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PREFACIO

Desde el descubrimiento en 1977 del efecto que el dopado con yodo tenia
sobre la conductividad del poliacetileno, un amplio campo de investigacion en
torno al desarrollo de semiconductores organicos m-conjugados se ha ido
configurando. Estos semiconductores presentan excelentes caracteristicas tales
como bajo coste de produccion, facil fabricacidon, flexibilidad mecénica y
versatilidad en la modificacion de sus propiedades mediante sintesis quimica.
Dichas propiedades hacen que los semiconductores organicos sean cada vez mas
utilizados en aplicaciones tecnologicas tan relevantes como transistores de efecto
campo (OFETs), diodos emisores de luz (OLEDs) y células fotovoltaicas
(OPVs), compitiendo con los tradicionales dispositivos inorgénicos basados en

silicio.

Para diseflar semiconductores organicos m-conjugados con unas
propiedades mejoradas y/o determinadas, se necesita un profundo conocimiento a
nivel molecular de los factores que gobiernan el transporte de carga y su relacion
con la estructura molecular. Las propiedades de estos sistemas obedecen a una
mezcla de factores a menudo no bien descritos por los métodos tedricos, si bien
éstos pueden contribuir al disefio racional de nuevos materiales. Los avances en
los métodos teoricos y algoritmos de simulacion han permitido la aplicacion de la
quimica computacional al disefio de materiales, con lo que los estudios teoricos
pueden inducir sintesis de nuevos materiales que computacionalmente han

mostrado las propiedades deseadas.

En esta memoria se expone un estudio predictivo de propiedades de
transporte de carga a nivel molecular para una serie de semiconductores
orgédnicos basados en anillos de tiofeno haciendo uso de una metodologia
mecanocuantica (calculos ab initio, DFT y semiempiricos). Los resultados aqui
expuestos nos ayudaran a entender la relacion estructura-propiedad y proponer
modificaciones de estos semiconductores organicos para obtener materiales con

propiedades “a la carta”.



En el trabajo aqui presentado, primero haremos una breve introduccion
sobre electronica molecular y su historia, los tipos de semiconductores organicos
mas usados y sus aplicaciones. En los capitulos 2 y 3 se expondran las teorias
necesarias para evaluar el caracter semiconductor y los aspectos basicos de los
métodos teodricos empleados. Por ultimo, se muestran los resultados obtenidos
(capitulo 4) y una discusién general de resultados juntos con las conclusiones

mas importantes (capitulo 5).
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CAPITULO I: INTRODUCCION

“Atendiendo a su comportamiento eléctrico, los materiales pueden dividirse en
dos grupos: aguellos que conducen la electricidad y los que no lo hacen. Los
primeros reciben el nombre de conductores, siendo los segundos los aislantes,
también llamados dieléctricos. Los conductores se caracterizan por tener gran
cantidad de cargas moviles, generalmente electrones, de modo que al situarlos
en un campo eléctrico, éstos se ponen en movimiento. Es el caso de los

metales”. (Fisica y Quimica, 1° de Bachiller, Ed. Anaya).






Capitulo I: Introduccion

1.1. Electronica molecular: Un poco de historia

Tradicionalmente los materiales organicos se han considerado aislantes de la
electricidad, idea que empez6 a cambiar a medida que iban apareciendo los
primeros trabajos sobre semiconductores organicos. Esto ha provocado que en los
ultimos afios se hayan producido grandes avances en el desarrollo de
semiconductores organicos como una posible alternativa al silicio cristalino y

amorfo.

Los primeros trabajos acerca de semiconductores organicos se remontan a
1948, cuando se encontr6 que cristales de ftalocianinas y sus derivados mostraban
caracter semiconductor.' Fue a principios de la década de los 50 y de los 60,
cuando se observo que cristales organicos tales como el naftaleno o el antraceno
presentaban propiedades fotoconductoras y electroluminiscentes.”® Sin embargo,
no fue hasta comienzos de la década de los 70 cuando comienza la verdadera
revolucion cientifica en el area de los materiales organicos semiconductores. En
1973 se obtuvo el primer material molecular con conductividad metalica (valor
maximo de 10* S/cm, T = 59 K) formado por el compuesto de transferencia de
carga entre el aceptor electronico tetraciano-p-quinodimetano (TCNQ) y el dador
tetratiofulvaleno (TTF).” Poco después, en 1977, Alan G. Heeger, Alan G.
MacDiarmid y Hideki Shirakawa descubrieron que la conductividad del
poliacetileno (PA) podia modularse desde un caracter aislante hasta conductor
mediante el dopado con especies electron atrayentes como I, Br, o CL.%’ Debido al
enorme interés cientifico suscitado a nivel mundial, se les otorgd el premio Nobel
de Quimica en el afio 2000, “por el descubrimiento y desarrollo de los polimeros
conductores”.'’ Todo ello supuso la creacién de un nuevo campo de investigacion

interdisciplinar en el que actualmente participan quimicos, fisicos, ingenieros, etc.

Este nuevo campo de investigacion, conocido como electronica molecular,
tiene como objetivo el uso de semiconductores organicos n-conjugados (basados
en pequenas moléculas y/o polimeros) en lugar de los semiconductores basados en

silicio tradicionalmente usados para la fabricacion de dispositivos con aplicaciones
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electronicas.'"'> Ademas, el uso de semiconductores organicos presenta ventajas
como: "

- Bajo coste: En estos dispositivos la capa activa de material se presenta en
forma de laminas delgadas (“thin films”) del material sélido. Los
semiconductores inorganicos se generan mediante deposicion desde la fase
vapor, lo cual conlleva un mayor gasto econdomico. En el caso de
semiconductores organicos dichas laminas delgadas pueden ser generadas
utilizando distintos procedimientos en disolucion, lo cual permite una
produccién a gran escala mas econdmica.

- Interesantes propiedades mecanicas, asi se podrian obtener dispositivos
flexibles sin pérdida de eficiencia.

- Una de las caracteristicas mas importantes que presentan los
semiconductores organicos m-conjugados es que se puede hacer uso de la
sintesis quimica para disefiar nuevos sistemas con propiedades “a la
carta”. Asi, las propiedades electronicas pueden modularse facilmente
mediante la funcionalizacién con anillos aromaticos, enlaces dobles o

triples, afladiendo determinados grupos funcionales, etc.

Sin embargo, los semiconductores organicos también poseen algunos
inconvenientes, como puede ser una elevada inestabilidad ambiental, lo cual
requiere una encapsulacion de los dispositivos y, en algunas ocasiones, estos
compuestos presentan bajas movilidades de carga en comparacion con los
dispositivos inorganicos.*'*'>!

Todos los trabajos realizados desde el descubrimiento del primer
semiconductor organico han hecho crecer la idea de que los compuestos orgéanicos
presentan conductividades dentro de un rango tan extenso como en el caso de los

materiales inorganicos (ver Figura 1.1).
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Figura 1.1. Comparacion de los valores de conductividad eléctrica entre semiconductores organicos
(arriba) y a varios materiales inorganicos.

Optimizar el rendimiento de dispositivos electronicos basados en
semiconductores organicos, tales como diodos emisores de luz (OLEDs),
transistores de efecto campo (OFETs) y células solares (OPVCs) necesita de un

profundo conocimiento de las propiedades fisicas y quimicas de estos materiales.

En las siguientes secciones se expone una breve clasificacion de los
semiconductores organicos, se explica brevemente su estructura electronica,
principales aplicaciones y factores que afectan al rendimiento de los dispositivos
electronicos. Por ultimo, también se dedicara un apartado a exponer los objetivos

propuestos para esta Tesis.

1.2. Clasificacion de los semiconductores organicos

Existe una gran variedad de semiconductores organicos, por lo que su
clasificacién no es una tarea facil, ya que estos pueden clasificarse en base a su
tamafio, aplicaciones, propiedades reologicas, etc. La clasificacion aqui mostrada
no pretende ser exhaustiva sino proporcionar una idea general de los distintos

sistemas empleados como semiconductores organicos basandose en familias de
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compuestos: pequeilas moléculas, polimeros, sistemas discoticos, complejos de

transferencia de carga, y fullerenos, nanotubos y grafenos.

gados

m-conju

Semiconductores organicos

Oligoacenos

Pequefias
moléculas.
Oligomeros
v Polimeros

Sistemas
discoticos

Complejos
de
transferencia
de carga

Fullerenos.
nanotubos ¥
erafenos

6.13,15-19

Sy W/
(g o0
-l I
. = T =
Oligoacenos (n=2_3 4 3 /_(
representan naftaleno, antraceno. { - \
tetracenc v pentacenc Y
respectivamente) Rubreno

AP HOF Tor 10

Algunos de los oligomeros (polimeros) mas estudiados:
oligo(poli}parafenilenc. oligo(poli)tiofeno.
Trifenilamina oligo(poli)parafenilenvinlenc

Trifemileno Perileno  Hexabencenocoroneno Ftalocianina

N=C.__.C=N

Fullereno Nanotubo

Figura 1.2. Clasificacion de los semiconductores organicos n-conjugados junto con algunos

ejemplos.

Hay que indicar que compuestos como los oligoacenos y oligomeros también

se podrian considerar pequefias moléculas, pero que se tratan aparte debido al gran

interés que éstos han recibido. A continuacion se detallan algunas propiedades de

dichas familias.
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a) Oligoacenos: Moléculas como el pentaceno (n =5, siendo n el nimero de
unidades repetitivas) o el tetraceno (n = 4), asi como sus derivados, cuyas
estructuras cristalinas estan bien definidas, son uno de los principales focos de
atencion dentro de esta familia. En estos sistemas las interacciones m-stacking
influyen considerablemente en las propiedades de transporte de carga. Asi, por
ejemplo, el pentaceno presenta distintos cristales polimorficos, con distintas
interacciones z-stacking, lo cual puede resultar 1til para investigar la relacion entre
la estructura y las propiedades de transporte de carga.'***?’

b) Oligomeros y polimeros: Los oligomeros y polimeros estan formados por
la repeticion de un nimero variable de unidades idénticas (monomeros). En estos
sistemas, su estructura electronica y sus propiedades dependen del grado de
conjugacion a lo largo del esqueleto molecular o backbone. Las propiedades
moleculares de los oligdmeros convergen en un valor limite al aumentar la longitud
de la cadena, por lo que podemos aproximarnos al estudio del polimero infinito a
través de sus oligdmeros. Entre los oligdmeros y polimeros mas estudiados estarian
los oligotiofenos y politiofenos. El interés en estos sistemas ha ido creciendo desde
que se desarrollara el primer dispositivo OFET basado en a-sextiofeno. Los oligo-
y politiofenos ofrecen una gran versatilidad ya que sus propiedades fisicas y
quimicas pueden modificarse facilmente. Asi, por ejemplo, los derivados de
poli(alquil-tiofeno) presentan altas movilidades de huecos (hasta 0.1 cm® V's™)
debido a su estructura cristalina perfectamente ordenada.**’

Una modificacion a los oligotiofenos serian los tienoacenos (también
conocidos como tioacenos), que consisten en anillos de tiofeno fusionados, los
cuales se podrian considerar analogos tiofénicos de los oligoacenos. Estos sistemas
presentan un incremento de la deslocalizacidon  con respecto a los oligotiofenos, lo
cual también favorece mayores interacciones m-stacking, dando lugar a elevadas

movilidades.***
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Los denominados Poli(arilenetinilenos), PAE, cuya estructura general seria
-(Ar-C=C-Ar’- C=C),-, donde Ar y Ar’ son unidades aromaticas iguales o distintas,
también han sido centro de atencion debido a sus propiedades de transporte de
carga, transferencia de energia y luminiscencia. Estas propiedades son debidas
entre otras, a la simetria axial del triple enlace, lo cual permite mantener, en parte,
la conjugacién m entre los grupos arilo con diferentes grados de rotacion.***

c¢) Pequeiias moléculas. Como ya se ha mencionado, dentro de este grupo
también se podrian incluir los oligdbmeros y oligoacenos. Pero aqui pretendemos
englobar otros sistemas como, por ejemplo, los derivados de trifenilamina, las

cuales han sido ampliamente utilizadas en OLEDs."!

d) Sistemas discoticos: Estos sistemas, formados por un niicleo aromatico
funcionalizado por varias cadenas laterales, tienen la capacidad de organizarse en
columnas practicamente monodimensionales que permiten un transporte de carga
en una sola direccion, el cual estara altamente influenciado por las interacciones 7-
stacking entre moléculas vecinas. Algunos sistemas representativos serian aquellos
basados en trifenileno, perileno, hexabenzocoroneno, ftalocianina, etc. Estos
sistemas pueden llegar a alcanzar movilidades del orden de 1 cm? V™' 57!

e) Complejos y sales de transferencia de carga: Son aquellos en los que se
produce una transferencia de carga parcial entre una molécula dadora y otra
aceptora, formando un compuesto de tipo idnico, en el que ambos iones son
sistemas quimicos de alguna complejidad. El ejemplo cldsico de complejo de
transferencia de carga conductor es el TTF-TCNQ, donde las unidades de TTF y
TCNQ se disponen paralelamente formando pilas separadas de moléculas dadoras
y aceptoras. El solapamiento entre las nubes © de moléculas adyacentes conduce a
una ruta de deslocalizacion que permite una elevada movilidad de los electrones

desapareados a través de los apilamientos.”***

Dicho complejo presenta
conductividades de tipo metélico, que varian desde 500 S cm™ a temperatura

ambiente hasta 10* S cm™ a 59 K.
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f) Fullerenos, Nanotubos y Grafenos: Los fullerenos constituyen la tercera
forma alotropica del carbono, junto con el grafito y el diamante. Dentro de la
familia de fullerenos, el mas conocido es el fullereno Cg, formado por 60 atomos
de carbono situados sobre una superficie esférica, en la que cada atomo esta unido
a tres vecinos mediante orbitales hibridos tipo sp>. El Cg y sus derivados, como
grupos electron-atrayentes, se consideran buenos conductores tipo n, (conducen
electrones a través del LUMO, Lowest Unoccupied Molecular Orbital), debido a
que estos materiales presentan bajos niveles de energia LUMO, lo cual facilita la
inyeccion de carga y les confiere estabilidad ambiental y con movilidades de 0.5
cm® V's1% Ademas la familia de derivados del Cgo presenta el fenémeno de la
superconductividad.*®*

Los nanotubos poseen unas excelentes propiedades eléctricas y mecanicas,
siendo asi candidatos idoneos para formar parte de dispositivos electronicos de
escala nanométrica. Sus elevadas movilidades (del orden de 80000 cm” V' s™) se
deben a un transporte balistico a lo largo del nanotubo. Un transporte balistico es
aquel que se produce sin colisiones entre los electrones, es decir, el recorrido libre

medio de los electrones es mayor que la longitud del nanotubo.”

