azo-OCHgs ribbon, which is shown in
Fig. 4.13.d. This torsion could be related to the molecular chirality of the molecules,

which is traduced into the chiral helicity of the supramolecular arrangement.

Fig. 4.13: a) SEM image of Malt-Tz-Azo-Cys xerogel (5.0 wt % water), b) SEM image
of Malt-Tz-Azo-Cy¢ xerogel (1.5 wt % DMSO/water 1:1 wt), ¢c) SEM image Malt-Tz-
C10-Az0-OCHg3 xerogel (2.0 wt % DMSO/water 1:1 wt), d) SEM image of a single
twisted ribbon of Malt-Tz-C,o-Azo-OCHj3 xerogel (2.0 wt % DMSO/water 1:1 wt).
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Fibrillar structures were also observed by TEM, see Fig. 4.14. However, in this
technique, a dried dilute solution of the gel must be used (0.1 wt % in water or
DMSO/water) and negative staining with uranyl acetate was done. The observed fibres
were over 10-20 nm in diameter for the Malt-Tz-Azo-Cis and Malt-Tz-C,p-Azo0-
OCHes.

Fig. 4.14: a) TEM image of Malt-Tz-Azo-Css (0.1 wt % water), b) TEM image of
Malt-Tz-Azo-Cy6 (0.1 wt % DMSO/water 1:1 wt), c) TEM image of Malt-Tz-Cy,-Azo-
OCHj3 (0.1 wt % DMSO/water 1:1 wt).

4.2.4 Study and control of the chiral supramolecular arrangement

The presence in the supramolecular gels of photoactive units as the azobenzene moieties
should allow the control of their nanostructure and subsequently of the gel properties. If
a chiral organisation is expected in the gel, CD spectroscopy is of great interest to
characterise the chiral assemblies and potential changes in the organisation. For this
purpose, UV-vis and CD spectra of the azo-gelators, were registered simultaneously
both in DMSO solution and in gel state.

In DMSO solution, 5x10™° M, Amax in the UV absorption spectrum appears at 362 nm for
all the compounds, Malt-Tz-Azo-Ci5, Malt-Tz-Cs-Az0-Cg and Malt-Tz-Cy-Azo-
OCH3, see Fig. 4.15. The solutions were CD silent. These spectroscopic results seem to
evidence that azobenzene chromophores are mainly isolated in the DMSO solutions,

with a low aggregation detected.
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Fig. 4.15: Absorption spectra of Malt-Tz-Azo-C,¢, Malt-Tz-Cs-Azo-Cg and Malt-Tz-
C10-Az0-OCH3 in DMSO solution (5x107° M).

The absorption spectrum of Malt-Tz-Cy,-Azo-OCHj3 gel (2 wt % DMSO/water, 1:1
wt), see Fig. 4.16, exhibits a Amax at 335 nm, which is blue shifted with respect to the
Amax Of the free azobenzene units in DMSO solution. That points to the existence of H-
aggregates of azobenzene moieties. Moreover, a negative Cotton effect is detected in the
CD spectrum corresponding with the absorption band of azobenzene H aggregates.
Unfortunately, the UV-vis and CD spectra of the Malt-Tz-Azo-Cis gel (1.5 wt %
DMSO/water, 1:1 wt) could not be performed probably due to the sample crystallization

in the silica sandwich.

The presence of azobenzene groups can be used to induce modifications on the
supramolecular structure of the gel by irradiation with UV light. However, after UV
irradiation at 365nm for 150 min (see Characterization Techniques 7. Annex for
experimental conditions), no changes were detected in the UV-vis and CD spectra of
Malt-Tz-C1o-Az0-OCH3 gel (2.0 wt % DMSO/water, 1:1 wt); see Fig. 4.16. The gel is
stable under these conditions, indicating that trans-cis isomerisation of the azobenzene
groups does not occur, probably because the dense packing of the azobenzene groups

prevents the trans-cis isomerization.?®
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Fig. 4.16: CD spectrum (top) and absorption (bottom) spectra of Malt-Tz-Cyo-Azo-
OCHj3gel (2.0 wt % DMSO/water (1:1)) without irradiation, solid line, and irradiated at
365 nm for 150 min, dashed line.

To obtain hydrogels with a lower ratio of azo-derivatives, multi-component
supramolecular gels have been formed. With this aim, we prepared mixtures with an
azo-glycolipid (Malt-Tz-Cs-Azo-Cg or Malt-Tz-Az0-Cs6) and the previously described
hydrogelator Malt-Tz-Cy, having a similar structure but without photochromic units,
see Fig. 4.17.
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Fig. 4.17: Chemical structure of compounds used for preparing Gel | and Gel II.
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Malt-Tz-Cs-Azo-Cg and Malt-Tz-Azo-C,6 azo-glycolipids were selected because of
their solubility or ability to gelify in water. Malt-Tz-C,o-Azo-OCH3; was not used
because it is not soluble in water. In these cases, CD and absorption spectra were
recorded from 200 to 600 nm to investigate both regions corresponding to triazole and
azobenzene groups, in contrast to the gels made from DMSO/water mixtures, where

only the azobenzene group region can be observed.

Gel I was formed by Malt-Tz-Cs-Azo-Cgand Malt-Tz-Cy¢ in a 1:10 molar ratio, at 1wt
% of Malt-Tz-Cy6 hydrogelator in water. In mixtures with an increasing amount of
Malt-Tz-Cs-Azo-Cg azo-compound, no gel formation was observed. To compare the
influence of the azoamphiphile, Gel 1l was formed by Malt-Tz-Azo-C35 and Malt-Tz-
Cis, in the same ratio (1:10 molar ratio), at 1 wt % of the Malt-Tz-C,¢ hydrogelator in

water.

A solution of Malt-Tz-Cs-Azo-Cg in water (4.5x10° M) and having a similar
absorption to Gel I exhibits a maximum absorption of the n-n* band of the azobenzene
groups at 343 nm; the maximum is blue-shifted with respect to the observed for isolated
azobenzene. Moreover, a CD signal was observed in this water solution of Malt-Tz-Cs-
Az0-Cg. These results indicate that azobenzene chromophores are aggregated (H-

aggregation) and this aggregation is the origin of the CD signal, see Fig. 4.18.
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Fig. 4.18: CD and absorption spectra of a water solution of Malt-Tz-C5-Az0-Cg (4.5x
10 M).

The n-n* band of the azobenzene units in the UV-vis spectra of Gel I (Malt-Tz-Cs-
Az0-Cg as photoactive compound) and Gel Il (Malt-Tz-Azo-C;s as photoactive
compound) show a hypsochromic shift in relation to the band of free azobenzene
chromophores, suggesting a H-aggregation, see Fig. 4.19 (bottom) for Gel | and Fig.
4.20 (bottom) for Gel 11. Both gels show CD signals due to the triazole and azobenzene
groups; however there are some notable differences; see Fig. 4.19 (top) for Gel | and
Fig. 4.20 (top) for Gel Il. At a shorter wavelength, Gel | exhibits a Cotton effect
around 240 nm due to the absorption band of the triazole group, which is directly
bonded to the chiral sugar unit (maltose). At a longer wavelength, a negative Cotton
effect associated with the n—n* absorption band of the azobenzene moiety is also
detected. Moreover, the CD spectrum of the fresh Gel Il seems to show two positive
couplets, corresponding to triazole groups (shorter wavelength) and azobenzene units

(longer wavelength). Surprisingly, after storing Gel Il for 6h, the ellipticity values of
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the negative bands increase and a new CD band is detected at 365nm. A reorganisation

of the sample probably occurs in the sandwich formed under measurement conditions.

200 300 400 500 600

Fig. 4.19: CD (top) and absorption (bottom) spectra of fresh Gel I, solid line; irradiated
for 2 min with UV light at 365 nm; dashed line; after 24h storage in darkness, dotted

line.
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Fig. 4.20: (b) CD (top) and absorption (bottom) spectrum of fresh Gel 11, solid line;
after 6 h in the sandwich without irradiation, dotted line, irradiated for 150 min with UV
light at 365 nm, dashed line.

Both Gel I and Gel 11 were irradiated with UV light at 365nm (see Characterization
Techniques 7. Annex for experimental conditions), to evaluate the effect on the
supramolecular organisation of the trans-cis isomerisation of the azobenzene groups.
The UV-vis spectra of Gel I (see Fig. 4.19 dashed line) after 365 nm irradiation,
clearly shows the presence of a cis-azobenzene isomer: the n—n* absorption band at
365nm of the trans isomer decreases and the band is blue shifted meanwhile an increase
of the n—=* absorption band at 450 nm is detected. The photostationary state is reached
after irradiation for 2 min. The photoisomerisation reduces the trans-azoisomer
concentration, thus the negative CD signal related to the azobenzene group disappears,
while the negative signal corresponding to the triazole only decreases. It can be deduced
that gel-sol transition does not occur as the signals did not disappear. This was

macroscopically corroborated by irradiation of the gel on a flask: gel disruption was not
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detected and only a colour change from red to yellow was obtained, probably due to
partial disruption of the azobenzene aggregates, which is in accordance with the
disappearance of the CD signal corresponding to the chiral supramolecular aggregation
of azobenzene units. When the sample was kept for 24h in the dark, a total recovery of

the initial UV-vis and CD spectra was obtained.

However, after irradiation for 150 min, the Gel Il showed no evidence of trans-cis
isomerisation, but the CD band at around 300-350 nm exhibit a modification (see Fig.
4.20 dashed line). This fact can be probably due to a photoinduced reorganisation of
the chiral supramolecular structure, or a simple reorganisation over time involving the
azobenzene groups. By storing the sample for 24h in the dark, the CD and absorption

signals were not modified.

Gel I works as a photoresponsive soft material, meanwhile Gel 11 has no response to
light. This fact can be due to the different location of the azobenzene. In case of the
Malt-Tz-Cs-Az0-Cg, component of Gel I, the azobenzene unit is in the middle of the
hydrophobic part and separated from the sugar moiety by means of a methylenic chain,
which may favour the isomerisation. However, the azo-amphiphile derivative in Gel 11l
has the azobenzene unit directly linked to the sugar polar head and triazole units
involved in the H-bonding and n—m interactions (among others) that support the gel. The

proximity to this rigid part probably hinders an effective isomerisation

4.3. Summary and conclusions

v Three maltose-based azo-amphiphiles have been synthesized, liquid crystalline
and gel-forming properties have been determined. Azobenzene chromophore
was placed at different positions of the hydrophobic chain and a maltose sugar
head. Chiral supramolecular assemblies have been characterized by NMR,
electron microscopy and CD. The light-response of azo-amphiphiles in
supramolecular gels has been studied. Also azo-gels which contained mixtures
of the azo-amphiphilic compounds and a similar structural hydrogelator have

been investigated.
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o Copper(l)-catalysed azide-alkyne [3+2] cycloaddition reaction is useful

to link hydrophobic, chromophoric blocks and sugar polar heads.

e The maltose-based azo-amphiphiles give rise to thermotropic smectic

phases.

e When the azobenzene group is located in the middle of the hydrophobic
block (Malt-Tz-Cs-Az0-Cg), the compound is soluble in several

solvents, but has not the ability to form gels.

e When the azobenzene is directly linked to the sugar polar head, the
compound (Malt-Tz-Azo-Cys) is able to form gels in water as well as in
a mixture of DMSO/water, but when the azobenzene is at the end of the
hydrophobic chain (Malt-Tz-C;o-Azo-OCHz3), the gel had to be formed

in a mixture of DMSO/water.

e Torsion on the resulting self-assembled fibrillar network was observed
by electron microscopy and a chiral arrangement was confirmed by CD.

e No changes under irradiation with UV light were obtained in the
DMSO/water gels of the pure compounds probably due to the packing
and ordering of hydrophobic blocks.

e The 3D network of Malt-Tz-Cy hydrogel was successfully doped with a
similar structure having a photoresponsive unit (Gel | and Gel II).
Reversible modifications were detected in CD under irradiation with UV
light for Gel I. The CD signal related to the azobenzene group
disappeared when trans-cis isomerization takes place. This indicates that
some reversible structural modifications have been promoted in the
chromophoric moieties while the gel structure remained unchanged. A

macroscopic color change has also been observed on this gel.
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4.4. Experimental Section

Synthesis of ethyl 4-hydroxy-4"-(ethyloxycarbonyl)azobenzene (C1sH14N203) (13):

Ethyl 4-aminobenzoate (9.26 g) was dissolved in 45 mL of water and cooled in a water-
ice bath. 20 mL of HCI (37%) solution was added dropwise and later a NaNO; (4.68 ¢
in 30 mL of water) solution, also dropwise. 6.30 g of phenol (66.94 mmol) was added
30 min later, and for 1 hour the mixture was stirred at 5° C. The product precipitated
upon addition of a concentrated NaHCO3 aqueous solution to achieve pH 7-8. It was
filtered and washed with water. The product was finally purified by flash
chromatography with dichloromethane as eluent. A red solid was obtained (6.55 g,
45%).

'H NMR (400 MHz, CDCls, 25°C, & ppm): 1.42 (t, 3H, J=7.2 Hz, CH3-CH,), 4.41 (q, 2
H, J=7.2 Hz, CH,-CHj3), 5.63 (s, 1H, OH), 6.99-6.95 (m, 2H, CHarom), 7.92-7.88 (m,
4H, CHarom), 8.19-8.16 (m, 2H, CHarom).

13C (100 MHz, CDCl3 & ppm): 14.4 CH3-CHy, 61.5 CH,-O-, 116.1, 122.5, 125.7, 130.7,
CHar, 131.5, 147.2, 155.4, 159.3, Car, 166.7, CO.

ESI*: 271.1 [M + H]", 293.0 [M + Na]".
IR (KBr, cm™): 3397, 1693, 1599, 1592, 1504, 1402, 1280, 1134, 846, 773.