El grafeno consiste en una sola capa de atomos de carbono formando un
teselado hexagonal plano (similar a un panal de abeja). Esta estructura presenta una
gran aromaticidad, que permite que los electrones 7 se deslocalicen a lo largo de
toda la capa de grafeno. Dicha aromaticidad es la responsable de que el grafeno
presente excelentes propiedades mecanicas, térmicas y eléctricas.”™' Aunque el
grafeno se describio por primera vez hace varias décadas, no fue hasta 2004 cuando
empezaron a proliferar las investigaciones en torno al mismo. Asi en 2010, A.
Geim y K. Novoselov recibieron el premio Nobel de Fisica por sus revolucionarios
descubrimientos sobre este material.”> El grafeno presenta propiedades tan
importantes como un comportamiento ambipolar en OFETs, efecto Hall Cuantico a

- s 50,51
temperatura ambiente o altas movilidades de carga.™
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Las moléculas organicas m-conjugadas tradicionalmente se han utilizado
como semiconductores tipo p (conducen huecos) a través del HOMO (Highest
Occupied Molecular Orbital). Asi, otra clasificacion de los semiconductores
organicos podria establecerse en base a su caracter p o n.*'>'""3°% La mayoria de
los semiconductores orgédnicos no sustituidos tienden a comportarse como
materiales tipo p, o transportadores de huecos. Estos sistemas poseen bajos niveles
de energia HOMO para permitir una facil inyeccion de huecos y alta movilidad de
los mismos. Por el contrario, los semiconductores tipo n serian aquellos con bajos
niveles de energia LUMO vy alta movilidad para los electrones. Sin embargo, el
principal problema en la busqueda de materiales semiconductores tipo n es que la
mayoria de los sistemas estudiados presentan altos niveles de energia LUMO, que
como veremos mas adelante, dificulta el proceso de inyeccion de carga desde el
electrodo de trabajo y aumenta su inestabilidad ambiental. Sin embargo, es
conocido que grupos funcionales electron-atrayentes (como F, Cl, CN, CF;, etc.)
pueden favorecer la obtencion de materiales conductores de electrones.””®’
Finalmente, dentro de esta clasificacion se encontrarian los materiales ambipolares,
que son aquellos que presentan una eficiente inyeccion de carga y altas

a1 15,1 -
movilidades para huecos y electrones.*'>!7%

1.3. Estructura electronica de semiconductores organicos

n-conjugados

Las caracteristicas mas notables de los semiconductores organicos surgen de
la deslocalizacion electronica a lo largo de la estructura m-conjugada.
Independientemente del tipo de semiconductor organico que consideremos, todos
ellos presentan un esqueleto aromatico, en el cual cada atomo de carbono presenta
hibridacion sp®. Los tres orbitales sp” se distribuyen dentro del mismo plano
alrededor del atomo de carbono. Ademas, cada atomo de carbono también posee
un orbital p,, el cual es perpendicular al plano de los orbitales sp” (ver Figura 1.3).

Asi, la estructura basica de dicho esqueleto aromatico consiste en enlaces ¢ entre

10



Capitulo I: Introduccion

los 4tomos de carbono debidos al solapamiento entre los orbitales sp’, y enlaces ©
debido al solapamiento de los orbitales p,. Este solapamiento entre los orbitales p,,
da lugar a un orbital enlazante © (de menor energia) y un orbital antienlazante *
(de mayor energia) que son los que dan lugar a la formacion de la banda de

valencia (HOMO) y a la banda de conduccion (LUMO), respectivamente.

Figura 1.3. Representacion de dos atomos de carbono con hibridacion sp* y orbitales p, mostrando la
formacioén de los enlaces o y @ debido al solapamiento de los orbitales sp” y p,.

La diferencia de energia entre estas dos bandas es lo que se conoce como
hueco de banda o bandgap.®'*'* La figura 1.4 muestra la evolucion de los orbitales
HOMO y LUMO con el tamaiio del sistema para un polimero m-conjugado. Con
frecuencia, se asimila el gap optico (la diferencia de energia entre el orbital HOMO
y LUMO) calculado a partir de medidas espectroscopicas con la energia

correspondiente al hueco de banda o bandgap (E,).**

El hueco de banda de un polimero m-conjugado neutro generalmente oscila
entre 1.5y 4.0 eV. Ademas el bandgap de un polimero n-conjugado depende tanto
de la separacion de los niveles de energia HOMO y LUMO, como de la anchura de
ambas bandas (de valencia y conduccion). El valor del bandgap también depende
de varios factores estructurales como la longitud de la cadena (en el caso de
sistemas poliméricos), la planaridad, la alternancia de la longitud de enlace y la
presencia de unidades dadoras y aceptoras de electrones.” Considerando todos
estos factores, es posible obtener sistemas con bajos bandgap (E, < 1.8 eV).”” En
este punto cabe mencionar que las propiedades electronicas estan relacionadas con
el bandgap. Asi, en OLEDs éste controla la naturaleza de la sefal
electroluminiscente y en células fotovoltaicas controla la eficiencia de la absorcion

de luz.”!
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Figura 1.4. Proceso de formacion de bandas en un polimero n-conjugado en funcién del numero de
unidades repetitivas.

1.4. Principales aplicaciones de los semiconductores
organicos

Los semiconductores organicos m-conjugados constituyen una nueva
generacion de materiales funcionales con numerosas propiedades (facil
procesabilidad, buenas movilidades de carga, elevada electroluminiscencia y
flexilidad mecanica) lo cual ha permitido la aparicion de nuevos materiales
plésticos con aplicaciones muy diversas, como pueden ser las pantallas flexibles,
las células solares o musculos artificiales.'® Estas aplicaciones, entre otras, de los
dispositivos organicos estan estrechamente relacionadas con su estructura quimica.
Esto permite modular las propiedades del compuesto final a través de la sintesis
quimica. En los siguientes apartados se exponen algunos ejemplos de las

aplicaciones tecnologicas mas relevantes, asi como la descripcion de algunos
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dispositivos, incluyendo una vision global de las semejanzas y diferencias entre los

mismos.

1.4.1. Transistores organicos de efecto campo: OFETs

Un transistor puede definirse como un dispositivo electronico semiconductor
que cumple funciones de amplificador (amplifica la magnitud de la senal),
oscilador (transforma la corriente continua en una corriente periédica), conmutador
(permite modificar el camino que deben seguir los electrones) o rectificador
(permite convertir una sefial eléctrica alterna en continua). El primer transistor fue
desarrollado en 1948 por Bardeen, Shockley y Brattain, por lo que se les concedio
el premio Nobel de Fisica en 1956, pero no fue hasta la década de los 80 cuando
apareci6 el primer transistor fabricado con un semiconductor organico."” En lugar
de competir con los transistores tradicionales basados en silicio y germanio, los
15,73,74

OFETs tienen un amplio rango de aplicaciones en sensores, emision de

15,75

luz ™" y dispositivos optoelectronicos integrados, por ejemplo como matriz activa

en pantallas.'>"®"’

Los transistores de efecto campo, que actualmente son los mas comunes,
constan de tres electrodos (puerta, sumidero y fuente, también conocidos como
gate, drain y source, respectivamente), una capa dieléctrica o aislante y otra del
material semiconductor." El semiconductor organico conecta los electrodos fuente
y sumidero, formando lo que se conoce como canal (ver Figura 1.5). Si no se aplica
ningun voltaje entre la puerta y la fuente, la corriente que fluye entre la fuente y el
sumidero es practicamente nula y se dice que el transistor se encuentra apagado.
Como consecuencia de la aplicacion de un voltaje entre la puerta y la fuente (Vsg)
se genera una polarizacion del semiconductor que provoca la inyeccion de carga en
el mismo. A continuacion, aplicando un voltaje entre los electrodos fuente y
sumidero (Vsp) se consigue el movimiento de la carga a lo largo del canal. Ahora el
transistor se encontraria en su estado encendido. Cuando el OFET es activo bajo la
aplicacion de voltajes negativos/positivos Vsg v Vsp, en este caso el HOMO/LUMO

del semiconductor entra en resonancia con el nivel de Fermi de los electrodos y los
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huecos/electrones pasan a ocupar la region entre los electrodos fuente y sumidero,

se dice que el semiconductor tiene caracter p/n.”

Podemos distinguir dos configuraciones principales a la hora de disefiar un
OFET (ver Figura 1.5):

a) De contacto en la parte superior (top contact): Los electrodos puerta y
sumidero son depositados sobre el semiconductor. Permite obtener las
mejores prestaciones, ya que hay un mejor contacto entre el semiconductor
organico y los electrodos fuente y sumidero, asi como por la pelicula
formada sobre la superficie del dieléctrico, libre de defectos.

b) De contacto en la parte inferior (bottom contact). Ahora el semiconductor
se localiza sobre los electrodos, siendo esta arquitectura la mas

conveniente para los semiconductores procesados en disolucion.

a) b)

Fuente

Sumidero

Figura 1.5. Estructura de un OFET de a) contacto en la parte superior y de b) contacto en la parte
inferior.

Los parametros mas importantes en FETs son i) la movilidad de los
portadores de carga, definida como velocidad (cm s™) por unidad de campo
eléctrico (cm V™); ii) la corriente de encendido/apagado (lonjore) que es la relacion
de la corriente fuente/sumidero entre los estados encendido y apagado; y iii) el
voltaje umbral (Vy), al cual los portadores se acumulan entre los electrodos fuente y
sumidero (momento en el que el transistor comienza a entrar en estado encendido)
y es un indicador de la calidad de la interfase entre el semiconductor organico y el

aislante puerta.
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Para obtener altas movilidades de carga, es necesario que las peliculas de
semiconductor organico presenten un cierto orden estructural, lo que permite
fuertes interacciones entre moléculas vecinas. Este efecto es el responsable de la
elevada movilidad obtenida en OFETs fabricados con poli(3-hexiltiofeno)” (0.1
em® V' s') y pentaceno (0.7 cm®* V' s1).” Hay que tener en cuenta que se
necesitan movilidades de 0.1 cm® V' s para competir con los semiconductores
inorganicos.***!

La mayoria de estos dispositivos constan de un Unico material
semiconductor, que puede ser p o N. También existe la posibilidad de combinar dos
sustancias diferentes dentro del mismo dispositivo, lo que permitiria tanto el
funcionamiento tipo p como el tipo n. Esto es lo que se conoce como un dispositivo
ambipolar. Alternativamente se pueden crear OFETs ambipolares basados en un

1'55

unico materia Estos semiconductores ambipolares presentan importantes

aplicaciones como pueden ser los transistores emisores de luz.”*™

1.4.2. Diodos organicos emisores de luz: OLEDs

En la década de los sesenta se descubrio el efecto de la electroluminiscencia,
es decir, la generacion de luz bajo la aplicacion de una excitacion eléctrica.”™ Asi
entre 1987 y 1990 se desarrollaron los primeros OLEDs basados en pequenas
moléculas organicas y polimeros como sustancias electroluminiscentes.*™ Desde
entonces se han producido innumerables mejoras en el desarrollo de OLEDs, los
cuales se encuentran en todo tipo de dispositivos electronicos (pantallas planas,
moviles, portatiles, etc.). En la actualidad se dispone de semiconductores organicos

emisores de luz en toda la gama del visible.°®

En un OLED la capa de material organico se encuentra intercalada entre dos
finos electrodos, un catodo generalmente de calcio o aluminio (encargado de
inyectar electrones) y un anodo de 6xido de indio y estafio (ITO, encargado de
inyectar huecos). En la Figura 1.6. a) se representa la arquitectura basica de un

OLED. El fenémeno de la electroluminiscencia consta de una serie de etapas
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(Figura 1.6 b): i) Inyeccion de cargas positivas y negativas desde el anodo y
catodo, respectivamente; ii) transporte de la carga en el semiconductor bajo la
influencia de un campo eléctrico, donde los huecos se desplazan hacia el catodo y
los electrones se desplazan hacia el anodo; iii) recombinacion de las cargas
negativas y positivas para formar un exciton; iv) relajacion radiativa hacia el

estado fundamental mediante la emision de un foton.

a) b)

Catodo (Al 0 Ca)

emiconductor n-conjugad a
Anodo (ITO) Catodo
Anod (Al o Ca)
Substrato I

T%té‘

(ITO) |Semiconductor

lhu

Figura 1.6. Representacion de a) de la estructura de un OLED y b) del proceso de recombinacion de
carga en OLEDs.

Una eficaz inyeccion de huecos y electrones es el parametro clave en estos
dispositivos para obtener una alta eficiencia. En estos dispositivos se define la
eficiencia cuantica como el nimero de fotones emitidos por numero de huecos o
electrones inyectados. En el primer dispositivo OLED la eficiencia cuantica fue
menor del 0.05%. No obstante, actualmente se han llegado a alcanzar eficiencias
cuanticas en torno al 13%, que se pueden considerar valores muy buenos para la
aplicacion en dispositivos comerciales. También es importante el balance entre el
transporte de huecos y electrones. La generacion de luz requiere la recombinacion
de ambos tipos de carga, y el dominio de uno sobre otro podria conducir a una
recombinacién no radiativa. En un dispositivo ideal, deben recombinarse el mismo
numero de cargas positivas y negativas en la zona central del semiconductor para
emitir luz. Sin embargo, en muchos casos, la movilidad de los huecos y electrones
es muy distinta. Una solucion a esto podria ser la utilizacion de dispositivos OLED
Multicapa (Multilayer OLED device), en los que se coloca una fina pelicula de

material organico transportador y/o inyector de huecos entre el anodo y el
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semiconductor. Igualmente, se coloca una fina pelicula de material organico
trasportador y/o inyector de electrones entre el catodo y el semiconductor. La
presencia de ambas peliculas favorece la inyeccion y el transporte de huecos y
electrones dentro de la lamina de material electroluminiscente facilitando el

balance entre ambos tipos de cargas.®'*!'65346

1.4.3. Células fotovoltaicas: PVCs

El descubrimiento del efecto fotovoltaico, como obtencion de energia
eléctrica a partir de la luz, trajo consigo el desarrollo de la primera célula solar de
silicio, y supuso el punto de partida en el uso de paneles solares como fuente de
energia alternativa. El modo de operar de las células solares seria opuesto al visto
para OLEDs. Las etapas fundamentales en la conversion de energia solar en
energia eléctrica son (Figura 1.7): i) absorcion de luz en la capa de material
organico generando excitones; ii) migracion de los excitones hacia la region
interfacial; iii) proceso de separacion de carga como resultado del proceso de
transferencia electronica entre las capas dadoras y aceptoras; iv) transporte de carga
a los electrodos; V) almacenamiento de las cargas en los electrodos. En estos
dispositivos se define la eficiencia fotovoltaica como la relacion entre el nimero de
cargas recogidas en los electrodos y el niimero de fotones absorbidos en el
dispositivo. Al igual que en los OLEDs se necesita que haya un balance entre la
movilidad de las cargas positivas y negativas, para evitar la aglomeracion de carga,
lo cual podria dificultar la extraccion hacia los electrodos de mas portadores de

6,15,16,87
carga.” >

Figura 1.7. Representacion del proceso de generacion de carga responsable de la corriente eléctrica.
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Existen distintos tipos de arquitecturas de dispositivos fotovoltaicos (Figura

6,15,16,87
1.8); 61316

a)

Anodo (ITO)

Anodo (ITO)
Substrato ‘ Substrato

= -,

Figura 1.8. Representacion de célula solar con estructura a) bicapa p-n y b) de heterounion masiva.

- Dispositivos monocapa o tipo Schottky: Las primeras células solares
estaban unicamente formadas por una monocapa de semiconductor
organico (presentado asi una estructura similar a los OLEDs), siendo las
eficiencias de estos equipos muy bajas.

- Dispositivos de heterounion bicapa p-n y diodos de heterounion masiva:
Permiten mayores eficiencias combinando dos componentes, un electron
donor y un electron aceptor. En estas estructuras, el exciton se genera tanto
en el seno del donador como del aceptor y las cargas, electrones/huecos,
son transferidas desde el donador/aceptor hasta el aceptor/donador. En los
dispositivos bicapa (Figura 1.8. a)) tenemos dos laminas, una con caracter
tipo N (aceptor) y otra con caracter tipo p (donador), mientras que en los de
heterounién masiva (Figura 1.8. b)), el donador y el aceptor se encuentran
mezclados dentro de la misma capa, siendo estos ultimos los que ofrecen

mayores rendimientos.

En estas dos ultimas estructuras se requiere que las moléculas donadoras y
aceptoras de electrones estén muy proximas entre si y bien orientadas para
favorecer la transferencia electronica y obtener elevadas eficacias de conversion.
Dentro del area de las células solares, los derivados de fullereno (Cg) han

adquirido mayor importancia como sistemas aceptores. Una interesante perspectiva
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de futuro seria la construccion de células solares organicas que presenten el grupo
donador y aceptor en la misma unidad, como por ejemplo, sistemas constituidos

por Cg y oligdmeros m-conjugados, o los polimeros de doble cable.*®

1.4.4. Aspectos comunes

Si nos fijamos en las condiciones necesarias para que los dispositivos
explicados en los apartados anteriores posean una elevada eficacia, la inyeccion de
carga desde el electrodo al semiconductor y la movilidad de los portadores de
carga, son los parametros mas importantes a tener en cuenta.

- En OFETs, para una configuracion dada, sera la movilidad la que
determine la corriente entre los electrodos fuente y sumidero. Ademas una
inyeccion de carga eficiente, facilitara la existencia de portadores de carga
suficientes.

- En OLEDs/PVCs la eficiencia de la recombinacion/separacion de los
portadores de carga se maximiza cuando la movilidad de los portadores de
carga es similar. Ademas, altas movilidades conllevan que ambas cargas se
encuentren/separen rapidamente en el centro del semiconductor, lo cual
también contribuye a aumentar la eficiencia del dispositivo.**®

Por ello, comprender los mecanismos de inyeccion de carga y movilidad de
los portadores de carga en semiconductores organicos constituyen dos de los
objetivos fundamentales para el desarrollo de nuevos materiales. En el capitulo 11
se expondran los parametros que controlan la inyeccion y la movilidad de los

portadores de carga en los semiconductores organicos n-conjugados.

1.5. Factores que afectan a la movilidad de carga

Un transporte de carga eficiente requiere que las cargas puedan moverse de
una molécula a otra rapidamente y no queden atrapadas o sean dispersadas.

Trabajos recientes demuestran que la movilidad esta altamente condicionada por
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los defectos estructurales, ya que hay grandes diferencias entre las movilidades
calculadas teoricamente usando modelos libres de defectos y aquellas medidas
experimentalmente.”” Ademas, la movilidad de los portadores de carga se
encuentra afectada por muchos otros factores como puede ser el empaquetamiento
molecular, impurezas, temperatura, campo eléctrico, etc. En los siguientes
apartados se exponen brevemente los principales factores que afectan al transporte

de carga en un semiconductor organico."’

1.5.1. Empaquetamiento molecular

Las moléculas organicas interaccionan entre si principalmente mediante
fuerzas de van der Waals (esencialmente m-stacking) e interacciones culombicas
debido a la presencia de pequefios momentos de dipolo y/o cuadrupolo dentro de
las moléculas. Podemos distinguir dos tipos fundamentales de empaquetamiento:
herringbone (o raspa de pescado) y apilamientos n-stacking (ver Figura 1.9). El
primero de ellos es mas comln en pequefias moléculas y oligomeros, como
pentaceno u oligotiofenos, mientras que el ultimo es mas comun en polimeros y
sistemas discoticos. Como veremos mas adelante, todos los sistemas seleccionados
para esta Tesis presentan empaquetamientos moleculares mediante w-stacking.
Independientemente del tipo de empaquetamiento molecular, el acoplamiento
electronico entre moléculas es un parametro clave en la movilidad, el cual estd muy
relacionado con la fortaleza de las interacciones entre moléculas vecinas.'” Como
también veremos madas adelante, en estas moléculas predomina la conduccion
mediante hopping, por lo que en el caso de sistemas m-apilados seria recomendable

que la direccién de m-stacking sea la misma que la direccion entre los electrodos.™

a) ~C9-80-= b) so0-eo0eove-
N —ereees

Figura 1.9. Representacion de las distintas formas de empaquetamiento para el antraceno: a)
herringbone y b) n-stacking.
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Los defectos provocarian empaquetamientos moleculares no perfectos.
Podemos distinguir dos tipos de defectos: diagonales y no diagonales. Los defectos
diagonales dan cuenta de las fluctuaciones en los niveles energéticos (HOMO y
LUMO) de moléculas distintas dentro del material, y estan relacionados con la
presencia de impurezas o trampas. En el caso de moléculas flexibles se facilita que
haya defectos diagonales ya que hay un mayor numero de grados de libertad. Por
ejemplo, en el caso de cadenas poliméricas, la torsion entre unidades adyacentes
provocaria un defecto diagonal dando lugar a segmentos de un tamafio determinado
con diferente longitud y por tanto con diferentes niveles energéticos HOMO vy

LUMO.

Por el contrario, los defectos no diagonales dan cuenta de las fluctuaciones
en la fortaleza de las interacciones intermoleculares, la cuales dependen de la
disposicion relativa de las moléculas. En funcion de la magnitud de estas
interacciones intramoleculares, estos defectos no diagonales pueden conducir a los

portadores de carga a caminos de alta o baja, e incluso nula, conductividad.

1.5.2. Impurezas y trampas

Como ya hemos visto, las impurezas y trampas pueden influir en la aparicion
de defectos diagonales. La definicion de trampa depende de la naturaleza del
portador de carga. Para huecos/electrones, la presencia de un lugar caracterizado
por altos/bajos niveles de energia HOMO/LUMO con respecto a la banda de
valencia/conduccion en el sélido es lo a que se conoce como trampa. Ademas,
estos niveles suponen situaciones termodinamicamente mas estables, lo que hace
que dichas trampas tiendan a ser ocupadas. Sin embargo, el tiempo de vida media
de estas trampas depende de la profundidad de las mismas, considerandose trampas

débiles aquellas con una profundidad del orden de kgT.

Las impurezas a menudo provienen de productos de reacciéon no deseados.
La presencia de impurezas puede afectar el empaquetamiento molecular y/o crear

regiones con unos niveles energéticos distintos.
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1.5.3. Campo eléctrico

La dependencia con el campo eléctrico es distinta en funcion del orden del
sistema. En el caso de sistemas monocristal, a bajas temperaturas, la movilidad
decrece al aumentar el campo eléctrico. Sin embargo en sistemas desordenados, se

produce un aumento de la movilidad a campos eléctricos elevados.

1.5.4. Temperatura

En cristales ultrapuros, la movilidad de la carga disminuye con la
temperatura segun T ™, siendo N un niimero positivo. Esta dependencia es mas
tipica en aquellos sistemas que presentan una conduccion en régimen de bandas.
Por el contrario en sistemas altamente desordenados, el transporte ocurre por un
mecanismo de hopping térmicamente activado. Por ello, altas temperaturas
proporcionan la energia necesaria para superar la barrera energética creada por el

desorden conduciendo a una mayor movilidad.

1.5.5. Densidad de los portadores de carga

El paso previo a la movilidad de las cargas es la generacion de éstas, es decir
la inyeccion de las cargas en el semiconductor organico. Si el proceso de inyeccion
de cargas es poco efectivo, se inyectaran pocas cargas en el semiconductor, lo cual

originaria bajas movilidades.

1.6. Objetivos

En esta memoria se expone un estudio predictivo de propiedades
relacionadas con el trasporte de carga a nivel molecular para una serie de
semiconductores organicos basados en tiofeno haciendo uso de una metodologia
mecanocuantica (ab initio, DFT y semiempiricos) como paso previo al disefio
racional de semiconductores organicos m-conjugados, lo cual nos permitira
proponer modificaciones en la composicion/estructura que produzcan nuevos

materiales con propiedades mejoradas. El interés del tema de estudio reside en el
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papel que los semiconductores organicos m-conjugados, base de la electronica
molecular, desempefian actualmente como alternativa a los semiconductores
inorganicos. Para dicho trabajo se han seleccionado tres familias de compuestos:
derivados del politiofeno, poliariletinil-tienoacenos y, por ultimo, sistemas

discoticos.

Es bien conocido que los derivados de oligotiofeno y politiofeno son
materiales que presentan un gran interés debido a su aplicacion en una gran
variedad de dispositivos.'®” Estos compuestos presentan multitud de posibilidades
a la hora de disefiar derivados con unas propiedades determinadas. El mayor
desarrollo de los semiconductores basados en oligo- y politiofenos se debio, entre
otros, al aumento de procesabilidad conseguido con la incorporacion de
sustituyentes en la posicion tres del anillo de tiofeno. Ademas, es conocido que la
incorporacion de grupos laterales con propiedades estructurales y electronicas
apropiadas podria facilitar la obtencion de compuestos con propiedades
mejoradas.”’ Dentro de la familia de los derivados de politiofeno, los poli(3-
alquiltiofenos) (ver Figura 1.10. a) han sido ampliamente utilizados como
semiconductores tipo p.”> Ademas se sabe que las cadenas alcoxilicas podrian
facilitar la inyeccion de huecos en politiofenos debido a su caracter electron-
donante.”® Por ello, los poli(3-alcoxitiofenos) (ver Figura 1.10. b) también se
seleccionaron como sistemas de estudio. En una primera aproximacion se evaluo el
efecto de la longitud de la cadena lateral alquil y alcoxi sobre el bitiofeno, el cual
puede entenderse como unidad basica de politiofenos. A continuaciéon, mediante
calculos en fase condensada, se han estudiado los efectos de las cadenas alquilicas
y alcoxilicas sobre el empaquetamiento cristalino, estructura electronica y

propiedades de transporte de carga.
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a) b)

Figura 1.10. Estructura quimica de a) poli(3-alquiltiofeno) y b) poli(3-alcoxitiofeno). R = Cadena
alquilica

Al igual que los poli(alquil/alcoxi-tiofeno) derivados, la mayoria de los
semiconductores organicos se comportan como materiales tipo p, lo cual ha
provocado un retraso en el desarrollo de los semiconductores tipo n, debido
principalmente a su inestabilidad en aire causada por altos niveles de energia
LUMO. Asi, los poliariletinilenos (PAE) se seleccionaron como precursores de
semiconductores tipo n. Como unidad central se seleccionaron unidades formadas
por heterociclos aromaticos que contenian desde uno hasta cuatro anillos de tiofeno
fusionados y como unidad Ar una serie de arenos que contenian desde uno hasta
cuatro anillos de benceno (ver Figura 1.11). Entre otras propiedades, los
tienoacenos se seleccionaron debido a que los atomos de S facilitan las
interacciones intermoleculares S---S, lo cual mejora el transporte de carga.” En
una primera aproximacion, se abordd el estudio de algunos de estos sistemas
(donde Ar = Ph) como precursores de materiales tipo n. A continuacion, y teniendo
en cuenta que: i) la mayoria de los semiconductores organicos tienen tendencia a
comportarse como conductores tipo p; ii) estos poli(feniletinil-tienoacenos) habian
mostrado ser validos como semiconductores tipo n; iii) un importante foco de
atencion en este area es la bisqueda de conductores ambipolares; iv) varios trabajos
habian demostrado que los tienoacenos podian servir como precursores de
semiconductores ambipolares,** se ampli6 la serie poli(ariletinil-tienoacenos) (ver
Figura 1.11). Todos estos compuestos se estudiaron como precursores de

materiales ambipolares.
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Ar
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(Ph) (Np) (An) (Py)

o R S

@
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Tiofeno s PhEtT, NpEtT, AnEtT, PyEtT;

(T) \@/

Tieno[3,2-b]

s
tiofeno \m\ PhEtT,  NpEtT, AnEtT, PyEtT,
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v [3,2-b:2',3'-d] \ / \ PhEtT;  NpEtT; AnEtT; PyEtT;
< tiofeno S
(T3)
3,4,7,8-

S s
Tetratio- \ / \ / \ PhEtT, NpEtT, AnEtT, PyEtT,
diciclopenta s s

[a,e]pentaleno
(Ts)
Figura 1.11 Estructura quimica de las unidades Ary Ar’ de los diferentes poliariltienoacenos
estudiados en esta memoria.

Por ultimo, se seleccionaron una serie de sistemas discOticos basados en
tiofeno (ver Figura 1.12). Como se dijo anteriormente, estos sistemas presentan
caracter de cristal liquido, resultante de las interacciones m entre moléculas
adyacentes, las cuales favorecen el caracter cristalino, y de las interacciones entre
cadenas alquilicas, las cuales favorecen el caracter liquido. Esto permite la
formacion de apilamientos unidireccionales, donde las cadenas actfian como
aislantes entre cada uno de estos apilamientos. En esta estructura las propiedades
de transporte de carga estan muy condicionadas por la estructura aromatica del
nucleo de los sistemas discéticos y las interacciones @ entre ellos.*****® Hasta
donde sabemos existen muy pocos trabajos acerca de sistemas discoticos basados
en anillos de tiofeno como semiconductores organicos. Por ello, se seleccionaron
una serie de nucleos aromaticos mostrados en la Figura 1.12, cuyas sintesis son

conocidas.”*7102
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OR

S S
RO ‘
O S RO~/ —0R
/ OR
RO—7 N\,—OR
RO— |
S S S
OR
OR )
2,3,4,7,8-Hexa-oxihexil-  2,3,5,6,8,9-Hexa-oxihexil- 1,4,5,8-Tetrakis-hexyloxy-2,3,6,7-
antra[1,9-bc:5,10-b’¢’] 1,4,7-tritio-trindeno Tet.rat10d1c1clopenta[cd,1]]-
bitiofeno (RO-BiPhT) (RO-TriT) s-indaceno (RO-Tetra T)

Figura 1.12 Estructura quimica de los sistemas discoticos seleccionados

Una vez expuestos los sistemas seleccionados, los objetivos generales
estarian relacionados con el estudio tedrico mecanocuantico (ab initio, DFT y
semiempirico) de la estructura molecular y cristalina, y todos aquellos parametros
relacionados con la inyeccidon de huecos/electrones (como la energia de los niveles
HOMO/LUMO vy potenciales de ionizacion/afinidades electronicas) y transporte de
carga a nivel molecular (como la energia de reorganizacion y la integral de
acoplamiento electronico, constante de transferencia de carga, movilidad). Todo
ello nos llevaria a un conocimiento mas profundo de las propiedades de trasporte
de carga de estos materiales a nivel molecular y su relacion con la estructura
quimica. Los resultados obtenidos podrian ayudar a los experimentalistas en la
obtencion de nuevos materiales, o a modificar los ya existentes, pero con unas

propiedades de transporte de carga mejoradas.
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“En esencia todos los modelos estan equivocados, pero algunos son Utiles™

George Box






Capitulo II: Conceptos Bésicos sobre Inyeccién y Movilidad de Carga

Como se ha expuesto en el capitulo anterior, dos de los procesos de mayor
interés en el desarrollo de semiconductores organicos son la inyeccion de carga

desde el electrodo de trabajo y la movilidad de los portadores de carga.

2.1. Inyeccion de carga

Desde el descubrimiento de los semiconductores organicos, y su aplicacion a
dispositivos como OFETs y OLEDs, se sabe que la inyeccion de carga desde el
electrodo al semiconductor es uno de los procesos mas importantes que puede

afectar a las caracteristicas finales del dispositivo.

2.1.1. Barrera a la inyeccion de carga

Se define la barrera a la inyeccion de huecos/electrones como la diferencia de
energia entre el nivel de Fermi del metal (Er) y el nivel HOMO/LUMO del
semiconductor. Asi, podemos concluir que la condicion ideal para la inyeccion de
huecos/electrones en el orbital HOMO/LUMO es la condicion de resonancia entre
el nivel de Fermi del metal y el orbital HOMO/LUMO del semiconductor (ver
Figura 2.1)."” En el caso de OFETSs, la aplicacion de un voltaje (gate) entre los
electrodos puerta y fuente (Vss) es lo que permite la alineacion entre el nivel de

Fermi del metal y el orbital HOMO/LUMO del semiconductor.

a) b)
Metal Semiconductor Metal Semiconductor

— LUMO LOMO ——— €&
r .