Synthesis of 4-(hexadecyloxy)-4"-(ethyloxyoxycarbonyl)azobenzene (Cz1HssN2O3)
(14):

5.40 g of compound 13 (20 mmol) was dissolved in acetone (140 mL), under Ar
atmosphere, Kl (0.83 g, 1.85 mmol) and K,CO3 (5.52 g, 40 mmol) was added. The
mixture was refluxed and the alkyl bromide (7.33 mL, 24 mmol) was added dropwise.
The mixture was stirred for 24 hours. The reaction was monitored by TLC
(hexane/ethyl acetate, 7:3). The solvent was partially removed; dichloromethane (300
mL) was added and the organic solution was washed three times with water and dried
with anhydrous MgSO,. The product was recrystallized in ethanol yielding an orange
solid (8.50 g, 85%).
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'H NMR (400 MHz, CDCls, 25°C, & ppm): 0.88 (t, 3 H, J=7.2 Hz, CH3-(CHy)15-), 1.50-
1.28 (m, 33 H, CH3-CH,-O-, -(CH3)15-), 1.86-1.79 (m, 2H, O-CH,-CH,-(CH>)15), 4.05
(t, 2H, J=6.8 Hz, O-CH»-CH,), 4.41 (q, 2H, J= 7.2 Hz, CH3-CH,-0), 7.02-7.00 (m,2H,
CHarom), 7.95-7.89 (m, 4H, CHarom), 8.18-8.16 (m, 2H, CHarom).

Synthesis of 4-(hexadecyloxy)-4"-(hydroxycarbonyl)azobenzene HOOC-Az0-Cyg
(C29H12N205):

Compound 14 (8.50 g, 17.22 mmol) and KOH (6.97 g, 120.54 mmol) were dissolved in
ethanol (220 mL) and stirred and heated under reflux for 24 hours. The reaction is
monitored by TLC with dichloromethane as eluent. 150 mL of water was added. The
product precipitated upon addition of HCI (37%) in order to reach pH aprox. 2. It was
filtered and washed with water. It was obtained as an orange powder which was

recrystallized in acetic acid (7.27g, 90%).

'H NMR (400MHz, DMSO-dg, 70°C, & ppm): 0.85 (t, 3H, J= 6.8 Hz, —(CH5)1,-CHs3),
1.17-1.52 (m, 24H, -(CH3)1,-CHg), 1.69-1.80 (m, 2H, —O-CH,-CH,-), 4.10 (t, 2H, J=6,6
Hz, -O-CH,-CH;-), 7.10-7.14 (m, 2H, Har), 7.86-7.92 (m, 4H, Har), 8.09-8.12 (m, 2H,
Har).

3C NMR (100 MHz, DMSO-dg, 70°C, & ppm): 14.2 —(CH,)1,-CHs, 22.4, 25.8, 29.0,
29.0, 29.3, 29.3, 29.3, 31.6 -(CHy)15-, 68.7 —O-CH, 115.4, 122.5, 125.3, 130.9 CHar,
132.8, 146.8, 155.2, 162.6, Car, 167.1 COOH.

ESI: 467.2 [M+H]".

IR (KBr, cm™): 2953, 2919, 2868, 2850, 1680, 1601, 1582, 1501, 1470, 1418, 1404,
1303, 1290, 1248, 1143, 1107, 1026, 941, 864, 838, 809, 775, 721, 544.

Synthesis of 4-((R)- 2-methylheptyloxy) nitrobenzene (C14H21NO3) (15):

(S)-2-Octanol (6.35 mL, 40 mmol), p-nitrophenol (556 g, 40 mmol), and
diisopropylazodicarboxylate (7.87 mL, 40 mmol) were dissolved in dry THF (34 mL)
under Ar atmosphere and cooled in a water-ice bath. Then, a solution of
triphenylphosphine (10.55 g, 40 mmol) in 15 mL of dry THF was added dropwise under
stirring. The mixture was stirred at room temperature overnight, the precipitate was
filtered off, and the solution was washed twice with a saturated Na,COj5 solution, twice

with water, and then with brine. The organic phase was dried, concentrated, and purified
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by flash chromatography using hexane/ethyl acetate (8:2) as eluent to yield the desired

compound as viscous yellowish oil (9.05 g, 90%).

'H NMR (400 MHz, CDCls, 25°C, & ppm): 0.81 (t, 3H, J= 7.0 Hz, CH3-CHy), 1.26 (d,
3H, J= 6.1 Hz, CH3-CH-0), 1.55-1.88 (m, 10H, -(CHy)-), 4.35-4.45 (m, 1H, CH-0),
6.81-6.87 (m, 2H, CHarom), 8.07-8.12 (m, 2H, CHarom).

Synthesis of 4-((R)- 2-methylheptyloxy) aniline (C14H23NO) (16):

Compound 15 (5.04 g, 20.1 mmol) was dissolved in ethanol (40 mL) and 1.95 mL
hydrazine monohydrate (98%) (40.2 mmol) was added dropwise. After heating the
solution to 40° C, 1 g of activated Raney nickel was added in portions until no further
reaction was observed. The resulting mixture was filtered from Raney nickel and
ethanol was removed under reduced pressure. The crude was dissolved in 35 mL of
diethylether and washed with water, brine and dried over anhydrous MgSO,. The
solvent was distilled off giving the desired aniline as yellow oil (3.78 g, 85%) which

was used without further purification.
IR (Nujol, cm™): 3430, 3352, 3219, 2971, 2918, 2875, 1604, 1509, 1464, 1230.
Synthesis of 4-hydroxy-4"-((R)-2-methylheptyloxy)azobenzene (C,oH26N20,) (17):

A 2.5 M NaNO; solution (9.00 mL, 22.11 mmol) was added dropwise at a temperature
below 5 °C to a heterogeneous mixture of aniline derivative 16 (4.44 g, 20.1 mmol) in
11 mL of 5 M HCI. The mixture was held at 5 °C and added carefully to a solution of of
phenol (1.90 g, 20.1 mmol) in 20.00 mL of 2 M NaOH. The product precipitated upon
addition of NaCl. It was collected with a Bichner funnel and purified by flash
chromatography using dichloromethane as an eluent to yield the required product as

yellow-orange crystalline leaflets (4.92 g, 75%).

'H NMR (400 MHz, CDCls, 25°C, 6 ppm): 0.81 (t, 3H, J=7.0 Hz, CH3-CH,), 1.26 (d,
3H, J= 6.1 Hz, CH3-CH-0), 1.55-1.88 (m, 10H, -(CHy)-), 4.35-4.45 (m, 1H, CH-0),
6.81-6.93 (m, 4H, CHarom), 7.72-7.81 (m, 4H, CHarom).
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Synthesis of 4-[5-(methyloxycarbonyl)pentyloxy]-4"-[-((R)- 2-
methylheptyloxy)azobenzene (C,7H33N20,) (18) :

A mixture of 18-crown-6 (0.40 g, 1.5 mmol), finely ground K,CO3 (4.60 g, 33.28
mmol), compound 17 (4.92 g, 14 mmol), and methyl-6-bromohexanoate (4.63 g, 22.2
mmol) in acetone (100 mL) was stirred vigorously and heated under reflux for 24 h. The
mixture was filtered and concentrated in vacuum. The crude product was recrystallized

from methanol, yielding the required compound as an orange solid (5.72 g, 90%).

'H NMR (400 MHz, CDCls, 25°C, & ppm): 0.81 (t, 3H, J=7.0 Hz, CH3-CH,), 1.27 (d,
3H, J= 6.1 Hz, CH3-CH-0), 1.15-1.83 (m, 16H, -(CH,)-), 2.30 (t, 2H, J= 7.6 Hz, CO-
CH,-CHy-), 3.62 (s, 3H, CH3-0), 3.97 (t, 2H, J=6,2 Hz, O-CH,-CH;-), 4.34-4.42 (m,
1H, CH-0), 6.87-6.95 (m, 4H, CHarom), 7.76-7.83 (m, 4H, CHarom).

Synthesis of 4-[5-(hydroxycarbonyl)pentyloxy]-4"-[-((R)- 2-
methylheptyloxy)azobenzene HOOC-Cs-Az0-Cg (C26H3N20,):

Compound 18 (4.87 g, 10.74 mmol) was added to a NaOH solution (55.00 mL, 3 M).
THF (9.00 mL) was then added until a homogeneous suspension was formed. The
reaction mixture was stirred at room temperature for 4 days, during which the reaction
was monitored with TLC. Once complete hydrolysis, the suspension was neutralized
with a solution of HCI (5 M) at 0 °C, yielding the crude product as an orange solid that
was filtered off and washed with acetone. The crude product was recrystallized twice
from ethanol to yield the desired acid (3.075 g, 68%).

'H NMR (400MHz, DMSO-ds, 50°C, & ppm): 0.85 (t, 3H, J= 6.8 Hz, —(CHy)s-CHs),
1.26 (d, 3H, J=6.4 Hz, -CH-CHs), 1.20-1.80 (m, 16H, -(CHy)- ), 2.24 (t, 2H, J=7.3 Hz,
—CH,-COOH), 4.05 (t, 2H, J=6.4 Hz, ~O-CH,-CH,-), 4.55 (m, 1H, —O-CH-CHs), 7.07-
7.10 (m, 4H, Har), 7.79-7.82 (m, 4H, Har).

B3C NMR (100 MHz, DMSO-dg, 50°C, & ppm): 13.9 -CH,-CHs, 19.4 CH3-O- 21.9, 24.2,
24.7,25.0, 28.3, 28.6, 31.2, 33.5, 35.7, -(CHy)-, CO-CH3-CH3-, 67.7 O-CH,-CH,, 73.4 -
O-CH-CHgs, 114.9, 115.7, 124.0, 124.1 CHar x8, 145.8, 146.0, 160.0, 160.8 Car x4,
174.4 NH-CO-Car.

ESI: 441.1 [M+H]", 463.1 [M+Na]".
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IR (KBr, cm™): 2936, 2859, 2868, 1706, 1600, 1578, 1498, 1473, 1464, 1314, 1257,
1241, 1206, 1146, 1111, 1059, 1042, 1006, 972, 961, 935, 854, 845, 553.

Synthesis of 4-(methyloxy)-4"-[10-(hydroxycarbonyl)decyloxy]azobenzene HOOC-
C10-Az0-OCHj3 (C24H32N204)Z

This compound was provided by the Liquid Crystal and Polymer group (Eva Blasco),
University of Zaragoza.

'H NMR (400MHz, DMSO-ds, 45°C, § ppm): 1.17-1.53 (m, 14H, -(CH,):-), 1.68-1.77
(M, 2H, CH,-CH,-0), 2.15 (t, 2H, J= 7.6 Hz, —CH,-CO), 3.84 (s, 3H, O-CH3), 4.05 (t,
2H, J=6.8 Hz, ~O-CH,-CH,-), 7.03-7.12 (m, 4H, CHar), 7.76-7.85 (m, 4H, CHar).

3C NMR (100 MHz, DMSO-dg, 45°C, & ppm): 25.0, 25.9, 29.0, 29.1, 29.2, 29.3 -
(CHy)s-, 34.4 CHp-CH,-CO, 56.0 -O-CHjs, 68.5 -O-CHy-CH,-, 115.0, 115.5, 124.5,
124.5, CHar, 146.7, 146.8, 161.4, 161.9 Car, 174.9 CO-NH.

ESI: 413.1 [M+H]*, 435.1 [M+Na]".

IR (KBr, cm™): 2936, 2916, 2848, 1709, 16202, 1582, 1497, 1469, 1465, 1317, 1296,
1278, 1246, 1151, 1107, 1029, 1018, 843, 823, 558.

For synthesis of hepta-O-acetyl-p-maltosyl azide 5, see experimental section 3.7.
Synthesis of N-propargyl amide azo-derivatives (19), (20) and (21):

Azobenzene acids (HOOC-Az0-C;5, HOOC-Cs-Az0-Cg, HOOC-C;p-Az0-OCHs)
(1.05 g, 2.25 mmol) and hydroxybenzotriazole (0.35 g, 2.60 mmol) were dissolved in 20
mL of anhydrous THF. Propargylamine (0.16 mL, 2.50 mmol) was added. The solution
was cooled to 0 °C. A solution of 1-Ethyl-3-(3-dimethylaminopropyl)carbodiimide
hydrochloride (EDC) (418 mg, 2.18 mmol) in 15 mL of anhydrous THF was added. The
reaction mixture was stirred for 2 days at room temperature (or at 40°C in case of 19).
The reaction was monitored by TLC with hexane/ethyl acetate 7:3 as eluent. The
mixture was filtered and the solvent was removed under reduced pressure. 250 mL of
dichoromethane were added and the organic phase was washed three times with 1M
KHSO;, solution, and three times with 1M NaHCOj3; solution. The organic layer was
dried over anhydrous MgSO,. The solution was filtered and the solvent was removed

under reduced pressure. The resulting white solid was purified by recrystallization or

275



4. SUPRAMOLECULAR GELS DERIVED FROM AZOBENZENE GLYCOAMPHIPHILES

flash chromatography. A red solid was obtained (yield around 40-70% depending on the

compound).
(C34H49N302) (19)

The reaction was heated at 40°. The product was purified by recrystallization with ethyl

acetate in 40% of yield.

'H (300 MHz, CDCls, 25°C, § ppm): 0.91 (t, 3H, J=6.8 Hz, -CHs), 1.17-1.56 (m, 26H, -
CHy-(CH,)15-CH3), 1.76-1.89 (m, 2H, -O-CH»-CH,-), 2.30 (t, 1H, J=2.5 Hz, HC=C-,)
4.06 (t, 2H, J=6.8 Hz, ~O-CH,-CHy-), 4.30 (m, 2H, HC=C-CH,-NH), 6.26 (t, 1H, J=5.0
Hz, CH,-NH-CO), 6.99-7.03 (m, 2H, Har), 7.87-7.97 (m, 6H, Har).

3C (75 MHz, CDCls, 25°C, & ppm): 13.9 CHs, 22.6, 25.9, 29.2, 29.3, 29.3, 29.5, 29.5,
29.6, 29.6, 29.9, 31.9 -(CH,)1-CHa, =C-CH»-NH, 68.5 O-CHyp-(CHy)14, 71.9 HC=C-,
79.37 HC=C, 114.8, 122.6, 125.1, 127.9 CHar x8, 134.9, 146.9, 154.8, 162.3, Car ,
166.4 NH-CO-Car.

ESI: 504.2 [M+H]", 526.1 [M+Na]".