LMo ———— _ht Ep oo - MO
B 4 7'

HOMO HOMO
HOMO ——————— —————— HOMO

Figura 2.1. Condicion de resonancia necesaria para la inyeccion de carga para a) huecos y b)
clectrones.
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La Figura 2.2.a muestra la posicion de los orbitales HOMO y LUMO de un
semiconductor organico respecto a los niveles de Fermi de los electrodos fuente y
sumidero, cuando no se aplica ningun potencial entre ellos (Vsp = 0). La aplicacion
de un Vs negativo/positivo produce un campo eléctrico fuerte en la interfase metal
— semiconductor, lo cual provoca que la energia de los orbitales HOMO y LUMO
aumente/disminuya con respecto al nivel de Fermi del metal. Si el potencial
aplicado en el electrodo puerta es suficientemente alto, el HOMO/LUMO llegara a
ser resonante con dicho nivel de Fermi, lo cual permitird la inyeccion de
huecos/electrones (Figura 2.2. b,c). Finalmente, la aplicacion de Vsp (Figura 2.2.

, . , . . 1
d,e) dara lugar a una corriente eléctrica entre los electrodos fuente y sumidero.

a)

Vep=0

6s=0
LUMO
HOMO
[ ]

emiconductor
organico
Fuente Sumidero
Inyeccion de carga
b) Huecos ¢) Electrones

Vis<0

Vsp=0 EVGS>0 Vip=0
Acumulacion

Acumulacion de electrones
de huecos —

Movilidad de la carga

d) Huecos ¢) Electrones
Transporte
V<0 de glectrongs

= Ny Vw20

Transporte Vs> 0
de huecos

Ves<0
Figura 2.2. a) Niveles de Energia de un OFET en ausencia de voltaje. b-c) Acumulacion de carga y
d-e) transporte de los misma.
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2.1.2. Modelos para explicar la inyeccion de carga

La inyeccion de carga se explica haciendo uso de diversos modelos, en
funcion de la altura de la barrera al proceso de inyeccion de carga.®’ Para barreras
bajas, se espera un contacto 6hmico,' lo cual significa que se pueden suministrar
tantas cargas por unidad de tiempo como el semiconductor pueda trasportar. En
este caso las caracteristicas del dispositivo estarian dominadas por la movilidad de
los portadores de carga del semiconductor, no por la inyeccion de carga. Se
necesitan diferencias de energia entre los niveles HOMO/LUMO vy la funcién de
trabajo del metal del electrodo menores de 0.3 eV para permitir un contacto
ohmico. Para barreras altas sera el proceso de inyeccion de carga el que domine las
caracteristicas finales del dispositivo. En este caso existen dos modelos:*’ i) el
modelo de Fowler-Nordheim (FN), el cual supone un efecto tinel a través de la
barrera; y ii) el modelo de Richardson-Schottky (RS), que describe el proceso de

inyeccion como un salto térmicamente activado sobre la barrera.

2.1.3. Tipos de electrodos

A partir del esquema mostrado en la Figura 2.2 podria deducirse que
cualquier material puede transportar huecos o electrones en funcion del potencial
aplicado. Sin embargo, algunos materiales son mas proclives a la inyeccion de
huecos, mientras que otros lo son a la inyeccion de electrones. En la Tabla 2.1 se
recogen los principales metales usados como electrodos de trabajo clasificados en

., . . . 28
funcion de su uso como inyector de huecos (dnodo) o electrones (catodo).”

Tabla 2.1. Principales metales usados como electrodo de trabajo y su funcion de trabajo, ®@ (eV).

Tipo p (4nodo) Tipo n (catodo)

ITO, ® ~4.7 eV Cs,0~2.1eV
Pt, ®~5.7eV Na, ® ~2.6 eV

Ay, ®~50eV Sm,®~2.7eV
Ca,®~2.8¢eV

Mg, ®~32¢eV

Ag, ®~42¢eV

Los electrodos de trabajo usados para la inyeccion de huecos poseen niveles

de Fermi cercanos a la energia tipica de los orbitales HOMO de los
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semiconductores organicos (aproximadamente entre -4.9 y -5.6 ¢V),”"' mientras
que las energia de los orbitales LUMO (aproximadamente entre -2.0 y -3.5 eV) es
muy alta comparada con el nivel de Fermi de los metales usados como catodo. ™"
Ello ha provocado que el desarrollo de los semiconductores tipo p siempre haya ido
por delante de los semiconductores tipo n. Respecto al electrodo de oro, hay que
mencionar que no solo se usa para inyectar huecos en semiconductores tipo p, sino
que es el mas comunmente utilizado en los dispositivos ambipolares, donde huecos

y electrones deben inyectarse desde el mismo electrodo.”"!

2.1.4. Potenciales de ionizacion y Afinidades electronicas

El potencial de ionizacion (IP)/ la afinidad electronica (EA) se define como
la energia necesaria/desprendida en el proceso de sustraccion/adicion de un
electron. Ademads, si tomamos como referencia el nivel del vacio, IP/EA se
definiria como la diferencia de energia entre el nivel del vacio y el orbital
HOMO/LUMO. Asi, la energia HOMO/LUMO y IP/EA estan intimamente
relacionadas entre si mediante el teorema de Koopmans, segiin el cual la energia
del orbital HOMO/LUMO en valor absoluto seria igual al potencial de ionizacion
/afinidad electrénica.”> Para una inyeccién de huecos/electrones eficiente, se
necesitarian por tanto altos/bajos niveles de energia HOMO/LUMO y bajos/altos

potenciales de ionizacion (IPs)/afinidades electronicas (EAs)."

Ademas, el potencial de ionizacion y la afinidad electronica estan
relacionados con la estabilidad del material. Como se dijo anteriormente, para una
eficiente inyeccion de carga se necesita que el potencial de ionizacion sea bajo. Sin
embargo, IPs demasiado bajos pueden dar lugar al denominado dopping no
intencionado, dando bajas ratios ON/OFF y poca estabilidad ambiental.”*'*
Respecto a la EA, se necesita que ésta sea mayor que 3.0 eV para una eficiente
inyeccion de electrones, pero no mayor de 4 eV, ya que la molécula seria muy
electrofilica, lo que la haria inestable en condiciones ambientales en presencia de

oxigeno.' En el caso de compuestos con potenciales de ionizacién y afinidades
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electronicas bajos, la incorporacion de grupos electron-atrayentes aumentaria

ambas propiedades aumentando la estabilidad del semiconductor.'>'®

2.1.5 Evaluando la inyeccién de carga

Cuantificar la eficiencia del proceso de inyeccion de carga es una tarea dificil
que depende en gran medida de la estructura del dispositivo. Por ello, en esta Tesis
la eficiencia de la inyeccion de carga (huecos/electrones) se ha evaluado mediante

la comparacion entre la energia del nivel de Fermi del electrodo de trabajo y

niveles HOMO y/o LUMO e IPs/EAs de los sistemas en estudio.

2.2. Movilidad de los portadores de carga

La movilidad de los portadores de carga () se define como la ratio entre la
velocidad de los portadores de carga y el campo eléctrico.'” Existen dos
mecanismos fundamentales para explicar el transporte de carga en soélidos: el
transporte en régimen de bandas, el cual ocurre principalmente en sistemas
altamente ordenados y donde la carga se deslocaliza a lo largo de todo el cristal, y
el transporte mediante /opping, en el cual la carga se encuentra localizada y va
“saltando” entre moléculas adyacentes mediante un proceso térmicamente
activado. Asi, la movilidad total de un sistema («) puede expresarse como suma de

dos contribuciones (Modelo de Holstein):**!"

lu = lutun +:uhop (21)

donde el primer término daria cuenta de la conduccion mediante bandas (o
tunnelling), el cual domina el transporte a bajas temperaturas, y el segundo término
estaria relacionado con una conduccion mediante hopping, dominante a
temperatura ambiente. La contribucion de cada uno de estos mecanismos depende
de propiedades como el acoplamiento electron-fonén, la anchura de las bandas, la

energia de los fotones o la temperatura.”” En el capitulo I se dio una breve
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descripcion de la dependencia entre la movilidad y la temperatura. La Figura 2.3
ilustra la dependencia de la movilidad con la temperatura en funcion de la
magnitud de los acoplamientos electron-fonén. Asi, para acoplamientos electron-
fonén débiles, la movilidad ocurre principalmente mediante un régimen de bandas
presentando una dependencia con la temperatura tal que u ~ T (n > 0). Para
acoplamientos electron-fondn intermedios, aumenta la contribuciéon por hopping,
haciendo que disminuya la dependencia con la temperatura. Finalmente para
acoplamientos electron-fonon fuertes se distinguen tres regimenes en funcion de la
temperatura: i) a bajas temperaturas se da una conducciéon en régimen de bandas;
ii) a temperaturas intermedias se da una conduccion mediante hopping y iii) a
temperaturas muy elevadas se produce la disociacion del polardn (el cual se define
como la carga en movimiento mas el campo de polarizacién asociado), por lo que
el electron se dispersa mediante fonones provocando la disminucion de la

conductividad con la temperatura.

40 T
| |
\ s04 ° Acoplamiento
& \ Acoplamiento - | l: Sn-fondn fuert
£904 electrén-fondn débil £ | eleciron-tonon fuerte
= 3 254
: =1\ S
£ [ —_— |
20 3 l
< T 5 201 \\ hoobi residual
o Z OPPING T, scattering
= 1.0+ 2 154
| tunneling t
— T,
T — T
: . : —

Figura 2.3. Dependencia de la movilidad con la temperatura en funcion de la magnitud del
acoplamiento electron-fonon. Figura tomada de Chem. Rev., 2007, 107, 926 (Ref. 19).

La conduccion en régimen de bandas se favorece a bajas temperaturas y en
sistemas altamente ordenados, donde las interacciones entre las unidades que
forman el sistema son fuertes, lo cual da lugar a acoplamientos electron-fonon
débiles y anchuras de banda elevadas. Este seria el caso de los solidos inorganicos
y los metales. De acuerdo con la teoria de bandas, la conduccion mediante

] 19,2
tunnelling se puede obtener como:>*'*?’
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er
/ulun = (2.2)
eff

donde e es la carga del electron, 7 es el tiempo de relajacion medio de las bandas
(relacionado con el recorrido libre medio de las cargas) y m.yes la masa efectiva de
los portadores de carga. Segln esta ecuacion, la movilidad estd gobernada por la
masa efectiva del electron, la cual puede considerarse como una medida indirecta
de la conductividad mediante hopping, ya que altos valores de masa efectiva

supondrian pequefias contribuciones de i .

Al contrario que en los semiconductores inorganicos, las moléculas
orgénicas m-conjugadas interaccionan entre si mediante interacciones débiles, tipo
van der Waals, lo cual conduce a notables deformaciones del sélido debido al
movimiento térmico. Estas interacciones débiles dificultan la deslocalizacion de la
carga a lo largo de toda la banda y ademas dan lugar a pequefias anchuras de banda
(<1 eV). Todo ello hace que a temperaturas utiles para aplicaciones tecnologicas el
mecanismo de hopping sea el predominante. Asi, dicho mecanismo parece el mas
adecuado para describir el transporte de carga en los semiconductores

Lot 3,7,8,17-21
organicos.

2.2.1 Mecanismo de hopping. Teoria semiclasica de Marcus

Segun el mecanismo de hopping, el portador de carga se deslocaliza en las
moléculas individuales el tiempo suficiente para que ésta relaje su geometria.
Debido a las interacciones por fuerzas de van der Waals, los materiales organicos
poseen poca rigidez en su estructura; asi, cuando la carga se desplaza a través del
material interacciona con las cargas cercanas, provocando una redistribucion de las
cargas y una reorganizacion estructural. Esto conlleva modificaciones en las
interacciones entre las cargas existentes en el material, las fuerzas que las
mantienen en su posicion original y los portadores de carga (se produce una
polarizacion en el material). El transporte de carga junto con la deformacion que

suele acompaifiarlo es lo que se conoce como polaron. Los polarones pueden ser
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grandes o pequefios, en funcién del tamafio de la nube de polarizacion comparado
1 3,7,8,17-21

con el espaciado interatdmico del materia

El transporte de carga por hopping se caracteriza por un proceso difusivo en
el que las cargas saltan entre moléculas adyacentes. Asi en el limite de campos
débiles, la movilidad se relacionaria con el coeficiente de difusion D a través de la

ecuacion de Einstein: %72

eD

T 2.3)

lLlhop =

El coeficiente de difusion, D, estaria relacionado con la dimensionalidad del
sistema. En el caso de los sistemas seleccionados en esta Tesis, donde la
conduccién se da solo en una direccion (direccion del apilamiento =, paralela a la
direccion fuente — sumidero en los OFETs) solo consideramos una molécula

vecina, por lo que el coeficiente de difusion vendria dado por:
D=k.l* 24

[ es la distancia entre las dos moléculas implicadas en el salto de la carga, y kgr la
velocidad de transferencia de carga entre ambas moléculas. Desde un punto de
vista microscopico, el proceso de hopping entre dos moléculas adyacentes se
podria describir como una reaccion de intercambio electronico. Puesto que la
mayoria de los semiconductores organicos estudiados solo poseen un tipo de
molécula, dicho proceso podria entenderse como una reaccion de auto-intercambio

electronico. Asi, por ejemplo, para el caso de huecos:
A"+ B——A+ B

reaccion para la cual podemos describir la constante de transferencia de carga (kzr)

de la Eq. (2.4) mediante la teoria de Marcus:™'*2%***
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47
kET = i

(AG® +/1)2} 25)

! t* ex -
|4k, T 42k, T

donde los parametros claves son la energia de reorganizacion (4), relacionada con
el impacto de la inyeccion de carga sobre la geometria molecular, y la integral de
transferencia de carga o acoplamiento electronico (¢) que da cuenta de la fortaleza
de las interacciones entre moléculas. Como hemos dicho anteriormente, la mayoria
de los materiales se encuentran formados por un solo tipo de moléculas, asi que en
el caso de reacciones de auto-intercambio electronico la variacion en la energia
libre de Gibbs durante el proceso seria cero, 4G’ = 0, quedando la ecuacion (2.5)

como:

4r*

k., = 1 exp| ——
7 h Ak, T kaBT}

(2.6)

Esto es lo que se conoce como ecuacion semiclasica de Marcus, desarrollada
en 1964, y por la que se lo concedié el premio Nobel de Quimica en 1992.* Esta
ecuacion s6lo es un modelo aproximado, ya que desprecia efectos como el
tunneling. Otros modelos, por ejemplo el de Marcus-Levich-Jortner han sido
desarrollados para tener en cuenta tales efectos.”®* Sin embargo, en todos estos
modelos la constante de transferencia de carga también depende principalmente de
la energia de reorganizacion y la integral de transferencia de carga, lo cual
justificaria el uso de la ecuacion de Marcus como una primera aproximaciéon para
evaluar el proceso de hopping.®'

Finalmente, mediante las ecuaciones 2.4 y 2.6 podriamos evaluar la

movilidad mediante sopping en los semiconductores organicos n-conjugados:

B el> 4r? 1 2 ox -A 2.7
ﬂhop kBT h 47Z'/1kBT p .
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2.2.2 Energia de reorganizacion e integral de transferencia de carga
Como ya hemos visto, hay dos parametros clave que controlan la constante
de transferencia de carga: la energia de reorganizacion y la integral de transferencia
de carga. La energia de reorganizacion es suma de dos componentes: la energia de
reorganizacion interna (o intramolecular) que da cuenta del impacto de la inyeccion
de carga sobre la geometria molecular y la contribucion externa debida a la
polarizacion de las moléculas adyacentes. Esta contribucion externa depende del
momento dipolar permanente de la molécula, y es muy dificil de evaluar ya que su
valor suele ser muy pequefio respecto a la energia de reorganizacion intramolecular
por lo que en muchos casos esta contribucion externa se desprecia.>'”'*#3 Asi,
el valor de la energia de reorganizacion se debera principalmente a la contribucion

interna.