IR (KBr, cm™): 3279, 3263, 2935, 2917, 2873, 2848, 1639, 1603, 1585, 1545, 1502,
1495, 1472, 1463, 1317, 1298, 1251, 1152, 1146, 1106, 1025, 858, 841, 823, 719, 680,
634, 553.

(Ca9H39N303) (20):

The reaction was stirred at room temperature. The product was purified by flash

chromatography with hexane/ethyl acetate 7:3 as eluent in 70% of yield.

'"H NMR (400MHz, DMSO-ds, 25°C, & ppm): 0.90 (t, 3H, J= 6.5 Hz, —(CHy)s-CHs),
1.35 (d, 3H, J=6.4 Hz, -CH-CH3), 1.24-1.91 (m, 16H, -(CH,)-), 2.21-2.30 (m, 3H,
HC=C-, —CH,-CO), 4.00-4.12 (m, 4H, —O-CH,-CH,-, HC=C-CH,-NH), 4.46 (m, 1H, —
O-CH-CHs), 5.67 (s, 1H, CH»,-NH-CO), 6.94-7.04 (m, 4H, Har), 7.85-7.88 (m, 4H,
Har).

3C (100 MHz, DMSO-dg, 25°C, & ppm): 14.0 CH,-CHg, 19.7 CH3-O- 22.6, 25.2, 25.5,
25.7, 28.9, 29.2, 31.7, 36.2, 36.4, -(CH,)-, =C-CH»-NH, CO-CH,-CHy-, 67.9 O-CH,-
CHj,, 71.6 HC=C-, 74.2 —~O-CH-CHjs, 79.3 HC=C, 114.6, 115.8, 124.2, 124.3 CHar x8,
146.8, 147.0, 160.3, 161.0 Car, 172.1 NH-CO-Car.
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ESI: 478.3 [M+H]*, 500.2 [M+Na]*, 516,2 [M+K]"

IR (KBr, cm™): 3273, 2931, 2853, 1625, 1598, 1577, 1544, 1496, 1464, 1384, 1311,
1296, 1249, 1145, 1130, 1061, 971, 840, 550.

(C27H35N303) (21)

The reaction was stirred at room temperature. The product was purified by

recrystallization with ethyl acetate in 40% of yield.

'H (300 MHz, CDCls, 25°C, § ppm): 1.22-1.72 (m, 12H, -(CH)e-), 1.76-1.89 (m, 2H, -
O-CH,-CH,), 2.20 (t, 2H, J=7.0 Hz, -CH,-CO), 2.24 (t, 1H, J=2.6 Hz, HC=C-), 3.09 (s,
3H, -O-CHg), 4.01-4.09 (M, 4H, -O-CH,-CH,-, HC=C-CH,-NH), 5.57 (s, 1H, CH,-NH-
CO), 6.97-7.05 (m, 4H, Har), 7.84-7.92 (m, 4H, Har).

13C (75 MHz, CDCl3, 25°C, & ppm): 25.5, 25.9, 29.1, 29.2, 29.2, 29.2, 29.3, 29.3, 29.4 -
(CHy)e-, HC=C-CH-NH, 36.4 —CH,-CO, 55.6 -O-CHs, 68.3 -O-CHp-CH,-, 715
HC=C-, 79.7 HC=C-, 11.4, 114.6, 124.3, 124.3 CHar, 146.9, 147.1, 161.2, 161.5 Car,
172.6 NH-CO.

ESI: 450.3 [M+H]", 472.1 [M+Na]".

IR (KBr, cm™): 3290, 2935, 2917, 2849, 1643, 1602, 1583, 1546, 1497, 1470, 1463,
1421, 1318, 1296, 1249, 1152, 1107, 1029, 843, 823, 666, 640, 558.

Synthesis of acetylated maltose conjugates OAc-Malt-Tz-Azo-Ci6, OAcC-Malt-Tz-
Cs-Az0-Cg, and OAc-Malt-Tz-Cy9-Azo-OCHgs:

The appropriate azobenzene derivative (0.83 mmol), peracetylated 3-maltosylazide (562
mg, 0.85 mmol), copper(l) bromide (271 mg, 0.19 mol) and N-
pentamethyldiethylenetriamine (PMDETA) (35 pL, 0.17 mmol) were dissolved in
anhydrous dimethylformamide (6mL) under an argon atmosphere. The mixture was
stirred at room temperature for 2 days. The reaction was monitored by TLC with
hexane/ethyl acetate 1:1 as eluent. The catalyst was removed by filtration and the
solvent was removed under reduced pressure. The reaction was poured into 150 mL of
water. The aqueous phase was extracted with 3x150 mL of hexane/ethyl acetate 1:1.
The organic phase was dried with anhydrous MgSO,. The solution was filtered and the

solvent was removed under reduced pressure. The resulting solid was purified by flash
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chromatography using initially dichloromethane/ethyl acetate 6:4 and then increasing
the polarity. A red solid was obtained (82-90%).

OAc- Malt-Tz-Azo-C16 (C58H80N5019) .

'H (400 MHz, CDCls, 25°C, & ppm): 0.87 (t, 3H, J=6.7 Hz, -(CH,)11-CHs), 1.18-1.40
(m, 22H, -CH»-(CH>)11-CHs), 1.41-1.52 (m, 2H, -CHa-(CH,)11-CHs), 1.78-1.86 (m, 2H,
—0-CH,-CHy-), 1.85 (s, 3H, CH3-CO-0-C2), 2.01 (s, 3H), 2.03 (s, 3H), 2.06 (s, 3H),
2.10 (s, 3H), 2.12 (s, 3H), 2.17 (s, 3H) CH3-CO-0-, 3.97-3.99 (m, 2H, H5", H5), 4.05-
4.10 (m, 4H, —-O-CH,-CH,, H4", H6b), 4.23-4.27 (m, 2H, H6a, H6"a), 4.49 (dd, 1H,
Js 6=1,8 Hz, Jsagp=12.5 Hz, H6'b), 4.69-4.79 (m, 2H, NH-CH.-triazole), 4.88 (dd,
1H, J;,= 3.9 Hz, Jo3= 10.5 Hz, H2), 5.07 (dd, 1H, J34= 9.8 Hz, J,5= 9.8 Hz, H4), 5.34
(dd, 1H, J1- »= 9.1 Hz, J» 3=9.3 Hz, H2"), 5.37 (dd, 1H, J,3=10.5 Hz, J34= 9.8 Hz, H3),
5.44 (d, 1H, J1,=3.9 Hz, H1), 5.46 (dd, 1H, J» 3=9.3 Hz, J 3 4+=9.1 Hz, H3"), 5.87 (d,
1H, J;- = 9.1 Hz, H1"), 6.91 (t, 1H, J=5.5 Hz, -NH-CO), 6.99-7.01 (m, 2H, Har), 7.81
(s, 1H, CH-triazole), 7.90-7.93 (m, 6H, Har).

3C (100 MHz, CDCls, 25°C, 8 ppm): 14.1 (CH)14-CHs, 20.2, 20.6, 20.7, 20.8, 20.8,
CH5-CO-0- 22.7, 26.0, 29.2, 29.4, 29.5, 29.5, 29.6, 29.7, 30.9, 31.9 -(CH,)14-CH3, 35.4
triazole-CH,-NH, 61.5 C6, 62.4 C6", 67.9 C4, 68.4 O-CH,-(CH,)14, 68.8 C5, 69.2 C3,
70.0 C2, 70.9 C2, 72.4 C4", 75.0 C3", 75.4 C5", 85.4 C1°, 95.9 C1, 114.8 CHar, 121.2
CH triazole, 122.6, 125.2, 127.9 CHar, 134.9 Car, 145.1 CHtriazole-Ctriazole-CH,,
146.8, 154.6, 162.3 Car, 166.8 NH-CO-Car, 169.1 CH3-CO-0-C2’, 169.4 CH;-CO-O-
C4, 169.9, 169.9 CH3-CO-0-C3/C3’, 170.3, 170.5, 170.6 CH3-CO-O-C2/C6/C6".

MALDI-TOF (DCTB+NaTFA): 1187,6 [M+Na]".

IR (KBr, cm™): 3351, 2922, 2851, 1749, 1644, 1604, 1532, 1503, 1470, 1370, 1234,
1141, 1036, 859.

OAc-Malt-Tz-Cs-Az0-Cg (Cs5H74NgO20):

H (400 MHz, CDCls, 25°C, & ppm): 0.90 (t, 3H, J=7.0 Hz, -(CH,)s-CHs), 1.27- 1.89
(m, 16H, -(CH)- ), 1.35 (d, 3H, J= 6.2 Hz, CHs-CH-0), 1.87 (s, 3H), 2.03 (s, 3H), 2.04
(s, 3H), 2.05 (s, 3H), 2.08 (s, 3H), 2.13 (s, 3H), 2.15 (s, 3H) CH3-CO-O-, 2.26 (t, 2H,
J=7,6 Hz, CO-CH,~(CH,)s), 3.96- 4.02 (m, 2H, H5, H5"), 4.04 (t, 2H, J=6.4 Hz, —O-
CH»-CH,), 4.05-4.11 (m, 1H, H6b), 4.15 (dd, 1H, Jy += 8.8 Hz, Jy 5= 9.8 Hz, H4),

278



4. SUPRAMOLECULAR GELS DERIVED FROM AZOBENZENE GLYCOAMPHIPHILES

4.25-4.30 (m, 2H, H6a, H6"a), 4.43-4.58 (m, 4H, H6"b, O-CH-CH3-, Ctriazole-CH,-
NH-), 4.90 (dd, 1H, J;,= 3.9 Hz, J,3= 10.5 Hz, H2), 5.09 (dd, 1H, J34= 9.9 Hz, J;5= 9.9
Hz, H4), 5.34 (dd, 1H, J;»= 9.3 Hz, J» 3=9.5 Hz, H2"), 5.39 (dd, 1H, J,5=10.5 Hz,
J34= 9.9 Hz, H3), 5.46 (d, 1H, J;,=3.9 Hz, H1), 5.47 (dd, 1H, J» 3=9.5 Hz, J 3 4+=8.8
Hz, H3"), 5.87 (d, 1H, J1-»= 9.3 Hz, H1"), 6.11 (t, 1H, J=5.7 Hz, CH,-NH-CO), 6.98-
6.99 (m, 4H, Har), 7.73 (s, 1H, CH-triazole), 7.85-7.80 (m, 4H, Har).

3C (100 MHz, CDCls, 25°C, & ppm): 14.1 (CHz)s-CHs, 19.7 CH-CHs, 20.2 CH3-CO-O-
C2’, 20.6, 20.7, 20.8, 20.8, CH3-CO-0- 22.6, 25.2, 25.5, 25.7, 28.9, 29.2, 31.8 -(CHy)-,
34.9 Ctriazole-CH,-NH, 36.3 —-CO-CH,-CH,-, 36.4 CH3-CH-CH,-, 61.4 C6, 62.4 C6’,
67.9 C4, O-CH,-CH,, 68.8 C5, 69.2 C3, 70.0 C2, 70.9 C2’, 72.4 C4’, 74.2 O-CH-CHj,
75.1 C3’, 75.4 C5’, 85.3 C1", 95.9 C1, 114.8, 115.2 CHar, 120.7 CHtriazole, 124.3,
124.3, CHar, 145.2 CHtriazole-Ctriazole-CH, 146.8, 147.0, 160.4, 160.9 Car, 169.1
CH3-CO-0-C2’, 169.4 CH3-CO-0-C4, 169.9, 169.9 CH3-CO-O-C3/C3’, 170.3, 170.5,
170.6 CH3-CO-0O-C2/C6/C6, 172.8 NH-CO-CHs,.

MALDI-TOF (DCTB+NaTFA): 1161,5 [(M+Na].
IR (KBr, cm'l): 3326, 2935, 2858, 1748, 1599, 1499, 1373, 1234, 1147, 1036, 841.
OAC-Malt-TZ-Clo-AZO-OCHg (C53H70N6020):

'H (400 MHz, CDCls, 25°C, & ppm): 1.31- 1.72 (m, 14H,—(CH,)7-), 1.77- 1.87 (m, 2H, —
O-CH3,-CH2-(CHy)-), 1.87 (s, 3H, CH3-CO-0-C2"), 2.03 (s, 3H), 2.05 (s, 6H), 2.09 (s,
3H), 2.01 (s, 3H), 2.16 (s, 3H) CH3-CO-0-, 2.20 (t, 2H, J=7,5 Hz, CO-CH,-CH,-), 3.91
(s, 3H, -O-CHj3), 3.97-4.02 (m, 2H, H5, H5"), 4.05 (t, 2H, J= 6,8 Hz, -O-CH,-CH,),
4.06-4.12 (m, 1H, H6b), 4.16 (dd, 1H, J3 »= 9.1 Hz, J» 5= 9.1 Hz, H4"), 4.25-4.30 (m,
2H, H6a, H6 a), 4.47-4.58 (m, 3H, H6'b, Ctriazole-CH,-NH-), 4.91 (dd, 1H, J;,= 4.2
Hz, J,3= 10.6 Hz, H2), 5.10 (dd, 1H, J34= 9.8 Hz, J45= 9.8 Hz, H4), 5.34 (dd, 1H, J;- »=
9.1 Hz, J, 3= 9.1 Hz, H2"), 5.40 (dd, 1H, J,3= 9.8 Hz, J34= 9.8 Hz, H3), 5.46-5.50 (m,
2H, H1, H3"), 5.86 (d, 1H, Jy-»= 9.1Hz, H1"), 6.08 (t, 1H, J= 5.6Hz, CH,-NH-CO),
6.99-7.03 (m, 4H, Har), 7.72 (s, 1H, CH-triazole), 7.87-7.90 (m, 4H, Har).

3C (100 MHz, CDCls, 25°C, & ppm): 20.2 CH3-CO-0-C2’, 20.6, 20.7, 20.8, 20.8, CHs-
CO-0- 25.5, 26.0, 29.2, 29.3, 29.3, 29.3, 29.4, 29.5, -(CH,)-, 34.8 Ctriazole-CH,-NH,
36.5 —CO-CH,-CH,-, 55.6 —O-CHs, 61.4 C6, 62.4 C6°, 67.9 C4, 68.3 O-CH,-CH,, 68.8
C5, 69.2 C3,70.0 C2, 71.0 C2", 72.4 C4",75.1 C3", 75.4 C5", 85.3 C1", 95.9 C1, 114.2,
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115.6 CHar, 120.8 CHtriazole, 124.3, 124.3 CHar, 145.3 CHotriazole-Ctriazole-CH,,
146.9, 147.1 Car 161.2 Car-O-CH,, 161.5 Car-O-CH3;, 169.1 CH3-CO-0-C2’, 169.4
CH3-CO-0-C4, 169.9, 169.9 CH;-CO-O-C3/C3", 170.3, 170.5, 170.6 CH;-CO-O-
C2/C6/C6", 173.2 NH-CO-CHa.

MALDI-TOF (DCTB+NaTFA): 1133,5 [M+Na]".

IR (KBr, cm™): 3360, 2926, 2851, 1748, 1652, 1601, 1582, 1501, 1370, 1238, 1147,
1038, 840.

Synthesis of azo-glycosyl conjugates Malt-Tz-Azo-Cis Malt-Tz-Cs-Azo-Cg and
Malt-Tz-C1p-Azo-OCHa:

The peracetylated derivatives OAc-Malt-Tz-Azo-Cys, OAc-Malt-Tz-Cs-Azo-Cg and
OAc-Malt-Tz-C1p-Azo-OCHg; (0.17 mmol) were dissolved in 7.5 mL of anhydrous
THF. Sodium methoxide (81.0 mg, 1.50 mmol) was added. The solution was stirred at
room temperature until the reaction was complete (TLC, dichloromethane/ethyl acetate
1:1). Amberlyst IR 120 (H* form) was added to exchange sodium ions to reach pH= 6-
7, the resin was filtered off and the solvent was evaporated in vacuo. The resulting solid
was purified by flash chromatography using initially dichloromethane/methanol 9:1 and
then increasing the polarity. A red solid was obtained (75-90%).

Malt-Tz-Azo-016 (C44H66N6012) .

'H (400 MHz, DMSO-dg, 25°C, & ppm): 0.85 (t, 3H, J=7.0 Hz, -(CH)13-CH3), 1.20-1.40
(M, 26H, -CH,-(CH2)13-CHs), 1.73-1.76 (M, 2H, -CH,-(CH2)13-CHs), 3.04-3.87 (m,
12H, H2, H3, H4, H5, H6a, Heb, H2, H3", H4', H5", H6'a, H6'b), 4.09 (t, 2H, J=6.4
Hz, O-CH,-CH,), 4.56 (d, 2H, J=5.5 Hz, Ctriazole-CH,-NH), 5.04 (d, 1H, J;,= 3.6 Hz,
H1), 5.56 (d, 1H, J 1 »= 9.2 Hz, H1"), 7.12- 7.15 (m, 2H, Har), 7.68-7.93 (m, 4H, Har),
8.08-8.09 (m, 2H, Har), 8.18 (s, 1H, CH-triazole), 9.28 (t, 1H, J=5.5 Hz, CH,-NH-CO).

3C (100 MHz, DMSO-dg, 25°C, 8 ppm): 14.4 (CH,)14-CHs, 22.5, 25.8, 28.9, 29.2, 29.4,
29.5, 31.7, -(CH2)1u-CHs, 35.4 triazole-CH,-NH, 60.70, 61.3, 70.4, 71.5, 73.1, 73.7,
74.1, 77.1, 78.6, 79.7 C2, C3, C4, C5, C6, C3", C4", C5’, C6, 68.5 O-CH,-(CH2)14,
715 C2’, 87.7 C1, 101.7 C1, 115.6 CHar, 122.4 CHitriazole, 125.3, 129.1 CHar, 135.5
Car, 145.4 CHtriazole-Ctriazole-CH,, 146.5, 153.9, 162.4 Car, 165.4 NH-CO-ar.

MicrOTOF-Q: [M+Na]* 893.461 calcd.: 893.463.
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IR (KBr, cm-1): 3320 (wide band), 2918, 2849, 1577, 1418, 1251, 1040, 850.
Malt-Tz-C5-Azo-C8 (C41H50N6013):

'H (400 MHz, MeOD, 25°C, & ppm): 0.92 (t, 3H, J=6.8 Hz, -(CH2)s-CHs3), 1.31- 1.88
(m, 16H, -CHy-), 1.35 (d, 3H, J= 5.8 Hz, CH3-CH-0), 2.29 (t, 2H, J=7.4 Hz, CO-CH,-
(CHy)s-), 3.29- 3.91 (m, 10H, H3, H4, H5, H6a, H6b, H3", H4", H5", H6 a, H6'b), 3.48
(dd, 1H, J1,=3.8 Hz, J,5= 9.7 Hz, H2), 3.95 (dd, 1H, Jy »= 9.1 Hz, Jy 3= 9.1 Hz, H2"),
4.08 (t, 2H, J= 6.5 Hz, -O-CH,-), 4.47 (s, 2H, Ctriazole-CH,-NH-), 4.51-4.60 (m, 1H,
O-CH-CHj3), 5.24 (d, 1H, J;,= 3.8 Hz, H1), 5.62 (d, 1H, J;- = 9.1 Hz, H1"), 7.02-7.06
(m, 4H, Har), 7.83-7.86 (m, 4H, Har), 8.08 (s, 1H, CH-triazole).

B3C (100 MHz, MeOD, 25°C, & ppm): 13.0 CH,-CHs, 18.6 O-CH-CHs, 22.2, 25.1, 25.2,
25.3, 28.6, 29.0, 29.5, 31.6 -(CHy)-, 34.2 Ctriazole-CH,-NH, 35.4 —-CO-CH;,-CH,-, 36.2
CH3-CH-CH,-, 67.8 O-CH,-CH,, 72.2 C2", 72.8 C2, 60.4, 61.3, 70.1, 73.5, 73.7, 73.8,
76.8, 78.2, 78.9 C3, C4, C5, C6, C3", C4’, C5’, C6"-O-CH-CH3, 88.0 C1", 101.5 C1,
114.4, 115.4 CH ar, 122.0 CHtriazole, 123.9, 123.9 CHar, 145.0 CHtriazole-Ctriazole-
CH; 146.6, 146.8, 160.5, 161.3 Car, 174.7 NH-CO-CHj,.

MicrOTOF MS: 845.4309 [M+H]’, 867.4118 [M+Na]". Calcd: 845.4218 [M+H]",
867.4110 [M+Na]".

IR (KBr, Cm_l)Z 3364, 2928, 2857, 1652, 1598, 1498, 1248, 1148, 1039, 840.
Malt-Tz-C1p-Az0-OCHj3 (C39Hs6N6O013)-

'H (400 MHz, DMSO-ds, 25°C, & ppm: 1.27- 1.56 (m, 14H, —(CHy)7)-, 1.71- 1.78 (m,
2H, —0-CH,-CH-(CHy)- ), 2.11 (t, 2H, J= 7.4 Hz, CO-CH,-CH,), 3.07- 3.90 (m, 12H,
H2, H3, H4, H5, H6a, H6b, H2", H3", H4", H5", H6"a, H6b), 3.85 (s, 3H, ar-O-CHj3),
4.05 (t, 2H, J= 6.0 Hz, -O-CH,-CHy), 4.30 (d, 2H, J= 3.9 Hz, Ctriazole-CH,-NH-),
4.54-4.60 (m, 1H, OH), 4.60-4.67 (m, 1H, OH), 4.95-5.02 (m, 2H, OH), 5.07 (d, 1H, J;-
,=2.6 Hz, H1), 5.50-5.51 (m, 1H, OH), 5.58-5.63 (m, 2H, H1",0H), 5.79-5.80 (m, 1H,
OH), 7.09-7.13 (m, 4H, Har), 7.82-7.85 (m, 4H, Har), 8.08 (s, 1H, CH-triazole), 8.33 (t,
1H, J= 5.6 Hz, CH,-NH-CO).

3C (100 MHz, DMSO-ds, 25°C, & ppm): 25.6, 25.9, 29.1, 29.2, 29.2, 29.3, 29.4, 29.5, -
(CHy)-, 34.5 Ctriazole-CH,-NH, 35.7 -CO-CH;,-CH;-, 56.1 —-O-CHgs, 68.4 O-CH»-CH,,
60.7, 61.2, 70.3, 72.0, 72.9, 73.7, 74.0, 77.2, 78.4, 79.6 C2, C3, C4, C5, C6, C2’, C3’,
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C4’, C5’, C6', 87.6 C1", 101.4 C1, 115.0, 115.4 CHar, 122.3 CHtriazole, 124.6, 124.6
CHar, 145.5 CHtriazole-Ctriazole-CH,, 146.5, 146.7 Car, 161.4 Car-O-CH,, 161.9 Car-
O-CHgs, 172.6 NH-CO-CH,.

MicrOTOF MS: 817.3968 [M+H]*, 839.3773 [M+Na]". Calcd: 817.3978 [M+H]",
839.3797 [M+Na]".

IR (KBr, cm™): 3376 (wide band), 2920, 2850, 1642, 1582, 1602, 1253, 1148, 1025,
840.
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5.1. Introduction

As it has been previously remarked, supramolecular gels are sensitive to external stimuli
due to the reversibility of the supramolecular interactions that support the gel structure.
As a consequence, when a photoresponsive group is inserted in the gel structure, the
supramolecular assembly can be stimulated by light.* Related to the studies described in
Chapter 4, herein we reported the incorporation of photoresponsive azobenzene units
in new amphiphilic molecules. In this case, a polar head different from sugars has been
selected in order to explore its influence on the gelation process and properties of
derived gels. In particular, we have selected poly(ethylene glycol) (PEG) chains as polar
heads. This type of hydrophilic units was previously used in our labs to synthesize
amphiphilic block copolymers having the ability to self-assemble into different
photoresponsive nano-objects in aqueous solutions.? As hydrophobic part, we have
selected L-phenylalanine connected to a photoresponsive azobenzene unit having a fatty

terminal chain.

On the one hand, PEG is a widely used polymer due to its solubility in water and other
organic solvents and commercially available in a range of different molecular weights
and functionalities at one or both endings of the polymeric chain. PEG has been widely
investigated for applications in Biomedicine or in Nanobiomedicine due to its
biocompatibility and its ability to prolong the lifetime of biological compounds in the
body. Pegylation, the covalent attachment of PEG, has been used to modify peptides
and proteins.® PEG derivatives have also been explored as soft materials as they have
the ability to form gels,* especially due to the supramolecular interactions formed,’
being either a part of a block copolymer® or a crosslinked system.” Incorporation of
different molecular weight PEG moieties makes possible the modulation of
hydrophilic/hydrophobic ratio and therefore the different aggregates formation.

On the other hand, amino acids, like phenylalanine, are widely used in gelator
structures, especially to obtain supramolecular hydrogelators,® not only due to their
potential biocompatibility, as for PEG derivatives, but also by their ability to self-
assembly in structures which can promote fibrillar objects and subsequent

interpenetrated networks to entrap the solvent and gelate.’
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In the case of supramolecular gels, a number of interesting polymer-peptide conjugates
have been prepared based on PEG, which arrange in fibers or tapes comprising by

peptide cores and PEG shells™® and form hydro** and organogels'?, see Fig. 5.1.

) L)
o Nlﬁ% OV%OH

b)

CigHar™ N H/\/\/\/ \n/ Vo \n/ \/\/\/\H H “CygHar
o} o} 4 9 0

Fig. 5.1: Chemical structure of examples of PEG and amino acid derivatives which

forms: a) hydrogels™ and b) organogels.*?

Here, we report the synthesis and characterization of different amphiphilic molecules
consisting of different hydrophilic heads and a hydrophobic part based on Phe-Azo-Cgs,
see Fig. 5.2. This molecule derives from the condensation of two parts, L-phenylalanine
and an azobenzene compound, HOOC-Az0-Cys. The structure of these molecules can
be adequate to promote supramolecular gel formation because they have amide groups
which can provide H-bonding, phenyl groups which can help the self-assembly via a -
n arrangement, as well as long hydrophobic chains which can promote van der Waals
interactions. As hydrophilic part, PEG chains of two different molecular weights were
used in order to check the importance of hydrophilic/hydrophobic ratio in aggregation
properties and maltose was also introduced as a disaccharide polar head, in accordance
to our previous work, in order to compare gelation properties of both hydrophilic
moieties, see Fig. 5.2. The thermal and gelation properties of these photoresponsive and

amphiphlic compounds are reported.
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Fig. 5.2: Chemical structure of the synthesized materials.

5.2. Results and discussion

5.2.1. Synthesis

The synthesis of the amphiphiles was approached according to the synthetic pathway
described in Scheme 5.1 and Scheme 5.2. The azobenzene carboxylic acid, HOOC-
Az0-Cyg was used as starting material. This compound was prepared following a similar
pathway to that used to synthesize HOOC-Azo0-Cy¢, see Chapter 4, Scheme 4.1. The
azo coupling was made by reaction of sodium phenoxide and ethyl p-aminobenzoate to
obtain compound 13 (see Scheme 4.1, Chapter 4). The carboxylic aliphatic chain was
introduced by means of a Williamson reaction and subsequent hydrolysis of 22 gave
rise to the desired acid compound HOOC-Azo0-Cyg. This acid was used as precursor of
Phe-Azo-C;g which was obtained by previous activation of HOOC-Azo-C;g with N-
hydroxysuccinimide, (compound 23), and further reaction with L-phenylalanine. This
reaction was made in a mixture of water/THF to enhance the solubility of both
compounds. In the last synthetic step, Phe-Azo-Cig was subsequently coupled with
amine-ended polyethylene glycol to obtain PEG,-Phe-Azo-C;g (n=8 or 16, according

to commercial data) or with maltose to obtain Malt-Phe-Azo-C;g, see Scheme 5.1 and
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Scheme 5.2, respectively. PEG,-Phe-Azo-Cyg (n=8 or 16) were synthesized using 1-
Ethyl-3-(3-dimethyl aminopropyl) carbodiimide hydrochloride (EDC),
hydroxybenzotriazole and THF as solvent. Commercial poly(ethyleneglycol)s having an
amino terminal group were used for the synthesis of PEGg-Phe-Azo-C;g (monodisperse
amino-PEG with a MW=383.48) and for PEG45-Phe-Az0-C1g (amino-PEG with a MW
average of MW=750).