La energia de reorganizacidon intramolecular (4;) se puede evaluar como la
suma de dos términos: i) 1; que corresponde a la diferencia de energia para la
molécula neutra con la geometria del estado cargado (E°(G")) y la del estado
neutro (E’(G")); ii) A, debida a la diferencia de energia para la molécula cargada

3,17-19,22,23

con las geometrias neutra (E"(G)) y cargada (E'(G")):

)v,' :/11+)vg (28)
A =E'(G)-E’(G") (2.9)
A =E(G")-E"(G") (2.10)

La energia de reorganizacion para huecos y electrones se calcula para las
moléculas cargadas positiva y negativamente. Las ecuaciones 2.9 y 2.10 se
corresponden con una consecuencia directa del principio de Frank-Condon, el cual
requiere que las configuraciones nucleares del sistema antes e inmediatamente
después de la transferencia de energia coincidan (Figura 2.4). Ademas, a partir de
estos términos podemos obtener el potencial de ionizacion y la afinidad electronica

adiabaticos:’
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AEA=E'(G") - E(G) (2.11)
AIP = E(G") - E*(G") (2.12)

Una vez calculados AIP y AEA, podemos calcular el potencial de ionizacion

y la afinidad electronica verticales:

VEA = AEA - )y (2.13)
VIP = AIP + )" (2.14)

\

E(6°) o fo X

Estado Cationico

7

Fstado Neutro

rgia

Ene

VIP

£°(6°)

Coordenada de reaccion

Figura 2.4. Representacion de las superficies de energia potencial para las moléculas neutras y
cargadas positivamente con respecto a la coordenada de reaccion.

La integral de transferencia de carga esta relacionada con la fortaleza de las
interacciones electronicas entre moléculas vecinas, y da cuenta de la probabilidad
de un intercambio electronico entre dos moléculas adyacentes. Por ello, ¢ estd muy
influenciada por el solapamiento entre los orbitales de moléculas vecinas y la
orientacion relativa entre éstas. La integral de transferencia de carga entre dos

moléculas vecinas se define como: 719223

t = <¥,|H|¥> (2.15)
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H es el operador Hamiltoniano electronico del sistema formado por las
moléculas a y b, y ¥, y ¥, son las funciones de onda de las moléculas @ y b en el

hipotético caso de ausencia de interaccion entre ellas.

Se han propuesto varios modelos para evaluar ¢ a partir de dimeros

17-19,22
moleculares,'”""

es decir, clusteres formados por dos moléculas entre las cuales
se producira la reaccion de intercambio electronico. El modelo mas sencillo y
comun es a partir de la energia de splitting. Haciendo uso de la aproximacion de
Koopman, el splitting se definiria como la mitad de la diferencia de energia de los
orbitaless HOMO y HOMO-1/LUMO+1 y LUMO para el transporte de
huecos/electrones. Dicho modelo se basa en suponer que en el estado de transicion,
el exceso de carga esta igualmente deslocalizado sobre ambas moléculas. Si nos

referimos a dos moléculas que tienen posiciones no equivalentes en el cristal, éstas

poseeran diferentes energias de sitio (e; y e;) debido a los diferentes entornos. En

estos casos el splitting seria igual a \/ (e1 —e, )2 +4V* , donde V es la verdadera

integral de transferencia de carga. En el caso de los sistemas poliméricos apilados
mediante 7n-stacking, ambas energias de sitio son practicamente iguales,'” con lo

que el valor de la integral de acoplamiento electronico vendria dado por:

|_ EHOMO[LUMO+1] - EHOMO—I[LUMO]

V= L omorLumor = > (2.16)

donde Enomoprumo; Y Ernomo-ijrumo+; son las energias de los orbitales HOMO
[LUMO] y HOMO-1 [LUMO+1] tomadas a partir de un dimero. Rigurosamente
hablando, la aplicacion de este método requiere el uso de la geometria en el estado
de transicion del dimero cargado. En la practica, los calculos se simplifican

considerando la geometria de un dimero neutro."

Otra forma de evaluar ¢ seria usando la matriz de densidad no perturbada del

operador de Fock:
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t = <W,|F|¥,> (2.17)

El operador de Fock, F, viene dado por F = SCeC ! donde S es la matriz de
solapamiento, y C'y ¢ representan los orbitales de los coeficientes de Kohn-Sham y
las energias obtenidas a partir de una diagonalizacion de la matriz sin considerar la

interaccion entre moléculas.'”

Por ultimo, otro método utilizado para evaluar ¢ seria el denominado método
proyectivo.”**> Este método se basa en la aproximacion de Zerner (Zerne'’s
Independent Neglect of Differential Orbital, ZINDO®). Mediante este
Hamiltoniano ZINDO y algunas aproximaciones podremos calcular ¢ sin realizar
ciclos SCF sobre el dimero, solo mediante un ciclo SCF de la molécula aislada.
Este método permite reescribir la matriz de Fock a partir del método ZINDO en
términos de orbitales localizados mediante la proyeccion orbital. Para resolver la
ecuacion 2.17, proyectamos los orbitales moleculares OMs de nuestro dimero sobre
un conjunto de base definido por los orbitales moleculares de las moléculas
individuales. Asi, conociendo los valores de energia de los OMs de nuestro dimero
podemos reconstruir la matriz de Fock en base a los OMs de nuestras moléculas

independientes. Estos calculos se realizaron mediante el codigo J-from-g03.>*

2.2.3. Evaluando la movilidad

Un paso previo a la evaluacion de la movilidad mediante hopping seria
evaluar la constante de transferencia de carga, kz7. Asi, para la calcular la energia
de reorganizacidon intramolecular necesitamos optimizar los estados neutros y
cargados del sistema en estudio. Para la evaluacion de la integral de transferencia
de carga, podemos construir un dimero de dos moléculas y estudiar como
evoluciona ¢ en funcion de la disposicion relativa entre moléculas, o bien a partir de
la estructura cristalina (que puede provenir de medidas experimentales o de

calculos tedricos) podemos extraer un cluster de dos moléculas y calcular ¢.
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CAPITULO III: METODOS TEORICOS

““Las leyes basicas necesarias para entender el conjunto de la quimica se
conocen. La dificultad radica en que la aplicacion exacta de estas leyes
requiere la utilizacion de ecuaciones demasiado complicadas para ser
resueltas. Es deseable que se desarrollen métodos aproximados que sean
practicos para aplicar la mecanica cuantica y que permitan explicar los
rasgos principales de los sistemas atdomicos complejos sin necesidad de
grandes célculos”

Paul Dirac
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3.1. La quimica tedrica como herramienta

Segun la R.A.E. la quimica es la ciencia que eatudi estructura,
propiedades y transformaciones de la materia & pi@rtsu composicion quimica.
Una de las ramas de la quimica es la quimica tedéen la que los métodos
matematicos se emplean con el fin de estudiar lgu@rocesos de interés
quimico. Como parte de la quimica tedrica, la qeénuuéntica trata de aplicar las
leyes de la mecénica cuantica a los sistemas qusmictualmente, la quimica

tedrica se identifica como sinénimo de quimica toan

El objetivo de la quimica cuantica es, a partirlateleyes de la mecanica
cuantica, calcular tedricamente propiedades dentsiéculas: geometria, energia,
cargas, etc. Si bien solo aquellos sistemas formgw una o dos particulas
pueden ser calculados de forma exacta, mientrapayaeel resto de sistemas solo

podemos llegar a resultados aproximados.

Actualmente, la quimica tedrica se usa para detamia estructura de las
moléculas, calcular espectros, estudiar mecanisteogeaccion o caracterizar
productos. Aunque también se puede utilizar comrmah@enta predictiva, lo cual
nos permitiria “experimentar” con una sustanciasy @nocer muchas de sus
propiedades sin necesidad de sintetizarla, de modgodria guiar la sintesis en la
busqueda de moléculas con unas propiedades dedelasin Por ello, la quimica
tedrica aborda un gran nimero de lineas de inaesbig, como la modelizacion de
moléculas bioactivas con aplicaciones farmacol&gical disefio de nuevos

catalizadores, el estudio de la quimica interestela electrénica molecular.

De acuerdo con lo expuesto en el capitulo Il, Ioscpales parametros a
tener en cuenta para estudiar tedéricamente semictovds organicosn-
conjugados serian:

- La energia de los niveles moleculares HOMO y LUM&apevaluar la

inyeccion de carga.
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- La geometria y energia de los estados neutro yadargcon lo que
podriamos evaluar los cambios en la estructuraddebi impacto de la
inyeccion de carga) para calcular la energia dergamizacion
intramolecular.

- Conocer la evolucion de la integral de transfeiedei carga en funcion de
la orientacion relativa entre moléculas, o bieres&ructura cristalina del
compuesto para poder extraer dimeros moleculagsvhluacion de la
integral de transferencia de carga junto con lagéaede reorganizacion
seria el primer paso para conocer la constanteadsférencia de carga vy,

por tanto, la movilidad mediant®ppingde los portadores de carga.

El estudio de todas estas propiedades es “accedédde la quimica teorica.
Por ello, podemos evaluar multitud de sistemas gificaciones quimicas de estos
sin necesidad de que hayan sido previamente gedets. Asi, como hemos dicho
antes, gracias a la quimica tedrica podemos hageestudio predictivo de
propiedades de semiconductores organicos y proplneintesis de nuevos

materiales.

3.2. Conceptos basicos sobre quimica cuantica

En mecéanica cuantica, la descripcion de las praplies de un sistema en
estado estacionario, descrito por una funcion de®? se obtiene resolviendo la

ecuacion de Schrondinger independiente del tiefiipo:

Hy = Ey AB

A

donde H es el operador Hamiltoniano asociado a la energlisidgtemak es la
energia total del sistema ¥ es la funcion correspondiente que contiene toda la
informacion del sistema. El Hamiltoniano no relistia independiente del tiempo

para una molécula canelectrones yn nucleos viene dado por:
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A B2 & 2 A2 1 2 SRU ZAe2 n o e? LR ZAZBez
H=-—>0"-—)>» —U% - + P e
a2 T, L AL AL T gy
\ v J \ ~ /N Y 4 H_J
A B c D E

siendoVZy V2 los operadores Laplaciana asociados a los el@strpiios ndcleos,
respectivamenteM, la masa relativa del nacled, Z, el namero atomico del
nacleoA, vy r; y Ry los vectores posicion del electrdry el ndcleoA. En dicha
ecuacion, los dos primeros términos estan asocmdks energias cinéticas (A) de
los electrones y (B) de los ndcleos, el tercer it#or(C) corresponde a la atraccion
electrostatica entre electrones y nucleos, el gugtmino (D) da cuenta de la
repulsion interelectrénica y el Ultimo término (B3td4 asociado a la repulsidon
internuclear. Resolviendo la ecuacion de Schromalisg pueden obtener todos los
valores de energia cuantizados. Sin embargo, éktaisne solucidon exacta para
sistemas atémicos hidrogenoides (H,"Hd?*, etc.) o moléculas como,H(ién
molecular del hidrégeno), por lo que es necesdritse de aproximaciones para
sistemas de mayor tamario.

La quimica cuantica trata de desarrollar métodas mpsuelvan de forma
aproximada esta ecuaciéh.Estos métodos se pueden clasificar en métatios
initio (que a su vez pueden ser variacionales o pertamees), en los que se
calculan explicitamente todas las magnitudes ngasgazara realizar el calculo, sin
mas aproximaciones que las derivadas del nivelatieilo escogido; los métodos
basados en la Teoria del Funcional de la Densisiegiin los cuales cualquier
observable del sistema se puede obtener a partila dencion de densidad
electrénica del mismo; y métodos semiempiricos,lasnque algunas de las
magnitudes necesarias para el célculo son aprogsnadestimadas a partir de

magnitudes empiricas.

La primera aproximacion a considerar es la de Eappenheimer. Si
tenemos en cuenta que los nicleos son mucho madgsegue los electrones, por

lo que se mueven mas lentamente, podemos consglerdos nucleos estan fijos y
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los electrones se mueven alrededor de estos. |Agirngno que da cuenta de las
energias cinéticas de los nucleos (A) puede deéapsec mientras que el término
de repulsién nuclear (E) puede considerarse cdestdDe esta forma el
Hamiltoniano se considerard como suma de un téralgmirdnico y otro nuclear,
permitiendo resolver la ecuacién de Schrondingeetednica y la correspondiente
al movimiento nuclear por separado. El Hamiltoniadectronico vendria dado

por:

Z

A _ hZ n ) n m Ae2 n m e2
Helec—_izmi _zz +227 (33)
2m*4 i A lia

r i rij

Las soluciones a la ecuacién de Schréndinger gpécianel Hamiltoniano

electronicoH ¢e@eie= EeecPeiec SON las funciones de ondas electronidas, las
cuales dependen de las coordenadas electronigas garamétricamente de las
coordenadas nucleareR,), al igual que la energia electroniEa.. Por lo tanto,
para una conformacion de los nucleos dada, la enéotpl del sistema vendria

dada por:
M M Z Z
Etot = Eelec + Z Z%Z (34)

La aproximacion de Born-Oppenheimer permite sepatamovimiento
nuclear y electrénico. Sin embargo, la ecuaciéisdedndinger electronica no se
puede resolverse de forma exacta para sistemapaggen mas de un electrén

debido al término de repulsion interelectrénica.

Una aproximacion a la resolucion de la ecuaciéSdwddinger electrénica
seria mediante el principio variacional. Para wtesia cuyo Hamiltoniano es
independiente del tiempo, Ej es el valor propio mas bajo de energiagualquier
funcién aproximada dependiente de las coordenaglasisiema, que se comporta

bien y satisface las condiciones limite del prolsles®m cumple que:
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[ o*Hgdr Normalizacion
Topdr = E,; > [@*Hp dt > E; (3.5

El principio variacional permite asi calcular umilie superior a la energia
del estado fundamental del sistema. Para obtergerbugna aproximacion a la
energia del estado fundamentd], utilizamos diferentes funciones variacionales
de prueba, y buscamos aquella que minimice la integral eioizal, Eq. (3.5). Lo
gue se hace en la practica es introducir varicdnpairos en la funcion de pruebay
variar dichos parametros de forma que se mininaidategral variacional. El éxito
del método dependera de la funcion de prueba e@efid obstante, la integral
variacional se aproximat mucho més rapidamente de lo que la funcion pryeba
se aproxima a la funcion de ondas verdadera. Estmif® conseguir una buena

aproximacion para la energia usando funciones prredativamente malas.

3.3. Métodosab initio

3.3.1. El método de Hartree-Fock

El punto de partida de los célculal initio data de 1930, cuando Hartree y
Fock propusieron el método del campo autoconsestéBCF, Self Consistent
Field”). En la aproximacién de Hartree-Fock (HF)Ja funcién de ondas méas
sencilla que puede ser usada para describir eletadamental de un sistema con
N electrones, y que satisface el principio de anéfia, corresponde a un Unico

determinante de Slater:

60 6O . x0
160 L@ . 0O
NI

¢ (12..N) = (3.6)
Xi(N) X2 (N) Xn(N)

siendoyn(N) los correspondientes espin-orbitales. Esta apawiim consiste en

suponer que cada electron se mueve en un potgroiaedio generado por los
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restantes electrones. El principal objetivo deladétHF es encontrar la mejor
aproximacion para todo el conjunto de funcionesoddas monoelectronicgs
presentes en el determinante de Slater. Dichasiohe& seran orbitales

moleculares en el caso de moléculas y orbitaleriat® en el caso de &tomos.

De acuerdo con el principio variacional, la mejondion es aquella que
minimiza la energia electronica. Si se minimiz&mergia respecto al conjunto de
funciones de ondas monoelectronicas en que seprasaxio la funcion de ondas
(Eg. (3.6)) se obtiene una pseudoecuacion en &jwapios, llamada ecuacion de
Hartree-Fock, la cual determina cuales son las idmes monoelectronicas

Optimas:

foxi=&x 3.0

donde f, es un operador monoelectrénico efectivo, llamagerador de Fock;

son los correspondientes valores de energias lesita son las funciones propias

del operador de Fock. El operador de Fock tiefierfaa:

£ =he > (o (0) + Ko i) (3.8)

A

dondeh es un operador monoelectrénico que da cuenta eleel@ia cinética y de

N

la atraccion electron-nucleo, yJ y K son los operadores de Coulomb e
intercambio, respectivamente, y representan elnpiaepromedio experimentado

por electron debido a la presencia de otros eleero

La esencia del método HF es reemplazar el comgligadblema deN
electrones por un problema en el que la repulsiterélectronica se trata de forma
promediada. Los operadores de Coulomb e intercamban operadores
monoelectrénicos efectivos, es decir, el campam\pst un electrén depende de los

espin-orbitales de los demas electrones. Asi gliegperador de Fock depende de
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sus funciones propias, y por extension la expre€®) no es lineal y debe ser
resuelta de forma iterativa. Por ello la resoludiénla ecuacién de HF se conoce

como el método del campo autoconsistente (SCF).

Para resolver la ecuacion de HF se parte de unmongle espin-orbitales de
prueba, se construyen los operadores, se res@eb@iacion en valores propios y
se itera el proceso hasta la convergencia. Endonde la forma de los espin-
orbitales, el método HF se puede clasificar en tmeslalidades, segun si se
adoptan o no restricciones de espin.

a) Método HF restringido (RHF d&restricted Closed-Shell Hartree-FQck
Cada pareja de electroney f comparten la misma funcion espacial.

b) Método HF no restringido (UHF Wnrestricted Open-Shell Hartree-Fdck
En este caso cada electiy  posee diferente funcién espacial.

¢) Método HF restringido de capa abierta (ROSHRestricted Open-Shell
Hartree-FocR. Seria la situaciéon intermedia entre las dosramés. Ahora
se mantiene la restriccion de la funcidén espacied fas parejasy 8, pero

se trata de forma no restringida los electronespigsados.

La desventaja de los métodos no restringidos frerts de capa cerrada es

que las funciones de ondas obtenidas no son fugkipropias del operador de
espin S? (operador de espin). Esto conduce a una contaidinae espin que

conlleva que el valor esperado 8¢ para un determinante de Slater no restringido

es siempre mayor que el que le deberia correspoth@decontaminacion de espin

debe ser considerada si el valor finaléédifiere del valor tedrica(s+1)en mas
de un 10%, siendsla mitad del nimero de electrones desapareadogjeypuede
afectar a la energia y geometria de nuestro sist&masar de todo esto, se utiliza
a menudo la metodologia no restringida como prinagraximacion a la funcion
de ondas multiplete, debido a que las funcionesoddas no restringidas

disminuyen la energia variacional. En el procedmaeROSHF las funciones de

59



Gregorio Garcia Morena

ondas si son funciones propias del opera8dr pero la restriccion de orbitales
ocupados por pares aumenta la energia variaciporalp que esta metodologia no

esta muy generalizada.

3.3.2. Métodos Post-Hartree-Fock

El mayor inconveniente que presenta el método HHeesrigen fisico, al
considerar que los electrones se mueven en prasgmcin potencial medio y no se
permite correlacionar sus movimientos, sustituyéeda repulsidn instantanea de
los electrones por una repulsién promédiGe denomina energia de correlacion a
la diferencia entre la energia exacta no relativg) y la energia del sistema

calculado con la aproximacion HE):
c0|E= E- EHF (39)

Los métodos post-Hartree-Fdckson aquellos que incluyen la correlacion
electrénica. Entre estos métodos los mas conosieasasifican en interaccion de
configuraciones, métodos perturbacionales, métodocldisteres acoplados y
métodos multiconfiguracionales. De estos, en d®sis sOlo se emplearon
métodos perturbacionales, concretamente haciendm des la teoria de

perturbaciones de de Mgller-Pleset.

La teoria de perturbaciones consiste en separ&tasiiltoniano en dos

contribuciones: un Hamiltoniano de orden cdrby, que representa el sistema sin

perturbar y para el que se pueden calcular lagdnes y valores propios, y una

perturbacionV = AH', la cual es muy pequefia frente al Hamiltonian@mien
cero. De esta forma, tanto la energia exacta canfonicion, se pueden expresar
como suma de infinitas contribuciones que contidiaeanergia o la funcion de

orden cero y las sucesivas correcciones:
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Y=g’ + PP + XY@ + @ + (3.10)
E=E°+EY + PE@ + ’E® + ... (3.11)

La teoria de perturbaciones de de Mgller-Plese)) @éMasa en considerar el
Hamiltoniano de orden cero como la suma de opeeadode Fock
monoelectronicos. Se denotan MPsiendon el orden en el que se trunca la
perturbacion. Por tanto, la funcion de ondas situpear ¥, seria la funcion de HF,
y en el caso del método perturbativo MP1, la emergiregida seria la energia HF,
con lo que los términos que introducen la corréla@lectrénica aparecen a partir

de la correlacion de segundo orden (MP2), sientis & los mas empleados.

La principal limitacion del método de perturbacienesta en que para
obtener buenos resultados, la funcién de HF dabernsebuena aproximacion a la
funcion real, es decir, la perturbacion debe squega. Para sistemas en los que la
funcion de HF es una mala representacion, las aoames de la energia son
importantes y deben incluirse muchos términos palotener una precision
adecuada. Si los estados electronicos estas préxntee si, la convergencia de la

energia puede ser erratica y muy lenta, con legteemétodo no puede aplicarse.

3.3.3. Conjunto de funciones de base

Para resolver las ecuaciones HF de forma exadaprlutales moleculares
tendrian que venir representados por una comidinaimeal de un conjunto
infinito de funciones de base. Sin embargo, loansxs computacionales no hacen
factible su resolucion, usandose en la practicaamjunto finito de funciones de
base. A la hora de elegir éstas deben tenerse estiacdos aspectos: el tipo de
funciones escogidas y su numero. A continuaciondescriben los distintos

conjuntos de funciones de base mas comtihes.
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Orbitales Tipo Slater
Los orbitales Slater o STGlater Type Orbita)sestan definidos por:

¢STO - Nrn—le—aYI’m(e, ¢) (312)

donde N es la constante de normalizacignes la coordenada radiat, es el
exponente del orbita¥, »(0,¢) corresponde al armonico esféricay 0, 1, 2, ... es
un namero cuantico principal efectivo. Debido aalsencia del polinomio en
estos orbitales no son ortogonales. Estas funcipresentan el inconveniente de
que las integrales bielectronicas siguen siendoilé$ de resolver. Por esta razoén,
su uso ha sido muy limitado, siendo mas comun spleemcomo combinacion

lineal de funciones gaussianas (ver a continuacion)

Orbitales Gaussianos

Los orbitales gaussianos o GTGaussian Type Orbita)se definen como:
$°™° = Nr"*e Y, (6,9) (3.13)

La diferencia béasica entre un orbital STO y untatbGTO est4 en el término
exponencial. De forma similar a los orbitales 3|dtes orbitales gaussianos no son
ortogonales. Esta pequefia diferencia introduceimpartante ventaja a favor de
los orbitales gaussianos, y es que la multiplicaci@ dos gaussianas es otra
gaussiana centrada entre las dos anteriores y cugasales también resultan ser

gaussianas.

Sin embargo, las funciones gaussianas represeatarigs orbitales que las
funciones STO. Ello supone que, para obtener usmandescripcion, se requiera
un mayor nimero de funciones gaussianas. Una éalal® compromiso seria el
uso de gaussianas contraidas (o CGT@ntracted Gaussian Type Orbitplgiue

se expresan como combinacion lineal de funcionessi@nas primitivas:
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L
¢CGTO :zdpgcsTo (3.14)
p=1

Los coeficientes de esta combinacién lineal serghét@n para calculos atomicos y
sus valores se mantienen fijos en los calculos catdees. En este caso, el criterio
de optimizacién de los coeficientes y los exporgesta el de obtener una funcion
lo més similar posible al orbital STO correspontiesi, la calidad del resultado

obtenido aumentara con el nUmero de gaussianagipaisnempleadas.

Aunque aumenta el nimero de integrales que deHenlarae, el uso de
orbitales GTO optimiza mucho los célculos, ya quemite una mas facil

resolucion de cada una de estas integrales.

Bases Minimas

Para obtener resultados de calidad, el nUmero miEcines de base es otro
factor decisivo. Asi se definen las funciones dsebminimas como aquellas que
contienen el numero minimo de funciones de basesaei@s para cada atomo, es
decir, una funcién para cada orbital atbmico qutepezca a las capas ocupadas

en el estado fundamental del &tomo correspondiente.

Fueron Hehre, Stewart y Popfequienes optimizaron de forma sistematica
los coeficientes y los exponentes para una seridifdrentes conjuntos de base
para obtener orbitales tipo Slater optimizados amdi gaussianas: STI@s, que
es lo que se conoce como bases minimas. Una tadas mas empleadas de este
tipo es la STO-3G, donde una combinacion linedtee gaussianas se ajusta a una

funcion tipo Slater.

Bases extendidas
Los resultados que se obtienen empleando basesmasirson muy poco
satisfactorios. Una estrategia para solucionar psiblema consiste en utilizar

bases con un nimero mayor de funciones, que esdcsg conoce como bases
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extendidas. Existen dos posibilidades para extemdarbase. El primero consiste

en usar conjuntos de base que utilicen mas de funt@n para representar los

orbitales de las capas ocupadas:

Los conjuntos de base Dolil€DZ), Triple( (TZ) y, en general, N-tuplé
(NZ) suponen el empleo de dos, tres o, en gendrélinciones de base,
respectivamente por cada funcion de base del cionjun

En los conjuntos de base de valencia desdoblsplit {alencg, cada
orbital atbmico de valencia esta descrito por Ncimes de base (DZ, TZ,
etc) y cada orbital interno por una Unica funci@ttse. Las bases de
valencia mas usadas son las desarrolladas por Bopt#aboradores, por
ejemplo: 3-21G, 6-31G, 6-311G. En la nhomenclatuzaedtas bases, el
primer numero indica el numero de funciones gauosasi@rimitivas usadas
para la descripcion de los orbitales internos, trésnque los restantes
indican el numero de primitivas usadas en la desiém de las funciones
de valencia. Si aparecen dos numeros sera unadeasalencia doble,
mientras que si aparecen tres sera de valencla. tAgi, por ejemplo, la
base 6-31G indica que cada orbital interno estéridegor una funcion
gaussiana contraida, combinacion lineal de 6 geness primitivas, y cada
orbital atdbmico de valencia esta formado por dasgianas contraidas de

tres primitivas y una primitiva cada una de ellas.

La segunda opcion para aumentar la base es introflutciones que

representen orbitales que no se encuentren ocupadelsestado fundamental del

atomo correspondiente:

Las funciones de polarizacion representan orbital&snicos con un
nuimero cuanticod mayor al de los orbitales de valencia del atomo
correspondiente. Las funciongsy p se encuentran centradas sobre los
atomos y no permiten la flexibilidad matemética e requiere para
describir la funcién de ondas en el caso de ciggéasnetrias, que si la
permiten las funciones de polarizacién. De acueoiola nomenclatura de

Pople, las funciones de polarizacion se describegtiante un asterisco (*).
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Asi, por ejemplo en la base 6-31G* se afiade fuesidipod sobre los
atomos pesados y funciones tgpeobre el hidrégeno.

- Las funciones difusas son funciones de 8pop cuya extension espacial
es mucho mayor que las que participan en mayordaest la descripcion
de los orbitales de valencia, 1o cual se consigediamte un exponente
orbital mas pequefio. Asi, se permite a los eleeracupar una region del
espacio mas grande. Estas funciones son importentes sistemas en los
gue los electrones se encuentran lejos del nuabeaoc por ejemplo,
moléculas cargadas. Asi, la base 6-31+G* afadidawuncion difusay p

a los atomos pesados.

Los conjuntos de base desarrollados por Pople riugpimizados sin tener
en cuenta los efectos de la correlacion electrérilmanning y colaboradores,
desarrollaron funciones de base destinadas a ealquie incluyen la correlacion

electrénica (calculos post-HF).

Orbitales atomicos numeéricos

Los orbitales atdmicos numéricos (0 NARumerical Atomic Orbitgl son
los usados por, entre otros, el programa SIE$EAgcual usa una combinacion
lineal de orbitales atdbmicos numéricos como bdsst®s orbitales son soluciones
numeéricas del Hamiltoniano de Kohn-Shan (ver m&aadte en los métodos DFT)
para los &tomos aislados (utilizando los mismosiggeotenciales que se utilizaran
en el calculo). Uno de los parametros que afeclasabases es el numero de
orbitales por &tomo. Este nos determina el nUmeriaciones de base con la que
describimos la base atémica. De esta forma una<iagee( (simple-Z o SZ) es
aquella que posee una unica funcién radial por ndinceantico de momento
angular (o canal) de los orbitales atémicos. Sdmfias una segunda funcion por
canal obtendremos una base doble zeta (DZ). Adaaréegda una de estas bases se
les puede afiadir funciones de polarizacion. El emple estas bases permite un

escalado lineal del coste computacional con el ndimhe atomos.
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3.4. Teoria del Funcional de la Densidad

Los métodos basados en la teoria del funcionah desidad (DFTY han
sido los mas utilizados para la descripcion y daramcion de los sistemas de
estudio en esta Tesis. Estos métodos han adquindcespecial relevancia en la
Ultima década, especialmente para el célculo denses de cierto tamafio,
constituyendo un método alternativo para introdlasr efectos de la correlacion

electrénica con un coste computacional asequible.

La base fundamental de la teoria DFT consiste esiderar la densidad
electrénicap,, en lugar de la funcion de ondas, para el caldelda energia del
estado fundamentak,. De esta forma, el estado fundamerigkstara descrito
mediante un funcional de la densidad electroriigas Eo[po] . Sin embargo, no se
conoce la relaciéon que liga la energia con la dexselectrénica, y es necesario
recurrir a aproximaciones. La base quimico-cuardieda metodologia DFT fue
establecida en 1965 por Hohenberg y Kohn a tragéiod teoremas:

“Cualquier observable de un estado estacionario damental no
degenerado puede ser calculado, en principio denfoexacta, a partir de la
densidad electrénica de este estado fundamentt, &5 cualquier observable
puede describirse como un funcional de la densidittronica del estado
fundamental”.

“La densidad electronica de un estado fundamentaldegenerado puede
ser calculada, en principio de forma exacta, deteando aquella densidad que

minimiza la energia del estado fundamental”.

En 1965 Kohn y Sham propusieron un método pararngrarg, y a partir de
ahi calcular la energia del estado fundamentalm&lodo de Kohn y Sham
considera que la energia electronica fundameBfa] para un sistema da
electrones viene dada por la suma de la enenggtiaa de los electrondgp], la
energia de atraccidon electron-nuckEdp], la energia de repulsién de Coulomb

entre los electronelp] y la energia de correlacion-intercambig] o] :
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BI=Ts[pl + Endp] + [ o]+ Exdp] (3.19)

Si tenemos en cuenta las expresiones para logrinesros términos, la Eq. (3.15)

se escribiria como:

)dr,

Elp]=- ij¢ )D¢(r1)dr—z

(LA g
4']E‘O 12

(3.16)
r,+ Exc[p]

Las funcionesp; son los orbitales de Kohn-Sham (KS), que permiten e
célculo inmediato de la densidad electronica poeresion del sumatorio a todos

los n-orbitales ocupados:
pr)=|8,(r)° (3.17)
i=1

De los cuatro términos de la ecuacién (3.[Egy,es el Unico que no se puede
obtener de forma exacta. En caso de que se coapese método proporcionaria
resultados exactos. Sin embargo, dado que no s la&ssituacion habitual,
debemos escoger expresiones aproximadasEpargor lo que los resultados que

se obtienen son también aproximados.