2 o

o —~o o
_1-NaNO,/HGIH,0 N’N Kl, K,CO3, Acetone KOH,EOH N
—. N
OH Br
OH HOOC-Azo0-Cyg OA@?@

Do o w@

DIPEA, H,O/THF OAQ/
16
Phe-Azo-Cyg o/\ﬁ? s

o™ NH,
EDC, HOBt, THF
O N
“n

n=8 PEGg-Phe-Azo-C,g
n=16 PEG,g-Phe-Az0-C,g

Ty

16

Scheme 5.1: Synthesis of HOOC-Azo0-C,g Phe-Az0-C;g and PEG,-Phe-Az0-C;g (n=8
or 16). Compound 13 was described in Scheme 4.1, Chapter 4.

Malt-Phe-Azo-C,g was synthesized using acetylated maltosylamine (compound 6, see
Scheme 3.5, Chapter 3) as starting material. Subsequently amide synthesis was made
with a chloride derivative of Phe-Azo-C;g and maltosylamide in a DMF/THF mixture
yielding the peracetylated compound OAc-Malt-Phe-Azo-C.g. This compound was
deprotected using MeONa in a mixture of MeOH and THF to obtain the aimed Malt-

Phe-Azo-C;g according to the Zemplens conditions described in Chapter 3.
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Scheme 5.2: Synthesis of Malt-Phe-Az0-Cig,

All the compounds were adequately characterized by *H NMR, **C NMR, IR and mass

spectrometry, see experimental section 5.4.

MALDI-TOF mass spectrometry experiments of PEGg-Phe-Azo-C,3 and PEGys-Phe-
Az0-Cyg (see Fig. 5.3) showed that in the case of PEGg-Phe-Az0-C,g the sample is
monodisperse, whereas in PEGis-Phe-Azo-Cig there is a pattern of peaks separated
about 44 (-[O-CH,-CH_]-) due to the polydispersity of the starting and commercial
Methyl-PEG3s-amine used in the synthesis of PEGs-Phe-Azo-Cig. According to that,
PEGis-Phe-Azo-Cyg has a dispersity of degrees of polymerization of the PEG chain

ranging from n=13 to n=24_ Malt-Phe-Azo-C,g shows a normal isotopic distribution.
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Fig. 5.3: @) MALDI (DCTB+ NaFTA) of PEGg-Phe-Azo-Cig b) MALDI (DCTB+
NaFTA) of PEGs-Phe-Azo-Cyg, c) MALDI (DIT+ NaFTA) of Malt-Phe-Azo-Cgg.
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'H NMR spectrum and structural determination of PEGg-Phe-Az0-Ci5, PEG6-Phe-
Az0-Ci3, OAc-Malt-Phe-Azo-Cig and Malt-Phe-Azo-Cyg are shown in Fig. 5.4.
PEGsg-Phe-Azo-C,g and PEG;6-Phe-Azo-Cig spectra corroborate the chemical structure
of PEG derivatives. OAc-Malt-Phe-Azo-Ci3 and Malt-Phe-Azo-C15 compounds were
characterized by additional two-dimensional NMR experiments (COSY, TOCSY,
NOESY, HSQC and HMBC) as was done in similar glycoamphiphilic compounds in
previous chapters. A total deprotection of the maltose groups was confirmed by ‘H
NMR when spectra of OAc-Malt-Phe-Azo-C;g and Malt-Phe-Azo-C,g are compared,
see Fig. 5.4. In OAc-Malt-Phe-Azo-C;5 compound, a complete assignment of the sugar
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protons could be done. As an example, a TOCSY experiment is shown in Fig. 5.5.
However, the complete assignment of sugar protons was not possible in Malt-Phe-Azo-
Ciswhere only H1 and H1" were assigned.
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c) OAc-Malt-Phe-Azo-C,g (CDCl3, RT)
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Fig. 5.4: 'H NMR of a) PEGg-Phe-Az0-Cyg, b) PEG36-Phe-Azo-Cyg, ¢) OAc-Malt-
Phe-Azo0-C;5 and d) Malt-Phe-Azo-Cg,
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Fig. 5.5: TOCSY spectrum of OAc-Malt-Phe-Azo-Cys with CDCl; as solvent at 25°C

and 60 ms of mixing time.

5.2.2. Thermal properties

The thermal properties of the synthesized amphiphilic azocompounds were studied by
thermogravimetric analysis (TGA), polarizing optical microscopy provided with a

thermal stage (POM) and differential scanning calorimetry (DSC).

Weight losses were observed in thermogravimetry at temperatures ranging from 200 to
325 °C as it has been summarized in Table 5.1. Acid compound HOOC-Az0-Cg has
high stability while introduction of L-phenylalanine makes that the temperature at
which 5 % of the initial mass is lost decreases from 325°C to 250°C (first decomposition
process of that compound). However, linking a PEG moiety increases the thermal
stability. Temperatures for 5 % weight loses for PEGg-Phe-Azo-Cig and PEG;6-Phe-
Az0-Cyg are around 310°C. In the case of Malt-Phe-Azo-C;g thermal stability is lower
than the PEG-analogs as it can be expected from the introduction of a sugar polar

head.*®
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Table 5.1: Thermogravimetric analysis of azocompounds.

Compound

HOOC-Az0-Cyg 325°C 340°C  360°C
Phe-Az0-Cyg 250°C  245°C  280°C

370°C  430°C
PEG,-Phe-Az0-Cyq 305°C  325°C  345°C
PEG,5-Phe-Az0-Cyq 315°C  320°C  340°C

380°C  395°C
Malt-Phe-Az0-Cyg 220°C  235°C  250°C

Tso410st = Temperatures at wich 5% of the initial mass is lost. T, = Onset of thermal decomposition process. Ty, =

Temperatures at which the maximum rate of weight loss is produced.

Regarding the mesomorphic properties, in the case of HOOC-Azo-C1g mesomorphism
was observed in accordance with the previously reported data in bibliography.**
Different smectic mesophases were observed. The mesomorphic properties of this
compound can be related with the tendency of carboxylic acids to dimerize by H-
bonding giving rise to a supramolecular mesogen with a high aspect ratio. However, the
derivative Phe-Azo-Csg is not mesogenic, as consequence of the phenyl lateral ring that
decrease this aspect ratio, as well as the lateral amide hydrogen bonding. The final
amphiphiles PEGg-Azo-Phe-C,3 and PEGi4-Az0-Phe-Cyig and the sugar derivative
Malt-Phe-Azo-C;g do not present mesogenic behavior.

The compounds were studied by DSC technique in order to characterize thermal
transitions. The results of Phe-Azo-Ci3, PEGg-Az0-Phe-C3, PEG15-Az0-Phe-Cyg and
Malt-Phe-Azo-Cg are gathered in Table 5.2. HOOC-Azo-C;g thermal transitions agree
with those reported in bibliography.*
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Table 5.2: Thermal transitions of the synthesized amphiphiles determined by DSC
(10°C.min™).

Thermal transition (°C) [AH kJ/mol]?

Phe-Az0-Cyg Cr 137 [5.6] Cr’ 153 [28.3] |
PEGg-Phe-Az0-Cyq Cr87[1.0] Cr’ 97 [2.7] Cr’” 116 [32.6] |
PEG5-Phe-Az0-Cyq Cr 27[53.4] Cr’ 84 [4.2] Cr’” 106 [33.5] |
Malt-Phe-Azo-C;g4 Cr 112 [22.8] Cr’ 175 Dec

# Data corresponding to the second heating and cooling scan. Cr = crystal, | = isotropic phase, Dec=decomposition.

Phe-Azo-Cyg melts from crystalline state to isotropic liquid at 153 °C. The melting
transition from crystalline to isotropic state of PEGg-Azo-Phe-Cig and PEGi4-Azo-
Phe-Cgis detected at temperatures around 110°C. Different polymorphic transitions are
observed in these products until melting. In the case of the sugar derivative, Malt-Phe-
Az0-Cyg, the sample was previously dried and immediately analyzed. When this
compound was studied by optical microscopy, the sample becomes brown above
melting transition due to decomposition of the sugar units. On a DSC experiment
performed until 200°C, decomposition was detected at around 175°C as confirmed by a

decrease of the baseline. A polymorphic transition was detected at 112°C.
5.2.3. Supramolecular Gels

The solubility and gelation ability of the synthesized compounds were examined in
different solvents by dissolving 5 mg of compound in about 50-1000 mg of the
corresponding solvent, i.e. 0.5-10 wt % (the gelator and the solvent were placed in a
septum-capped test tube). The final results obtained at room temperature (RT) on the
selected solvents are summarized in Table 5.3. HOOC-Azo0-C15 and Malt-Tz-Azo-C1g
were not initially soluble at RT for any of the tested solvents. However, Phe-Azo-Cig
was soluble at RT only in chloroform and PEG derivatives (PEGg-Azo-Phe-C;g and
PEG16-Az0-Phe-Cyg) are soluble at RT in different organic solvents, see Table 5.3. In
particular, PEG15-Azo-Phe-C1g was soluble in most of the used organic solvents. If the
compound was not soluble at RT, mixtures were first heated and then cooled down to

RT. A solution, precipitate or a gel was then observed depending on the solvent, see
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Table 5.3. The formation of a gel was confirmed if the tube was turned upside down

and the solution did not flow.

Table 5.3. Solubility and gelation properties of synthesized compounds in different

solvents.

Hexane | | | | |
Toluene P Gel (5 wt %) S S |
Dichloromethane | Gel (5 wt %) S S (heat) |
Chloroform | S S S |

THF P S (heat) S S Gel (1.3 wt %)
1-Dodecanol Gel (5 wt %) Gel (10 wt %) Gel (5 wt %) | Gel (0.5 wt %)
Acetone | P Gel (8 wt %) S |

DMF Gel (2 wt %) S (heat) S S S (heat)
DMSO Gel (6 wt %) Gel (10 wt %) Gel (5 wt %) S P
Methanol | | Gel (5 wt %) S |

|

Water | | | |

I = Insoluble, P = Precipitate after solubilization upon heating and cooling down to room temperature, S(heat) =
Solution after heating and cooling down to room temperature, S = Soluble at room temperature without heating, G =

Gel (minimum gel concentration).

All compounds are able to form organogels in different solvents (at different minimum
concentrations) except PEGys-Phe-Az0-Ci3. HOOC-Az0-Cyg is able to form gels in a
minimum concentration lower than 10 wt % in DMSO (6 wt %), 1-dodecanol (5 wt %)
and DMF (2 wt %). Phe-Azo-C;g was able to form gels in DMSO and 1-dodecanol in a
minimum concentration of 10 wt %. In toluene and in dichloromethane, the minimum
concentration decreases to 5 wt %. PEGg-Phe-Azo-Cig forms gels in 1-dodecanol,
DMSO and methanol at a minimum concentration of 5 wt % and in acetone at 8 wt %.
Malt-Tz-Azo-Cyg form gels in THF in a minimum concentration of 1.3 wt % and the
lowest concentration was reached in 1-dodecanol at 0.5 wt %. All gels are orange in
color due to the azobenzene group, as can be seen for the examples selected in Fig. 5.6,
an opaque gel of Phe-Azo-Cyg in dichloromethane at 5 wt % and a transparent gel of
Malt-Phe-Azo-Cyg in THF at 1.3 wt %.
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Fig 5.6: Gels of the synthesized compounds: a) opaque gel of Phe-Azo-Cig in
dichloromethane at 5 wt %, b) transparent gel of Malt-Phe-Azo-Cig in THF at 1.3 wt
%.

The obtained gels are stable at RT and thermoreversible. In contrast to azo-sugar
derivatives synthesized in Chapter 4, they are not soluble in water or mixtures of
water-DMSO even on heating. Synthesized azobenzene derivatives are able to gelify in

1-dodecanol except PEG1-Phe-Azo-Cig which is not soluble.

Morphological gel characterization. In order to investigate the supramolecular
organization of the gels derived from the synthesized amphiphiles, xerogels (gels dried
under vacuum) were first obtained from these compounds and studied under

microscopic techniques.

Xerogels of HOOC-Az0-C,5, Phe-Az0-C;5, PEGg-Phe-Azo-C,g and Malt-Phe-Azo-
Cig were first investigated by SEM in 1-dodecanol at their minimum gel concentration,
see Fig. 5.7. For HOOC-Azo0-Cyg sample, non-well defined structures were observed,
see Fig. 5.7.a. Ribbons, having lengths and widths of around several micrometers are
detected for PEGg-Phe-Azo-Cyg, see Fig. 5.7.c. However, for Phe-Azo-Cig and Malt-
Phe-Azo-C;g widths of the ribbons are at the nanometer scale. For Phe-Azo-Cg sample,
measured ribbons have widths ranging from 50 to 200 nm, see Fig. 5.7.b and for Malt-
Phe-Azo-C;gthey have widths ranging from 90 to 160 nm, see Fig. 5.7.d.
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Fig. 5.7: a) SEM image of xerogel obtained from HOOC-Azo0-Cyg at 5 wt % in 1-
dodecanol, b) SEM image of xerogel obtained from Phe-Azo-C;g at 10 wt % in 1-
dodecanol, ¢) SEM image of xerogel obtained from PEGg-Phe-Azo-Cigat 5 wt % in 1-
dodecanol, d) SEM image of xerogel obtained from Malt-Phe-Azo-C,g at 0.5 wt % in

1-dodecanol.

Xerogels of HOOC-Azo-Cyg, Phe-Az0-Cyg and PEGg-Phe-Azo-C,g were also studied
in DMSO, a solvent in which compounds synthesized give rise to gels, except Malt-
Phe-Azo-C;5. Compounds were also measured at their minimum gel concentrations; see
SEM images in Fig. 5.8. In HOOC-Az0-Cyg a “cabbage like” structure'® was observed,
see Fig. 5.8.a, while in the case of the xerogel from 1-dodecanol non-well defined
structures were formed. For Phe-Azo-Cyg in contrast to 1-dodecanol xerogel (both are
formed at 10 wt %), ribbons with lengths and widths of several micrometers are
observed, see Fig. 5.8.b. Finally in the case of PEGg-Phe-Azo-C,g measured ribbons
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have around 150 — 200 nm of width and they are smaller than the observed in gels from
1-dodecanol (both are formed at 5 wt %).

Fig. 5.8: a) SEM image of xerogel obtained from HOOC-Azo0-C;gat 6 wt % in DMSO,
b) SEM image of xerogel obtained from Phe-Azo-Cgat 10 wt % in DMSO.

Furthermore xerogels of Phe-Azo-C,g were also studied in two additional solvents as
dichloromethane and toluene. Both gels were formed at the minimum gel concentration
of 5 wt %, see Fig. 5.9. In this case, no differences in both solvents were found. An
interpenetrated structure was observed with non regular pores and measured ribbons had

widths ranging from 100 to 250 nm, similarly to the structures detected in 1-dodecanol.
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Fig. 5.9: a) and c) SEM image of xerogel obtained from Phe-Azo-Cig at 5 wt % in
dichloromethane, b) and d) SEM image of xerogel obtained from Phe-Azo-Cygat 5 wt

% in toluene.

Diluted and negative stained samples of the amphiphiles were also studied by TEM.
The self-assembled microstructures of HOOC-Azo0-C,g Phe-Azo-C13 PEGg-Phe-Azo-
Cig and Malt-Phe-Azo-C,g were investigated in 1-dodecanol. Concentration of the
solutions were 0.5 wt %, 1 wt %, 0.5 wt % and 0.05 wt % respectively (10 times more
diluted than minimum gel concentration); see Fig. 5.10. Microphotographs of HOOC-
Az0-C;g sample showed ribbons with widths of around 0.5 micrometers see Fig. 5.10.a.
For Phe-Azo-Cyg sample, twisted ribbons were observed and measured widths were
around to 20-30 nm, see Fig. 5.10.b with a torsion pitch around 50 nm, see close up in
Fig. 5.10.b. Ribbons were also observed for PEGg-Phe-Az0-Cig. In this case,
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measurements were around 100 to 300 nm, see Fig. 5.10.c. For Malt-Phe-Az0-Cg,

widths were around 50 to 150 nm, see Fig. 5.10.d.

Fig. 5.10: a) TEM image of HOOC-Az0-C,g at 0.5 wt % in 1-dodecanol, b) TEM
image of Phe-Azo-Cgat 1 wt % in 1-dodecanol, ¢) TEM image of PEGg-Phe-Az0-Cig
at 0.5 wt % in 1-dodecanol, d) TEM image of Malt-Phe-Azo0-Cg at 0.05 wt % in 1-
dodecanol.

As it has been previously described, PEGg-Phe-Azo-C,g derivative was able to self-
assembly and formed supramolecular gels meanwhile gels could not be obtained for the
analog PEGi¢-Phe-Azo-C,g. Aggregation studies were then carried out in both PEG
derivatives in order to study the supramolecular organization of these compounds.
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First of all, PEGg-Phe-Azo-C,g compound was studied in DMSO, where this compound
forms a gel at a concentration of 5 wt% and consequently should aggregate in this
solvent even at a lower concentration. For the study of supramolecular aggregation,
diluted samples at 0.25 wt % and 0.1 wt % were prepared and heated to complete
solubilization and then cooled to obtain clear solutions. No turbidity was observed at
naked eyes. Solution at 0.1 wt % in DMSO was studied by TEM. A drop of the solution
was placed onto a copper grid and negative stained by uranyl acetate. As it can be seen
at Fig. 5.11, planar ribbons were again observed with widths of around 150 — 200 nm.

Fig. 5.11: a) TEM image of PEGg-Phe-Az0-C;g at 0.1 wt % in DMSO.

PEG6-Phe-Az0-C;3 compound is not able to gel neither in DMSO nor in a mixture of
DMSO/water. It is soluble in DMSO but turbidity in the mixture of DMSO/water was
observed, which indicates that aggregation takes place. Therefore a study of the
supramolecular aggregation can be carried out in order to establish a possible self-
assembly of this compound as an amphiphilic molecule. A solution in DMSO (good
solvent) was first prepared and water was progressively and carefully added to that

solution. Turbidity was monitored as a means of detecting aggregation.Zb’ o

The sample was first dissolved in DMSO (0.5 wt %) and Mili-Q water was carefully
added to the solution (20 pL of water to 1.0 mL of solution) with slight shaking.
Turbidity of the solution was measured after every addition of water at a wavelength of
650 nm (at this wavelength there is no absorption of the azobenzene chromophore and
there is no turbidity in the initial clear solution) using a quartz cell (path length 1 cm)

with a Unicam UV/vis spectrophotometer. The solution was left to equilibrate till the
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turbidity remains constant. The cycle of water addition, equilibration and turbidity
measurement was continued until the increase in turbidity upon water addition was very
small. Beyond 38 wt % addition of water the turbidity remains almost stable, see Fig.

5.12.

A=650 nm

Turbidity

0O 6 12 18 24 30 36 42 48 5

water wt %

Fig. 5.12: Turbidity curve of PEGy6-Phe-Azo0-Cys solution in a mixture of DMSO/water
represented as a function of the amount of water added to the solution (wt %). The
initial turbidity value, corresponding to this curve for a 100 wt % DMSO solution, is

Z€r0.

The solution was then dialyzed against water for 2 days to remove the organic solvent
using a regenerated cellulose membrane with a molecular weight cutoff of 1000 a. m. u.
The morphological analysis of the dialyzed aggregate solution was then performed by

TEM on a sample stained with uranyl acetate, see Fig. 5.13.

200nm

Fig. 5.13: TEM images of a PEG;4-Phe-Azo0-C;3 sample.
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Fibrillar structures were found with widths around 10-20 nm. These structures are
thinner than structures observed in PEGg-Phe-Azo-C;s. In fact, PEG¢-Phe-Azo-C;g is
able to self-assembly in a mixture of DMSO/water solvents although the network
resulting of these self-assembly is not able to form a gel. The hydrophobic/hydrophilic
balance seems to play a crucial role in the self-assembly and the dimensions of the
aggregates of these amphiphilic molecules. In the case of PEGg-Phe-Azo-Cyg, having a
higher hydrophobic content than PEG;¢-Phe-Azo-Cyg (60/40 molecular weight
hydrophobic/hydrophilic block ratio), the network is consistent enough to entrap the
solvent. Meanwhile for PEG;6-Phe-Azo0-C;g, with a higher hydrophilic content (44/56
molecular weight hydrophobic/hydrophilic block ratio taking as reference n=16), the

aggregates cannot form a consistent network to entrap the solvent.
5.2.4. Irradiation experiments

Azobenzene group is used in the field of materials science due to the reversible trans-cis
photochemical isomerization. Irradiation experiments were performed in order to

investigate a possible photoresponse of the compounds, either in solution or in gel state.

Experiments in DMSO solution (10'4 M) of PEGg-Phe-Azo-C;g and PEG4-Phe-Azo-
C,s were performed under irradiation at 365 nm (see Characterization Techniques 7.
Annex for experimental conditions), around the maximum corresponding to the n—m*
transition of the frans isomer. Behavior under photoirradiation was first studied in
solution and subsequently studies under photoirradiation in DMSO of PEGs-Phe-Azo-

Cisin gel state will be described in the following section.

Evolution of the sample was monitored by UV-vis absorption and trans-cis
1somerization was checked, see Fig. 5.14. The shape of the absorption band of both
compounds in DMSO (10 M) before irradiation is very similar, an approximately
symmetrical band corresponding to frans-azobenzenes having a maximum at 365 nm
corresponding to the m-m* transition, which is in accordance with a relatively low
aggregation. Under irradiation, PEGg-Phe-Azo-C;3 exhibits a decrease of the
absorbance at An.x due to the decrease of the trans-isomer and the absorbance at 445
nm, corresponding to the n—m* transition, increases due to the appearance of the cis-
isomer. In 6 min, a photostationary state can be considered to be reached, see Fig.

5.14.a. For a 10 M solution of PEG6-Phe-Azo-C;g in DMSO, the same behavior of
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the signal under irradiation was observed but, in this case, the photostationary state was
observed at 4 min, see Fig. 5.14.b. Partial recovery of the initial UV-vis spectrum was

achieved when samples were kept in the dark for 24 h.
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Fig. 5.14: a) Absorption spectra of a 10* M solution of PEGg-Phe-Azo-C;5 in DMSO
under irradiation at 365 nm as a function of time, b) Absorption spectra of a 10* M
solution of PEGq¢-Phe-Azo-C;g in DMSO under irradiation at 365 nm as a function of

time.

Studies by electronic circular dichroism (CD) were performed in order to get more

insight into the chiral supramolecular organization as well as the possibility to control
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the chiral structure by light. PEGg-Phe-Azo-C;g gel, 5 wt % in DMSO and Malt-Phe-
Az0-Cys gel, 0.5 wt % in 1-dodecanol were selected to register their CD spectrum.
Malt-Phe-Azo-C;g was not soluble in DMSO and gel in 1-dodecanol was selected
because the minimum concentration of gelification (0.5 wt %) is obtained for this
solvent. A small amount of the gel was sandwiched between two quartz discs and
measured (see Characterization Techniques 7. Annex for experimental conditions).
We confirmed that the contribution of the linear dichroism (LD) to the CD spectra is
negligible by comparing several CD spectra recorded at different angles around the

incident light beam.

UV-vis absorption spectra in gel state of PEGg-Phe-Azo-C;g at 5 wt % in DMSO
shows a broader curve compared with solution and the Ay.x value appears at around 362
nm, see Fig. 5.15.a. The Ay value for a Malt-Phe-Azo-Cyg organogel at 0.5 wt % in 1-
dodecanol appears at around 339 nm, see Fig. 5.15.b. The maximums are blue-shifted

due to the H-aggregation of azobenzene chromophores.

In the case of PEGg-Phe-Azo-Cys gel at 5 wt % in DMSO, under UV irradiation (see
Fig. 5.15.a) at 365 nm for 25 min (using the same irradiation conditions as in solution) a
decrease in the frans-azobenzene UV band was observed. After irradiation for 45 min,
UV-vis spectrum is more similar to the one exhibited by the cis-isomer, however, the
trans to cis isomerization was clearer appreciated when the sample was irradiated for
3h. The photoisomerization was more hindered in the case of gel, due to the stronger
self-assembly of the chromophores compared to solution. For Malt-Phe-Azo-C;s gel at
0.5 wt % in 1-dodecanol under irradiation at 365 nm, a photostationary state was
reached after 10 min, see Fig. 5.15.b. Partial recovery of the initial UV-vis spectrum

was achieved when gel samples were kept in the dark for 24 h.
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Fig. 5.15: a) Absorption spectra of PEGg-Phe-Azo-Cs gel (5 wt % in DMSO)
measured at RT, without irradiation, after 25 min of irradiation, after 45 min of
irradiation and after 3 h of irradiation. b) Absorption spectra of Malt-Phe-Azo-C;s gel
(0.5 wt % in 1-dodecanol) measured at RT, without irradiation, after 10 min of

irradiation, after 45 min of irradiation.

As we can see in the CD spectra of these gels, see Fig. 5.16, for the organogel of PEGg-
Phe-Azo-Cyg at 5 wt % in DMSO, a positive exciton coupling band was observed (see
Fig. 5.16.a), as well as for Malt-Phe-Azo-C;g gel at 0.5 wt % in 1-dodecanol (see Fig.
5.16.b).
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A decrease in the CD band was observed under UV irradiation at 365 nm for 3h for
PEGs-Phe-Azo-C;g gel at 5 wt % in DMSO (see Fig. 5.16.a). Moreover the intersection
for the CD signal was slightly displaced. UV irradiation at 365nm was also studied in
Malt-Phe-Azo-C;g at 0.5 wt % in 1-dodecanol gel and only a slight decrease of the CD
signal was observed in the photostationary state at 10 min (see Fig. 5.16.b). In both
cases, modifications in the CD signal along the isomerization were observed but
disappearance of the aggregates was not fully obtained as there was not a complete
disappearance of the signal. Once irradiated, the gel samples recovered its original CD

spectra after 24h at darkness.
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Fig 5.16: CD spectra of: a) PEGg-Phe-Azo-C;g gel (5 wt % in DMSO) measured at RT,
without irradiation, after 25min of irradiation, after 45min of irradiation, after 3 h of
irradiation. b) Malt-Phe-Azo-C;s gel (0.5 wt % in 1-dodecanol) measured at RT,
without irradiation, after 10 min of irradiation, after 45 min of irradiation.

312



5. AMPHIPHILIC MOLECULES BASED ON PEG AND AZOBENZENE

Disruption of gels. Irradiation of the PEGs-Phe-Azo-Cys gel (5 wt % in DMSO) and
Malt-Phe-Azo-C;s gel (0.5 wt % in 1-dodecanol) were performed using a cuvette 1mm
thickness in order to observe at naked eye if there was a sol-gel transition under
irradiation. This transition was observed, in both cases, by using the same irradiation
conditions as in CD studies. For PEGg-Phe-Azo0-C;s gel (5 wt % in DMSO), after 45
min of irradiation a partial dark red solution was observed at the bottom of the cuvette
and after 3h almost all the gel was in sol state, see Fig. 5.17.a. Once irradiated, the
sample did not totally gelify after 24h at darkness, however some aggregates were
observed. Gel was recovered after approximately 96 h and sol state was again obtained
under irradiation at 365 nm. For Malt-Phe-Azo-C;s gel (0.5 wt % in 1-dodecanol) a sol-
gel transition was reached after 10 min of irradiation at 365 nm. Gel was formed again

after approximately 6 h and sol state was again obtained under irradiation at 365 nm.