Los orbitales de KS se obtienen resolviendo las@ones de Kohn-Sham
(las cuales son muy similares a las ecuacionesHjarédiante la aplicacion del
principio variacional a la energia electronidd[p]. Para los orbitales

monoelectrénicog;(ry) las ecuaciones de KS tienen la siguiente forma:

{—hmf—i 218" (PR ey (o )}¢i(rl>=si¢i(r1)

2m, o ATE I, ATE 1,

(3.18)
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dondeg son las energias de los orbitales de KS y el piatede correlacion
intercambio Vxc es la derivada del funcional de la energia deetamion-

intercambio:

YA E daxa;[p] (3.19)

El procedimiento de resolucién de las ecuacione«8econsiste en un
método iterativo que debera repetirse hasta llagar convergencia. Se parte de
una densidagh obtenida, normalmente, como una superposicion effsidades
atomicas. A continuacion, se calciWa: como una funcion de, utilizando una
expresion aproximada para la dependencia del fonatkyc con la densidad. La
resolucion de las ecuaciones de KS da como resulladconjunto inicial de
orbitales KS, los cuales servirian para calculaa pirmejorada con la que se

repetira el proceso hasta llegar a la convergencia.

La gran diferencia entre DFT y HF consiste en guientras HF es una
teoria aproximada que resuelve las integrales|(Bmiée de un conjunto de base
finito) de forma exacta, la metodologia DFT es tearia exacta. Todo lo que
necesitamos saber es la densidad electrgni&in embargdeyc es desconocido,
por lo que las ecuaciones se resolveran de formaxiagada, con lo que la

correlacion electrénica solo se considerara apradamente.

3.4.1. Aproximaciones al potencial de correlaciomtercambio

Se han desarrollado diferentes esquemas para Encdm de formas
aproximadas del funcional para la energia de @mwi@h-intercambio. Los distintos
funcionales se clasifican en funcién de como tr&ercomponentes de correlacion
e intercambio. De este modo, se puede hablar dxiagaciones de la densidad

local, correcciones de gradiente generalizadotpaoé hibridos:®
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Aproximacion de la densidad local

En la aproximacion de la densidad local (LDA,ocal Density
Approximation se asume que los efectos de correlacion e imdyicason locales y
dependen Unicamente del valor de la densidad é@fecé en cada punto, tratada
como la de un gas uniforme de electrones. Con léwados LDA se obtienen
buenas geometrias, aunque las distancias de emp@acecen algo subestimadas.
Dentro de esta aproximacién, el térmiig: se expresa como suma de dos
contribuciones, tratando por separado las contidbes a la correlacion y al
intercambio:

Exc"(0)= Ex(0)+ Ec™(p) (3:20)

La parte correspondiente al intercamtig;"(p), representa la energia de
intercambio de un electron en un gas de electranéderme de una densidad

constante, el cual viene dado por la ecuacion dacDi

1
3( 3V 2
EiDA=—2(4ﬂj [o*(r)dr (3.21)

LDA

Para el término de correlaciok:""(p), se ha obtenido una expresion

mediante célculos de Monte Carlo, propuesto poc¥0é/ilk y Nusair (VWN).

Para moléculas de capa abierta y geometrias matesupréximas a la
disociacién se suele utilizar la aproximacion dedémsidad de espin local (o
LSDA, Local Density Spin Approximatipn dado que se obtienen mejores
resultados. Esto es debido a que, mientras el teDA los orbitales con espin
opuesto, apareados entre si, tienen el mismo besipacial, la LSDA permite que

tales electrones tengan diferentes orbitales espaci

69



Gregorio Garcia Morena

Aproximacion del gradiente generalizado
Puesto que en la aproximacion LDA se asume que efestos de

correlacion-intercambio son locales y dependen aiménte del valor de la
densidad electrénica en cada punto, ello provoeaediumodelo del gas uniforme
de electrones sea demasiado simple para utilizarlon sistema molecular. Una
mejora a los resultados LDA, consiste en introdgadientes de la densidad en la
descripcion de los efectos de correlacion-interganibe esta forma se tiene en
cuenta el valor de la densidad en cada punto y a@ria esta densidad alrededor
de cada punto. La incorporacion de estas correesiale gradiente se conoce
como métodos del gradiente generalizado (GG3Beneralized Gradient
Approximation. La energia de correlacion GGA se desdobla ecdagonentes

de intercambio y correlacion, las cuales se trptarseparado:

E5E"(p) = ES(p)+ EE() @22

Se han desarrollado funcionales aproximados decartwio y de energia de
correlacion usando consideraciones tedricas tatamocel comportamiento
“conocido” de los funcionales verdaderos (los csiden desconocidogy y Ec

empleando datos empiricos.

La forma que adquiere un funcional tipico GGA es:
Exc” = [ p(r)eyc (p0p)dr (3.23)

En general estos métodos parten del funcional LBadendo términos de
correccion de gradiente. Para el intercambio, dastacar el funcional propuesto
por Becke (B en 1988 y el funcional de correlacién de Perdaiang propuesto
en 1991 (PW91¥° Otro funcional de correlacién seria el desarrollpor Lee,
Yang y Parr (LYP)? La combinacién lineal de un funcional de intercamison

otro de correlacion daria lo que se conoce comcidnal puro. Asi por ejemplo el
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funcional de intercambio de Becke con los de caciéh PW91 o LYP daria lugar
a los métodos BLYP y BPW9L1.

El funcional PBE fue desarrollado por Perdew, Burk&rnzerhof'! el cual,
al ser un funcional de intercambio y correlacidatarambas contribuciones por

separado:
EPSE = pPee y pree (3.24)

El funcional PBE de intercambio depende de laidadsp), de una funcién de

ésta y de una funcién de cambio propiamente dicha:
EX* = [ pey (0)Fy (9dr (3.25)
dondes es el gradiente de la densidad. El funcional PBEairelacion es:
ES = [ ple.(r,) + H (r,p)d°r (3.26)

rs es el radio de la esfera, cuyo volumen es el vefusfectivo que ocupa un

electrén. La funcion H comienza dedde> (0), y crece monotonamente hasta el

PBE

limite t — oo, tal queE: " < 0, dondet es el gradiente adimensional de la

densidad.

En el funcional PW91 desarrollado por Perdew y Wiangontribucién de

intercambio vendria dada pbt:
EPWL = j p€ (r, O)F (s)dr (3.27)
La contribucion de correlacidén vendria expresada po
EPY = [ p(r)el™* (r,(r), £ (r),t(r)d°r (3.28)
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Si comparamos estos dos ultimos funcionales, PBE\W1, veremos que
son muy similares entre si, con la diferencia de gjuuncional PBE no contiene
parametros empiricos. Para mas informacién acerdasdexpresiones de dichos

funcionales ver las referencias 8, 9, 11y 12.

Funcionales hibridos

Otra alternativa para la mejora de los potenciglesergia de correlacion-
intercambio consiste en el empleo de los métodoB MiBridos. Los funcionales
hibridos definen el funcional de intercambio comwa wcombinacion lineal de
términos de intercambio HF, LDA y GGA. A continuaj este funcional de
intercambio se combina con un funcional de cori@éatDA y/o GGA. Asi un

funcional hibrido de intercambio correlacion podripresarse como:

E. =EJF +(1_1OAOJ(E>[()FT _ E)I;!F)_i_ EOFT (3.29)

dondeEy" es la energia de intercambio Hkes el porcentaje de contribucién
HF, BT y EC°FT son las energias DFT de intercambio y correlacion,
respectivamente. A continuacién se describen bremtarios funcionales hibridos
usados en esta Tesis (B3LYP, PBEO y mPW91PW91).

B3LYP® es un funcional de 3 parametros que combina atidoal de
Becke (B)’ en el que la correccién del gradiente generaliziiBerdew Wang se
reemplaza por la energia de correlacion de Lee-Yamg (LYP)X Asi, el

funcional B3LYP vendria dado por:
ESHP = (- A(EL" +BER) + AEL" + 1-C)E™N +CEN™  3.30)

donde el funcional de densidad local de Vosco, \Afild Nusair (VWN) es usado

LYP

paraEx"* y Ec""™ Ex"" es la energia de intercambio HE® y E.;-'F son las

correcciones de gradiente de Becke y Lee-Yang-Para las energias de
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intercambio y correlacion, respectivamente. Losoned de los parametro&
(0.20),B (0.72) yC (0.81) se eligieron de forma que se obtuviesebuen ajuste
con algunos pardmetros experimentales como enatgiatomizacion molecular,

potencial de ionizacion, afinidades electronicamergias atdmicas totales.

El funcional PBEO (también conocido como PBE1PBE® obtiene cuando
en el funcional PBE de correlacion-intercambioiseet en cuenta un determinado
porcentaje de contribucion HF (25%) en la energiantiercambio. El funcional

PBEO es un funcional libre de pardmetros empirielosiial vendria dado por:
EFEE = 025(ELF - EL°F )+ EZPF (3.31)
donde la contribucion de intercambio es:

bx?
1+ ax?

PBE _
E, =

(3.32)
cona = 0.00449,b = 0.00336 yx = |0 plp*® dondep y Op son la densidad

electrénica y su gradiente, respectivamente.

Por Gltimo, mPW91PWJ1 es un funcional de un solo parametro basado en
el funcional puro PW91 (para describir ambas cbuationes, la de intercambio y
correlacion), pero que incorpora un 25% de contitou HF al funcional de
intercambio, el cual se optimizé para obtener urgjomdescripcion en las
interacciones de largo rango. Este funcional pr@poe resultados similares a
PBEO.

Funcionales meta-GGA hibridos

Ya hemos visto que para conseguir funcionales cannoayor precision se
puede recurrir al uso de funcionales hibridos, esal de derivadas de la densidad
de orden mas elevado. De esta manera, se obtieneioriales que contienen en

su expresion las laplacianas de las densidadespile @ la energia cinética de los
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orbitales KS ocupados. Esto es lo que se conaor® doncionales meta-GGA.
Estos funcionales también son hibridos, por lo agemas de la parametrizacion
también presentan una contribucién HF a la enedgiaintercambid®*® La
mayoria de los funcionales meta-GGA se construyediante la parametrizacion
de una expresion con varios parametros ajustablegigpenden de la laplaciana

de la densidad o de la densidad de energia cirdsit@s orbitales KS ocupados.

Zhao y Truhlar han desarrollado varias familiadudeionales meta-GGA,
entre otras las familias de funcionales M0O5 y MO#s series de funcionales M05
y MO06 han sido parametrizados de forma que la l@miGn electronica para
distancias de medio rango (5A o menos) sea sufecigrara describir las

interacciones no covalentes dentro de un gran raidecomplejos®™®

Dentro de esta familia de funcionales, en estasT&sihan empleado los
funcionales M05-2%¥*° y M06-2X® donde el parametro 2X significa que
incorporan una contribucion HF en el potencial mtercambio doble respecto a
los funcionales M05 y MO06, es decir, 56% y 54%peesivamente® 82

Para M05-2X, los funcionales de intercambio y damién vienen dados

por:

o = [F .0, )t @39

ENOS2X = ESF 4 ES7 + ELF (3.34)

dondep, representa la densidad de espj gl gradiente de la densidad de espin,
Fx, °F es la densidad de energia de intercambio del mdeRE" y f(w) es un
factor de incremento de la densidad de energidicindel training setpara este
funcional contenia IPs y EAs, una serie de energi@® interacciones no
convalentes, también energias de atomizacion paetales, energias de

disociacion de alquilos y momentos dipolares. Rastener méas informacion
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acerca dekraining setempleado para este funcional y sus expresionedaser

referencias 16 y 21.

Para el funcional M06-2X (y MO06) la energia de lictéenbio seria una
combinacion lineal del funcional M05-2X y VSXE:

£ = 3[R0 Do) )+ 2 (1,2 )or -+ 339

donde:

3 3 1/3
x>, ( g,zg)=—2(4ﬂj p2 (3.36)

La energia de correlacion para M06-2X tiene unaesipn similar a la del
funcional M05-2X, ecuacion (3.34). Para este funaise empled utraining set
similar al del funcional MO05-2X, pero que ademasnteaia propiedades
termoquimicas, alturas de barreras rotacionalasnsiciones electrénicas. Para
obtener mas informacion acerca tiglining setempleado para este funcional y

sus expresiones ver las referencias 17,18 y 23.

Funcionales doble hibridos

Los funcionales doble hibridos (@ouble Hybrids DH) son aquellos que
combinan la aproximacidn GGA para los términosdercambio y correlacion
con un porcentaje HF y una parte de correlaciotugmativa de segundo orden

(MP2), respectivamenté&?*
ECY = AESF +(1- A)E, [n]+(1- D)E,[n] + DEX™2 (3.37)

dondeA y D son los porcentajes de las contribuciones HF o BIR® energias de
intercambio y correlacién, respectivamente. En eggaresion los primeros tres

términos son calculados mediante un calculo de U€Scansistente convencional,
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y el dltimo término perturbativo evaluado mediartes términos orbitales
previamente calculados es afadidpasteriori Para el caso del funcional B2-
PLYP 2® empleariamos los funcionales de intercambio yetacion de Becke (B)
y Lee-Yang-Parr (LYP}° respectivamente, y los parametros empiricosAde
0.53 (53%) yD = 0.27 (27%).

Funcionales corregidos de largo rango
Los funcionales corregidos de largo rango (o LGng Range Corrected

functionalg®*

emplean densidades de intercambio HF basadas afistancias
interelectronicas a través del operador de repulstiectrénica 1, en las

componentes de largo y corto rango (LR y SR)\#&tae la expresion:

1 _1-erf(ar,)  erf(ar,)
r.12 r.12 r.12

(3.38)

erf es la funcién de error estandas; es la distancia interelectronica entre los
electrones de coordenadas/ r,, y w s un parametro que controla el valor de la
separacion. El primer término da informacion sdaseinteracciones SR y esta
regido por las funciones de intercambio GGA, m&ntue el segundo término da
cuenta de las interacciones LR y esta definidola®rfunciones de intercambio

HF. La expresion (3.34) puede expresarse de laaform
Eie = Exc (@) +ESS (3.39)

dondeExc(w) es el funcional de la densidad dependiente,del cual se justifica
por la introduccién de una interaccion electrércien con la forma[l-

el’f(a) r 12)]/|’ 12

Los funcionales hibridos LC emplean una correccael 100% de
contribucion HF a la energia de intercambio eraldepLR Ex-F" y el funcional

de intercambio GGA en la parte complementaria BR®) para el operador de
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repulsion interelectronica, mientras que para ekaqor de atraccion de Coulomb
emplean un funcional de correlacion GE&{®". Todo ello nos permite conocer

de forma aproximada la energia de correlaciondatebio para un funcional LC:
E)Izg - E)IZR_HF + EiR—GGA + ESGA (340)

Para desarrollar funcionales LC efectivos se ntxedesarrollar un
funcional GGA exacto para el factBg>*°*} conseguir una adecuada separacion

de los componentes SR/LR, y obtener una nuevadorg particion LR Optima.

En este trabajo se ha empleado el funcional CAMM3E* donde el prefijo
CAM indica método de atenuacion culombicaGoulomb Attenuation Methyd

Para dicho funcional la ecuacion (3.38) podrigileisse como:

i - 1- [0’ + perf (“'12)] + a + perf (C‘?r12)

(3.41)

I’12 I’12 r12

Los parametros y # permiten incorporar la contribucién de intercambi
HF sobre todo el rango de y del intercambio DFT sobre el rangodl- /),
respectivamente. La aportacion de los parametyp$ permite determinar como
de importante es la aportacion de la contribuciérintercambio de HF y DFT en

las regiones LR y SR.