Before After Before After
irradiation irradiation irradiation irradiation
(365nm) (365nm) (365nm) (365nm)

Fig 5.17: a) PEGg-Phe-Azo-C;s gel (5 wt % in DMSO) before irradiation and after 3h
of irradiation at 365 nm. b) Malt-Phe-Azo-C;s gel (0.5 wt % in 1-dodecanol) before

irradiation and after 10 min of irradiation at 365 nm.
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5.3. Summary and conclusions

v Amphiphilic molecules, based on a phenyl azobenzene hydrophobic chain, have
been synthesized with different polar heads, as a phenylalanine group, a PEG
derivative or maltose. Liquid crystalline and gel-forming properties have been
determined. Chiral supramolecular assemblies have been characterized by
electron microscopy and CD. The light-response of azo-amphiphiles compounds

has been studied in solution and gel state.

e Only HOOC-Az0-Cig exhibited liquid crystal properties. No
mesomorphic behavior was found for Phe-Azo-Cig, PEGg-Phe-Azo-Cyg
PEGs-Phe-Azo-Cygand Malt-Phe-Azo-C,g derivatives.

e HOOC-AZz0-C5, Phe-Az0-C1g, PEGg-Phe-Azo-Cq5 and Malt-Phe-Azo-

Cyg form gels in different organic solvents.

e The hydrophobic/hydrophilic ratio is a key factor in the gel formation as
detected in compounds with different molecular weight of PEG. While
PEGg-Phe-Azo-Cyg is able to form organogels, gelation of PEG;s-Phe-
Az0-Cig was not possible despite of forming fibrillar structures in

solution.

e By different microscopic techniques the resulting self-assembled fibrillar
network was characterized and a supramolecular chiral arrangement was

confirmed by CD.

e PEGg-Phe-Azo-Cyg gel at 5 wt % in DMSO and Malt-Phe-Azo-Cyg gel
at 0.5 wt % in 1-dodecanol showed a gel-sol photoresponse to irradiation
at UV light.
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5.4. Experimental Section

For the synthesis of compound 13 (C;sH;4N,03), see Chapter 4, Experimental Section
4.4.

Synthesis of the ethyl 4-(octadecyloxy)-4’-(ethyloxycarbonyl)azobenzene
(C33H50N203) (22)

Compound 13 (1.84 g, 7.4 mmol) was dissolved in acetone (30 mL), under an argon
atmosphere, K1 (0.28 g, 1.85 mmol) and K,CO3 (1.89 g, 1.48 mmol) was added. Once
the solvent is refluxing the octadecyl bromide (2.72 g, 8.88 mmol) was added dropwise.
The mixture was stirred for 24 hours. The reaction was monitored by TLC
(hexane/ethyl acetate, 7:3). The solvent was partially removed. Dichloromethane (60
mL) was added and washed three times with water and dried with anhydrous MgSO,.

The product was recrystallized in ethanol yielding an orange solid (2.08 g, 55%).

'H NMR (400 MHz, CDCls, 5 ppm): 0.88 (t, 3 H, J=7.2 Hz, CH3-(CH2)1s-), 1.50-1.28
(M, 33 H, CH3-CH,-O-, -(CH,)15-), 1.86-1.79 (m, 2H, (CH2)15-CH,-CH,-0), 4.05 (t, 2H,
J=6.8 Hz, -CH, -CH,-0), 4.41 (g, 2H, J= 7.2 Hz, O-CH»-CH3), 7.02-7.00 (m, 2H,
CHar), 7.95-7.89 (m, 4H, CHar), 8.18-8.16 (m, 2H, CHar).

B3C (100 MHz, CDCl3, & ppm): 14.1, 14.3 CH3-CH, x2, 22.7, 26.0, 29.2, 29.4, 29.6,
29.6, 29.7, 29.7, 31.9 CH; x16, 61.2, 68.4 O-CH; x2, 114.8, 122.3, 125.1, 130.5, CHar,
131.5, 146.8, 155.3, 162.4, 166.2 Car, CO.

ESI*: 523.4 [M + H]", 545.4 [M + Na]".

IR (KBr, cm™): 2916, 2848, 1715, 1601, 1584, 1472, 1463, 1283, 1251, 1142, 1106,
1020, 866, 841, 773, 695, 553.

Synthesis of 4-(octadecyloxy)-4’-(hydoxycarbonyl)azobenzene HOOC-Az0-Cyg
(Ca1H46N203):

Compound 22 (2.08 g, 3.9 mmol) and KOH (1.58 g, 27.3 mmol) were dissolved in
ethanol (50 mL) and stirred and heated under reflux for 24 hours. The reaction is
monitored by TLC with dichloromethane as eluent. 70 mL of water was added. The

product precipitated upon addition of HCI (37%) until pH 2. It was filtered and washed
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with water. It was obtained as an orange powder which was recrystallized in acetic acid
(1.55 g, 80%).

'H NMR (400 MHz, DMSO, 90°C, & ppm): 0.87 (t, 3H, J=7.2 Hz, CH3-CH,-), 1.47-
1.27 (m, 30 H, <(CH.)15-), 1.80-1.76 (m,2H, (CH,):15-CH,-CH»-0-), 4.13 (t, 2H, J=6.4
Hz, CH,-CH,-0O-), 7.13-7.11 (m, 2H, CHar), 7.91-7.86 (m, 4H, CHar), 8.12-8.10 (m,
2H, CHar).

3C (100 MHz, DMSO, 90°C, § ppm): 14.0, CHs, 22.3, 25.8, 28.9, 29.1, 29.3, 29.3,
31.6, CH,, 68.9 O-CH,, 115.7, 122.4, 125.2, 130.8, CHar, 132.9, 147.0, 155.3, 162.6,
167.7 Car, CO.

ESI*: 495.4 [M + H]".

IR (KBr, cm™): 2918, 2849, 1680, 1602, 1583, 1501, 1471, 1419, 1290, 1249, 1143,
837, 544.

Synthesis of 4-(octadecyloxy)-4’-(succinimidyl-N-oxycarbonyl)azobenzene
(C35 H49N305) (23) :

HOOC-Az0-Cy5 (2.49 g, 5.04 mmol) was dissolved in 240 mL of anhydrous THF. This
solution was heated until the benzoic acid was dissolved and a N-hydroxysuccinimide
(0.81 g, 7.13 mmol) in 40 mL of THF solution was added. The mixture was cooled to
room temperature and then placed in a water-ice bath. Dicyclohexylcarbodiimide
(DCC) (6.60 g, 32 mmol) was dissolved in 35 mL of THF and added to the mixture and
was stirred for 96 h at room temperature. The reaction mixture was filtered and the
solvent was distilled off. The product was recrystallized from isopropanol to obtain a
red solid (2.56 g, 86%).

'H NMR (400 MHz, CDCls, & ppm): 0.87 (t, 3H, J=6.1 Hz, CHs-CH,-), 1.18-1.52 (m,
30 H, -(CHy)15-), 1.78-1.87 (m,2H, (CH,)15-CH,-CH,-0-), 2.92 (s, 4H, CHsucc), 4.05
(t, 2H, J=6.5 Hz, CH,-CH,-O-), 6.99-7.05 (m, 2H, CHar), 7.92-7.99 (m, 4H, CHar),
8.24-8.29 (m, 2H, CHar).

3C (100 MHz, CDCl; & ppm): 14.1, CH3-CHy, 22.7, 25.7, 26.0, 29.2, 29.4, 29.6, 29.6,
29.7, 29.7, 31.9 CH, x16, 68.4 O-CHy, 114.8, 122.7, 125.5, 131.7, CHar, 125.8, 146.8,
156.5, 161.5, 162.7, Car, 169.2,CO succ x2.
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ESI*: 592.4 [M + H]".

IR (KBr, cm™): 2918, 2848, 1775, 1733, 1583, 1500, 1467, 1244, 1208, 1081, 1003,
863, 686, 549.

Synthesis of Phe-Az0-C1g (C4oHssN304):

L-Phenylalanine (0.66 g, 3.99 mmol) and diisopropylethylamine (1.40 mL, 8.12 mmol)
were dissolved in 25 mL of water and 30 mL of THF. A solution of 23 (2.40 g, 4.06
mmol) in 100 mL of THF was added. The mixture was stirred at room temperature for
60 h. The reaction was monitored by TLC using hexane/ethyl acetate 1:1 as eluent. A
solution of HCI (37%) was added until pH = 4. The solvent was partially removed and
the resulting aqueous phase was extracted with dichloromethane (3 x 250 mL). The
organic layer was dried with anhydrous MgSO, and finally the solvent was evaporated.
The product was purified by flash chromatography using dichloromethane and
increasing the polarity with methanol. A red solid was obtained (1.502 g, 58%).

'H(300 MHz, CDCl;z & ppm): 0.88 (t, 3H, J= 6.7 Hz, CH2-CH3), 1.26-1.50 (m, 30H, -
(CH)15-), 1.78-1.87 (m, 2H, —O-CH,-CH,), 3.24-3.46 (m, 2H, -CH-CHj>-ar), 4.05 (t,
2H, J=6.6 Hz, -O-CH,-CH,-), 5.07-5.17 (m, 1H, -CH-CHj>-ar), 6.59 (d, 1H, J=7.2 Hz,
NH-CO-), 6.99-7.02 (m, 2H, Har-C-O-CH;-), 7.22-7.73 (m, 6H, Har), 7.80-7.94 (m,
5H, Har).

3C (75 MHz, CDCl; & ppm): 14.1 CH,-CHg, 22.7, 26.0, 29.2, 29.4, 29.5, 29.6, 29.7,
29.7, 31.9,-CHy-, 37.2 —CH-CH,-ar, 53.7 -CH-CH,-ar, 68.5 O-CH,-CH,-, 114.8, 122.7,
125.2, 127.4, 128.0, 128.8, 129.4 CHar, 134.3, 135.5, 146.8, 155.8, 162.3 Car, 167.0
NH-CO, 174.3 COOH.

MALDI-TOF (DCTB+NaTFA): 686.7 [M+2Na]*, 664.6 [M+Na]", 642.6 [M+H]".

Anal. Calcd. for C4Hs5N304: C, 74.85; H, 8.64; N, 6.55. Found: C, 74.75; H, 8.65; N,
6.44.

IR (KBr, cm'l): 3316, 2919, 2850, 1644, 1527, 1252, 1143, 838.
Synthesis of PEGg-Phe-Az0-C,g and PEGy4-Phe-Az0-Cys:

Phe-Azo-C;5 (305 mg, 0.47 mmol) and hydroxybenzotriazole (80 mg, 0.59 mmol) were
dissolved in 20 mL of anhydrous THF. Methyl-PEGn-amine (n=8, from Fisher
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Scientific or 16, from Fluka) (200 mg, 0.52 mmol) was added. The solution was cooled
to 0 °C. 1-Ethyl-3-(3-dimethyllaminopropyl)carbodiimide hydrochloride (101 mg, 0.52
mmol) was added. The reaction mixture was stirred for 2 days at room temperature. The
reaction was monitored by TLC with hexane/ethyl acetate 1:9 as eluent. The mixture
was filtered and the solvent was removed under reduced pressure. 250 mL of
dichloromethane were added and the organic phase was washed three times with 1M
KHSO, solution, and three times with 1M NaHCOj solution. The organic layer was
dried over anhydrous MgSO,. The solution was filtered and the solvent was removed
under reduced pressure. The product was purified by flash chromatography using
dichloromethane and increasing the polarity with methanol. A red solid was obtained
(0.401 mg, 85% for PEGg-Phe-Az0-Cyg, 315 mg, 84% PEGis-Phe-Az0-Cig).

PEGg-Phe-AZO-Clg

'H(500 MHz, CDCl; & ppm): 0.87 (t, 3H, J= 6.7Hz, CH,-CHs), 1.16-1.53 (m, 30H, -
(CHy)15-), 1.78-1.85 (m, 2H, -O-CH,-CHy), 3.10-3.29 (m, 2H, -CH-CHz-ar), 3.36 (s,
3H,-0-CHpg), 3.32-3.73 (m, 32H, —(O-CH,-CH,);-O, -O-CH,-CH,-NH-), 4.05 (t, 2H, J=
6,5Hz, -O-CH,-CH,-), 4.77-4.86 (m, 1H, -CH-CH,-ar), 6.28 (s, 1H, CH,-CH,-NH-CO),
6.97-7.07 (m, 3H, Har-C-O-CH,-, ar-CH-NH-CO), 7.20-7.37 (m, 5H, Har), 7.85-7.99
(m, 6H, Har).

3C (125 MHz, CDCl; & ppm): 14.1 CH,-CHs, 22.7, 26.0, 29.2, 29.4, 29.4, 29.5, 29.5,
29.6, 29.7, 31.9 -CH,-, 38.9 —CH-CH,-ar, 39.4 —O-CH,-CH»-NH, 55.1 -CH-CH-ar,
59.0 -O-CHs, 68.5 O-CH,-CH,-, 69.5, 70.3, 70.5, 70.5, 71.9 —(O-CH,-CH)n-O, -O-
CH,-CH,-NH-, 114.7, 122.6, 125.0, 127.0, 128.0, 128.7, 129.4 CHar, 134.9, 136.7,
146.8, 154.6, 162.2, 166.2, 170.6 Car, ar-CH-NH-CO, CH,-CH,-NH-CO-.

MALDI-TOF (DCTB+NaTFA): 1029.8 [M (n=8) +Na]".

Anal. Calcd for Cs7HooN4O11: C, 67.96; H, 9.01; N, 5.56. Found: C, 68.08 ; H, 9.59 ; N,
5.58.

IR (KBr, Cm'l): 3301, 2920, 2850, 1636, 1530, 1251, 1143, 1105, 859, 837, 698.
PEGle-Phe-AZO-Clg

'H(300 MHz, CDCl; & ppm): 0.81 (t, 3H, J= 6.7Hz, CH»-CHs), 1,04-1,40 (m, 30H, -
(CHo)1s-), 1.70-1.81 (m, 2H, ~O-CH,-CH,), 3.04-3.22 (m, 2H, —CH-CH,-ar), 3.31 (s,

318



5. AMPHIPHILIC MOLECULES BASED ON PEG AND AZOBENZENE

3H, —O-CHpg), 3.32-3.70 (m, nH, —(O-CH,-CH,)n-0, -O-CH,-CH,-NH-), 3.98 (t, 2H, J=
6.5Hz, -O-CH,-CH,-), 4.73-4.84 (m, 1H, -CH-CH-ar), 6.60 (s, 1H, CH,-CH,-NH-CO-
), 6.92-6.95 (m, 2H, Har-CO-CH>-), 7,04 (d, 1H, J= 7.6 Hz, ar-CH-NH-CO), 7.16-7.26
(m, 5H, Har), 7.82-7.87 (m, 6H, Har).

3C (100 MHz, CDCls, & ppm): 14.1 CH,-CHa, 22.7, 26.0, 29.2, 29.4, 29.4, 29.5, 29.5,
29.6, 29.7, 31.9,-CH,-, 38.9 —CH-CH,-ar, 39.4 —O-CH,-CH,-NH, 54.9 -CH-CH,-ar,
59.1 —O-CHs, 68.5 O-CH,-CH,-, 69.5, 70.3, 70.5, 71.9 —(O-CH,-CH2)n-O, -O-CH,-
CHy-NH-, 114.7, 122.5, 125.0, 126.9, 128.0, 128.5, 129.4 CHar, 134.3, 136.7, 146.8,
154.6, 162.2, 166.2, 170.6 Car, ar-CH-NH-CO, CH,-CHy-NH-CO-.

MALDI-TOF (DCTB+NaTFA): 1249.8 [M (n=13) +Na]", 1293.8 [M (n=14) +Na]",
1337.8 [M (n=15) +Na]*, 1381.9 [M (n=16) +Na]*, 1425.9 [(M (n=17) +Na]*, 1469.9
[M (n=18) +Na]", 1513.9 [M (n=19) +Na]", 1558.0 [M (n=20) +Na]*, 1603.0 [M (n=21)
+Na]*, 1646.0 [M (n=22) +Na]", 1690.0 [M (n=23) +Na]*, 1734.0 [M (n=24) +Na]".

IR (KBr, cm™): 3300, 2920, 2850, 1636, 1531, 1251, 1144, 1107, 838.

Synthesis and characterization of Hepta-O-acetyl-p-maltosyl azide (CzsH3sN3017)
(5) and Synthesis of Hepta-O-acetyl-p-maltosyl amine (CysH3/NOi7) (6) were
previously described in Chapter 3, please see Experimental Section 3.7 for data.

Synthesis of N-[4- (4 -octadecyloxyphenylazido)phenylcarbonyl L-phenylalanyl
chloride (24):

Phe-Az0-Cjg (740 mg, 1.15 mmol) was dissolved in 25 mL of anhydrous THF. Oxalyl
chloride (0.30 mL, 2.81 mmol) and anhydrous DMF (0.3 mL) were added. The reaction
mixture was stirred overnight. The solvent was removed under reduced pressure. The

product was used without further purification.
Synthesis of acetylated maltose conjugate OAc-Malt-Phe-Azo-Cig (CesHgoN4O20):

Compound 6 (0.94 mmol) was dissolved in 10 mL of anhydrous DMF. Pyridine (0.1
mL, 1.24 mmol) was added and the solution was cooled to 0 °C. A solution of
compound 7 (1.15 mmol) in 10 mL of anhydrous DMF and 15 mL of THF was added.
20 mL of THF were added to complete solubilization. The reaction mixture was stirred
for 48 h at room temperature and poured into 150 mL of water. The aqueous phase was

extracted with 3 x 150 mL of hexane/ethyl acetate 1:1. The organic phase was dried
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with anhydrous MgSQO,. The solution was filtered and the solvent was removed under
reduced pressure. The resulting product was purified by flash chromatography with

dichloromethane/ethyl acetate 8:2 as eluent. A red solid was obtained (646.2 mg, 54%).

'H NMR (500 MHz, CDCl3): 0.88 (t, 3H, J = 6.8 Hz, -(CH,)15-CHs), 1.19-1.53 (m, 30H,
CH,-(CHy)15-CH3), 1.78-1.87 (m, 2H, —CH»-CH>-(CH,)15), [1.85, 1.97, 2.00, 2.02, 2.03,
2.04, 2.05, 2.06, 2.09, 2.11, 2.12, 2.18] (s, 21H), 3.14-3.36 (m, 2H, CH-CH,-Car-),
3.77-3.85 (m, 1H, H5), 3.91-3.99 (m, 2H, H5, H4"), 4.05 (t, 2H, J = 7.3 Hz, —O-CH,-
CH,), 3.99-4.08 (m, 1H, H6b), 4.19-4.31 (m, 2H, H6a, H6a), 4.43-4.50 (m, 1H, H6 a),
4.68-4.78 (m, 1H, H2"), 4.79-4.90 (m, 2H, NH-CH-CH,, H2), 5.01-5.11 (m, 1H, H4),
5.27 (dd, 1H, J;- = 8.9 Hz, J;' nu = 8.9 Hz, H1"), 5.32-5.41 (m, 3H, H1, H3, H3"), 6.52
(dd, 1H, J=7.5 Hz, J= 69.2 Hz, NH-CH), 6.86 (dd, J=8.9 Hz, J= 41.5 Hz, NH-C1), 6.88-
7.04 (m, 2H, Har), 7.18-7.35 (m, 4H, Har), 7.36-7.45 (m, 1H, Har), 7.73-7.79 (m, 1H,
Har), 7.81-7.85 (m, 1H, Har), 7.85-7.97 (m, 4H, Har).

13C NMR (125 MHz, CDCls): 14.1 -(CH,)15-CHs, 20.5, 20.6, 20.6, 20.8, 20.8, 20.8,
22.6, 26.0, 29.1, 29.3, 29.5, 29.5, 29.6, 29.6, 31.9 (CH3-CO-0O), -(CHy)16-, 37.3, 37.4
CH-CH,-Car, 54.5 CH-CH,-Car, 61.4 C6, 62.6 C6", 67.9 C4, 68.4 —O-CH,-CH,, 68.5
C5, 69.3 C3/C3", 70.0 C2, 70.8, 71.1 C2’, 72.5, 72.6 C4", 73.9 C5", 74.8, 74.9 C3/C3’,
77.7,78.0 C1", 95.5 C1, 114.8, 122.6, 125.1, 127.3, 127.4, 127.9, 128.0, 128.8, 128.9,
129.2, 129.5, CHar, 134.2, 134.3, 135.6, 135.8, 146.7, 154.8, 162.3, Car, 166.7, 166.8
CH-NH-CO-Car, 169.4, 169.7, 169.8, 170.4, 170.5, 170.6 CH3-CO-O-CHs, Car, 170.9,
171.1 C1"-NH-CO, 171.4 Car-CHs.

MALDI-TOF MS (DIT+NaTFA): 1281.2 [M + Na]".
IR (KBr, cm™): 3335, 2920, 2850, 1750, 1639, 1526, 1370, 1239, 1033, 859, 601.

Anal. Calcd for C4He7NO1g: C, 62.94; H, 7.20; N, 4.45. Found: C, 63.44 ; H, 7.56 ; N,
4.45.

Synthesis of Malt-Phe-Azo-Cig (Cs:H76N4O13):

OAc-Malt-Phe-Azo-Cjg (131.1 mg, 0.10 mmol) were dissolved in 5 mL of anhydrous
methanol. Sodium methoxide (50.0 mg, 0.92 mmol) was then added. The solution was
stirred at room temperature until the reaction was complete (TLC,
dichloromethane/ethyl acetate 1:1). Amberlyst IR 120 (H* form) was added to exchange
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sodium ions until pH 7-6. The resin was filtered off and the solvent was evaporated in

vacuum to give a red solid (58 mg, 60%).

'H NMR (500 MHz, DMSO, § ppm): 0.85 (t, 3H, J = 6.7 Hz, -(CH,)15-CH3), 1.17-1.49
(m, 30H, CH-(CH2)15-CH3), 1.70-1.78 (m, 2H, —CH,-CH-(CH,)15), 2.99-3.92 (m, 14H,
CH-CHj-Car-, H2, H3, H4, H5, H6a, H6b, H2", H3", H4", H5", H6"a, H6"b), 4.09 (t,
2H, J = 6.4 Hz, -O-CH,-CH,), 4.16-4.31 (m, 2H, OH), 4.49-4.72 (m, 2H, OH), 4.77-
4.90 (m, 2H, NH-CH-CH,, H1"), 5.01-5.09 (m, 1H, H1), 5.09-5.22 (m, 1H, OH), 5.29-
5.45 (m, 2H, OH), 7.06-7.41 (m, 7H, Har), 7.78-7.99 (m, 6H, Har), 8.36-8.46 (m, 1H,
NH-CO), 8.56 (t, 1H, NH-C1").

3C NMR (125 MHz, DMSO, & ppm): 13.5 -(CHy)1,-CHs, 21.7, 25.2, 28.4, 28.7, 31.0 -
CO-CHa-(CHy)13-CHs, 37.3 CH-CH,-Car, 54.6, 54.7 CH-CH,-Car, 68.1, ~O-CH-CHb,
61.0, 70.2, 71.7, 72.0, 72.2, 72.4, 73.3, 76.9, 77.1, 79.3, C2, C3, C4, C5, C6, C2, C3’,
C4’, C5, C6", 79.9 C1’, 100.6 C1, 115.0, 121.6, 124.6, 125.9, 127.8, 128.3, 129.0
CHar, 135.6, 137.9, 138.0, 146.2, 153.6, 165.4, 171.6 Car, CH-NH-CO-Car, C1"-NH-
CO.

MicroTOF MS: 987.5253 [M+ Na]", calcd: 987.5403.

IR (KBr, cm™): 3307, 2917, 2849, 1635, 1539, 1250, 1034, 856, 836.
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6. CONCLUSION

Once presented the main conclusions of the different chapters, the following general

conclusions can be obtained from this work:

- Glycoamphiphilic compounds based on disaccharides are molecules of interest
to obtain different soft materials based on supramolecular gels. Variations in the

molecular structure make possible variations in gel properties.

- Copper(l)-catalysed azide-alkyne [3+2] cycloaddition is a versatile synthetic
tool for the preparation of glycoamphiphilic compounds and the presence of the
triazole linking unit improves the gelation ability in water.

- Chiral supramolecular aggregation of the glycoamphiphiles, which is
responsible of the entangled 3D-network to form the gel, is determined by the
sugar unit of the structure.

- Supramolecular gels based on glyco and PEG azoderivatives give rise to
photoresponsive materials. Chiroptical properties can be modulated by light and

in some cases gel to sol state transition can be reached.
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7.1. Characterization Techniques

'H and ">C NMR spectra were recorded on a BRUKER AV-400 (operating at 400 MHz
for 'H and 100 MHz for "*C) or AV-500 (operating at 500 MHz for 'H and 125 MHz
for 1*C) spectrometer.

IR spectra were measured on Thermo NICOLET Avatar 360 FT-IR spectrophotometer
using KBr pellets.

Mass Spectrometry was performed using a ESI Briiker Esquire 300+, a MALDI+/TOF
Briiker Microflex system with a different matrix depending on the compound and

MicroTOF Briiker equipment for exact mass measurements.
Elemental analysis was performed using a Perkin Elmer CHN2400 microanalizer.

The mesogenic behavior was studied by optical microscopy with an Olympus BH-2
polarizing microscope equipped with a Linkam THMS hot-stage central processor and a

CS196 cooling system.

Differential scanning calorimetry (DSC) was performed using a DSC Q2000 from TA
Instruments with samples sealed in aluminum pans and a scanning rate of 10 or 5
°C/min under nitrogen atmosphere. Temperatures were read at the maximum of the

transition peaks and glass transition at the midpoint of the jump of the baseline.

Thermogravimetric analysis (TGA) was performed using a TGA Q5000IR fromTA
Instruments at a rate of 10 °C/min under nitrogen atmosphere (at 600°C, nitrogen

atmosphere was changed and air was used).

XRD measurements were performed with an evacuated Pinhole camera (Anton-Paar)
operating with a point-focused Ni-filtered Cu-Ka beam. Sample was held in Lidemann
glass capillaries and the patterns were collected on flat photographic films perpendicular

to the X-ray beam.

Circular Dichroism was measured using a Jasco J-180 equipment. The CD spectra of
the samples were registered by rotating the sandwich every 60 degrees around the light
beam axis. Sample preparation for CD measurement: Malt-Tz-Azo-C;¢ and Malt-Tz-
C10-Az0-OCHj; gels were heated up to the sol state and a drop of hot solution was

placed and sandwiched between two quartz plates with a 25 pm spacer. Once cooled to

331



7. ANNEX

room temperature the gel is reformed. Malt-Tz-C;¢, Cell-Tz-Cy6, Lact-Tz-Cy6, Gel 1
and Gel II were placed onto the sandwich at RT. PEGg-Phe-Azo-C;g gel (5 wt % in
DMSO) was placed onto the sandwich at RT with a 25 um spacer and Malt-Phe-Azo-
Ciys gel (0.5 wt % in dodecanol) was placed onto the sandwich at RT with a 100 um

spacer. Spacers were selected in order to reach an absorption sample below 2.

Irradiation with UV light was carried out using an Hg lamp (1000 W, Oriel) with a IR

water filter and an absorption filter 365 nm + 5nm. Power used was 3.4 + 0.3 mW/cm®.

SEM measurements were performed using a JEOL JSM 6400 at the laboratory of
‘Servicio de Microscopia de la Universidad de Zaragoza’. The sample was fixed onto
glass and coated with gold. FESEM measurements were performed using a Carl Zeiss
MERLIN™ equipment at the laboratory of ‘Servicio de Microscopia de la Universidad
de Zaragoza’. The sample was fixed onto glass and coated with platinum. ESEM
measurements were performed using a QUANTA FEG 250 equipment at the Laboratory
of Advanced Microscopy (LMA) of the INA (Instituto de Nanociencia de Aragon).
TEM measurements were performed using a TECNAI G* 20 (FEI COMPANY), 200
kV, at the Laboratory of Advanced Microscopy (LMA) of the ‘Instituto de Nanociencia
de Aragon’. For TEM sample preparation, a drop of the solution (gel diluted depending
on the sample) was placed on a copper grid and left to dry for 15 min. The copper grid
was then placed again over a drop of 1% uranyl acetate solution as a negative stain for
30 s and was then left to dry. CryoTEM measurements were performed in this
microscope with a cryo-holder. AFM measurements were performed using a VEECO
MULTIMODE 8, mode tapping and tips 20-80 nN/m and v 300 kHz at Laboratory of
Advanced Microscopy (LMA) of the INA (Instituto de Nanociencia de Aragon).
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