3.4.2. Teoria del funcional de la densidad dependie del tiempo:
Célculo delbandgap 6ptico
En este trabajo se ha empleado la teoria TD-Dihe Dependent Density
Functional Theorypara el calculo dédandgapdptico. Elbandgapoptico controla
la naturaleza de la sefial electroluminiscente endlodos emisores de luz y la
eficiencia de la absorcion de luz en las céluldares®® Experimentalmente el
bandgapoptico se define como la transicion (o excitacida)menor energia desde

el estado fundamental al primer estado excitadmigido, lo cual implica que el
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estado de menor energia solo puede ser descritonpestado singlete, en el cual
un electrén va desde el HOMO al LUM®® La aproximacién TD-DFT s6lo
considera propiedades del estado fundamental,os lds orbitales Kohn-Sham y
sus correspondientes energias obtenidas en uracékluestado fundamental. Por
tanto, las energias de excitacibon HOMOLUMO estaran expresadas en términos

del estado fundamentaf®2®

La teoria TD-DFT**® amplia la idea basica de la teoria del estado
fundamental de la teoria DFT para el tratamientprdeesos de excitacion y, en
general, fendbmenos dependientes del tiempo. L&atd®-DFT fue desarrollada
en 1984 por Runge y GrosActualmente, la metodologia TD-DFT es la mas

empleada para el calculo de espectros electrorficds.

La interaccion de una molécula con la luz se puesteidiar como la
interaccion con un campo eléctrico que varia cotieshpo. De modo que el
sistema, inicialmente en su estado fundamentakoseete a una perturbacion
dependiente del tiempo que modifica su potenciaérar. La polarizabilidad
dindmicaa(w) describe la respuesta del momento dipolar a urmpaastéctrico

dependiente del tiempo:
a (w) - E fl 4
I C(J|2 -’ (3.42)

El sumatorio se extiende a todos los estados esitf), w, representa la energia
de excitacionE-E, y f| es la fuerza del oscilador. Por lo tanto, conatieta
polarizabilidad a partir de las respuestas de lasidad de carga calculada

empleando TD-DFT, se puede obtener el espectraaitaeon electronica.

Procediendo de forma andloga a la teoria DFT, sead&a ecuacion de
Kohn-Sham dependiente del tiempo, en la que laidizehsle carga dependiente del
tiempo viene dada por la suma de las densidadéssderbitales. Ahora se debe

recurrir a la aproximacién adiabética para evaklapotencial de correlacion-
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intercambio, la cual consiste en utilizar el mismotencial de correlacion-
intercambio que en la formulacion independiente tiepo, pero evaluado
mediante la densidad de carga a un tiempd igual que en la metodologia DFT,
la precision del calculo dependera del funcional idercambio-correlacion

utilizado.

3.5. Métodos semiempiricos

A diferencia de los métod@d initio, en los que se emplean aproximaciones
matematicas para resolver las ecuaciones, los m&memiempiricos simplifican
el célculo parametrizando algunas ecuaciones a gdartlatos experimentales, los
cuales han sido ajustados para mejorar la calidddsdcalculos? La gran ventaja
de estos métodos es su bajo coste computacionalp gpe son especialmente
aplicables a sistemas de gran complejidad. Sin eyabase encuentran muy
limitados por la precision de los datos experinmestdor ello, en muchos casos se
suelen usar como una primera aproximacion anteabdedar un calculo mas

preciso.

En estos métodos se simplifican las integrales Idut@nicas del
Hamiltoniano, lo cual reduce considerablementeosteccomputacional. Existen
tres grandes grupos de métodos semiempiricos ficdakis en funcién de la
aproximacion que empleen.

1) Eliminacion de los electrones dmre en el calculo. Los electrones del
core no afectan a la actividad quimica. Normalmentaleleo con los electrones
del core es reemplazado por una funcion paramegriz&sto provoca una
disminucion considerable en el coste computacional.

2) Usar el minimo namero de bases. En esta aproidmaolo se introduce
el nimero minimo de funciones de base para dest#electrones. Esta técnica

también conlleva una disminucion considerable exose computacional.
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3) Reduccion del nimero de integrales bi-electami&stas aproximaciones
se introducen en base a observaciones experimentale métodos semiempiricos
mas empleados se basan en la aproximacién deredespmodificado del
solapamiento orbitalnfodified neglect of differential overladNDQO). En este
método, los parametros se asignan para diferenpes tde atomos. La
parametrizacion se hizo por separado para distritees de compuestos como
hidrocarburos, sistemas con grupos aldehidos,Lets. parametros se ajustaron
para reproducir propiedades como calores de fodmaagnomentos dipolares,
variables geométricas y energias de ionizacidén.Veasiones mas conocidas de
esta aproximacion son aquellas conocidas como AMIst{n Model 1) y PM3
(Parametric Method 3). Otros métodos para reducitienero de integrales bi-
electrénicas serian aquellos que hacen uso dglasimaciones del solapamiento
orbital cero gero differential overlapZDO), en los que se desprecian las funciones
de base que dependen de las mismas coordenadasnitas, o se recurre al
desprecio completo del solapamiento orbitebniplet neglect of differential
overlpap CNDO), el cual omite todas la integrales que iogpl diferentes
orbitales atomicos, con lo que la matriz de solapata se transforma en la matriz
identidad.

Los métodos AM1 y PM3 son métodos basados en taimpacion MNDO,
pero que emplean una expresion modificada par tietepulsion ndcleo-ndcleo.
El método AM1 principalmente esta parametrizadapar pequefio nimero de
datos atdmicos, mientras que el método PM3 estaradrizado para reproducir un
gran numero de propiedades moleculares. Aunque RI3desarrollado, entre
otros, para proporcionar una mejor descripciénageiriteracciones no covalentes
(como fuerzas de van de Waals, o interaccionesHijfrente a AM1, ambos
métodos fallan en la descripcion de dichas intévaes. Mas recientemente se ha
desarrollado el método PM6 (Parametric Method 6 tane en cuenta las
interacciones di-atébmicas core-core. Esas modifices han permitido la

parametrizacion de 80 elementos y también la rédocdel error para los
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principales grupos de elementos en la descripcgtasl citadas interacciones no

covalenteg®4°

3.6. Calculos periédicos

Una forma de acercarse al estudio de los semictomsc organicost-
conjugados y, en general a sistemas solidos, emntedos calculos periodicds??
los cuales pueden realizarse en una o en variandiones del espacio. Un cristal
perfecto se encuentra formado por la repeticionudiglades iguales (celdilla
unidad) de una forma periédica (de acuerdo a lostoxes de simetria
traslacionales), sin que cada una de estas unigdagdettivas solapen y sin que
existan huecos entre ellas. Por tanto, la estraatarun cristal se caracteriza por
sus vectores de red, a, y az y los angulos entre ellos. Existen 14 tipos ddiltal
unidad conocidas con el nombre de redes de Braslai®njunto de los elementos
de simetria en un cristal se conoce como grupocegp&n definitiva podemos
estudiar la estructura cristalina introduciendodiciones periddicas de contorno
que hacen que la estructura minima (celda unis@dgpita periodicamente a lo
largo de una o varias dimensiones teniendo en @&uest parametros de la red
cristalina. Por ello, para obtener informacién eaedel movimiento de los
electrones en un sdlido periédico debemos resddvexcuacion de Schrondinger

para un potencial periédico.
3.6.1. El potencial periodico y el espacio reciproc

La periodicidad de un cristal puede definirse aésade la traslacion de sus

vectores de red:

T=na +na, +Nna, (3.43)
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dondeny;, n; y Nz son ndmeros enteros g, & Yy az son los tres vectores no
coplanares que describen la celdilla unidad. Una definida la condicion de

periodicidad, podemos definir el potencM(r), el cual debe ser periddico:

V(r+T)=V(r) (3.44)

La naturaleza periddica d&r) implica que este potencial pueda expresarse

como una serie de Fourier:

V(r) =YV, exp(Gr) (3.45)

dondeG es un conjunto de vectoresVy son los coeficientes de Fourier.

Para describir la estructura electrénica de uniatrge usa lo que se conoce
como red reciproca, que es la inversa de la red kea vectores de la red

reciproca, por ejemplo paaa vendrian descritos por:

— 211(a,a,)

Ai ai(az as)

(3.46)

Los vectores reciprocds, A, y A; presentan la misma direccion que los vectores
a;, & Y & Y tienen una longitud ded,/ 1/a, y 1/a;. De forma similar al espacio
real, la red reciproca puede ser construida arp#eticeldillas unidad, llamadas
celdillas de Wigner-Sieitz. La celdilla de Wigneei& de una red reciproca es lo
gue se conoce como primera zona de Brillouin (panBZ ofirst Brillouin Zong.

Los vectores de la red reciproca conectan los pwdaivalentes entre el espacio

real y el espacio reciproco (o espdgio

G=mA +mA, +mA (3.47)

En esta expresiony, m, y m; son nimero enteros.
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El empleo de la red reciproca tiene varias consetae sobre el movimiento
electrénico. En lugar de tratar con una sola réfade dispersion de los electrones,
debe haber un namero infinito de relaciones eqeintak de dispersion, de forma
queE(k) = E(k + G) Sin embargo, la periodicidad del espdcimmbién implica

gue toda la informacion estara contenida en lagmdraona de Brillouin.

Previo a la resolucion de la ecuacion de Schrodirege un potencial
periodico, debemos definir un conjunto de funciodlagscuales puedan describir el
movimiento de los electrones en un potencial pa@dEstas funciones deben
reflejar las propiedades de simetria traslaciopdaded. Para hacer esto, usamos
las condiciones periédicas de enlace de Born-vomKa. Para ello partimos de

una onda plana:

¢(r) = exdi(kr - at)] (3.48)

Dicha onda plana estara sujeta a las condicionm&sljEas:
@r+N;a)=dr) (3.49)

Dondej = 1, 2, 3 yN; el nimero de celdillas unidad en la direcgion

3.6.2. Resolucion de la ecuacion de Schrodinger am potencial
periodico: Teorema de Bloch
Para una particula de masala ecuacion de Schrédinger en un potencial
periodicoV(r), el cual estaria definido por las ecuaciones §3y4é3.45), puede

escribirse como:

2m

|:|¢/:{— a0 +V(r)}z//: Ew (3.50)
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Teniendo en cuenta las condiciones periddicas dm-BBm Karman, la

funcion de onda¥ puede escribirse como una suma de ondas planas:

w(r) =Y. C, exdikr) (3.51)

Si consideramos las ecuaciones (3.45), (3.50)51&btendremos que:

> Ak C, expgkr) + {ZVG exp(Gr)HZ C, exp(kr)} =E) C, expkr)

~ 2m

(3.52)
El término de energia potencial puede reescriloiosao:
V(¢ =Y VsC, exi(G +k)r] (3.53)
G,k
Puesto que la suma es sobre tGdpk, podemos escribir que:
V(r)y = > V,C,_c explikr) (3.54)
G,k

por lo que la ecuacién (3.52) quedaria:

Zexp@kr){(ﬁzkz - E]Ck + ZVGCK_G} =0 (3.55)
k G

2m

Puesto que las ondas planas de Born-von Karmauorsoonjunto ortogonal

de funciones, los coeficientes en cada términ@adema deben desaparecer:

h2K?
( om chk +> VsC,s =0 (3.56)
G
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Es conveniente tratar solo con las soluciones &Y |gor eso escribiremos

k = (g — G’), dondeg esta en la primera BZ@’ es un vector reciproco:

2(y _ ~1)2

(F’(O'G) - chq_G. +>VeC, o =0 (3.57)
2m S

Los coeficientes de esta ecuacion son muy imp@santa que especifican los

coeficiente<C,que deben usarse para construir la funcion erulacam (3.51).

La ecuacion (3.57), solo considera aquellos camfteis para los cualés=
(g — G).Por lo tanto para cada valor gehay una funcion de ond&g(r) que toma

la forma:
@, =Y C . exdi(q-6)r] (3.58)
G
Esta ecuacion puede ser reescrita como:

Y,r)= exdiqr)z Cic exr(— iGr) =exp(qr)u, ; (3.59)

es decir, como el producto de una onda plana coveator dentro de la BZ por

una funcioru;q con la periodicidad de la red.

Esto nos conduce al Teorema de Bloch, segun &l“duss soluciones a la
ecuacion de Schrodinger en un potencial periodasrian aquellas funciones de
ondas dadas por una onda plana con la misma pegiddd del sistemaHay que
tener en cuenta que el teorema de Bloch es ami@blalquier particula que se
propague dentro de la red, y que no tiene en cuantaagnitud del potencial

periédico.
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3.6.3. Estructura de bandas
Reordenando las ecuaciones anteriores, la ecupaiarun funcién de Bloch

puede reescribirse conib?
W, (r+T) =exdikT)y, (r) (3.60)

siendok el vector del espacio reciproco. Segun la aprosibna“Tight binding,

los orbitales, muy similares a los niveles atomiposirian ser usados para estudiar
la funcion de ondas del cristal. Dentro de estaxapracion el potencial periddico
es elevado e impide que los electrones se deslenadi lo largo de todo el cristal,
por lo que la mayor parte del tiempo se encuetigados a los nucleos ionicos, lo
cual seria coherente con el mecanismohdpping Si denominamog, a los
orbitales de una red monodimensional, siend® orbital que se encuentra en la

posiciénnT, la funcidén de ondas que satisface el teorema dehBjuedaria:

W, = explkT)x, (3.61)

El siguiente paso seria evaluar como varia la imdie ondas del sistema
con el vector del espacio reciprokoEl primer punto a considerar sekia= 0
(centro de la primera BZ), donde todos los térmisms igual a 1, por lo que la

funcién de ondas se expresaria como una combinke&al de orbitales atomicos:

Weeo =D X S Xo T XoH Xo e (3.62)

El siguiente punto a tener en cuenta es cuéirela/a (eje de la primera BZ).
Recordemos que un término exponeneigb(ix) puede escribirse conms(x) +
isen(x) Sik = z/a, el término seno sera igual a 0, quedando solddoainos

cosn), los cuales generalmente suele expresarse ¢dfioPor tanto quedaria:
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Wierra = 2 D" X0 = Xo = X+ X2~ (3.63)

La representacion gréfica de la energia frerkes@ conoce como estructura
de bandas. La anchura de banda es define coméelardiia de energia entre el
minimo y el maximo de la banda. Una forma muy condénrepresentar la
estructura de bandas es mediante la evolucién dmdegia como funcién del
vectork a lo largo de las direcciones de alta simetridaeprimera BZ. En un
principio el célculo necesitaria ser llevado a cphm todos los vectorésen la
primera BZ. En la préactica solo se recoge una panereta de la primera BZ (ver
Figura 3.1). Existen varios esquemas para la délece los vectorek. En el
caso de polimeros organicasconjugados, las direcciones de interés de alta
simetria serian aquellas que coinciden con la diaes delbackbonedel
polimero y la direccién del apilamiento Existen diversas metodologias para el
célculo de la estructura electrénica, como por pjeral métodos del muestreakio
(k-sampling o el método de Mohkhorst y Pack.
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Figura 3.1. Representacion de la evolucién de la energiadr@niectoik.
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A partir de la estructura de bandas se puede exrae informacion acerca
de la estructura electronica de nuestro sistema, efgmplo, masa efectiva,

densidad de estados o poblaciones de solapamisyital.o

Masa efectiva

El concepto de masa efectiva surge de la idea deuquelectron en un
cristal puede considerarse como una particula [der® con una masa efectiva,
M, que da cuenta del efecto del potencial periédi@e. acuerdo con las
ecuaciones (2.1) y (2.2), la masa efectiva se aamnhsiderar como un indicador
de la contribucion de la conduccién gaopping Asi, grandes masas efectivas
indicarian elevadas contribuciones de una condnai#bacuerdo a un mecanismo
de hopping Por el contrario, pequefias masas efectivas indicee el electrén
puede deslocalizarse facilmente a lo largo detatri® que daria lugar a mayores
contribuciones del mecanismo en régimen de baritagiefinitiva, nos da una
idea de como se desvia electron del modelo detrétetibre. La inversa de la

masa efectiva se define en una sola direccién como:

1 _1d°E(k)
m, #h° dk

(3.64)

Como podemos ver, la masa efectiva indica coma\aréenergid&(k) a lo largo
del vectork. La masa efectiva se calcula en la parte supéniarior) de la banda

de valencia (conduccion) para los conductoresgiigpo n).

Densidad de estados

La densidad de estados (DQ%nsity of Statgsse define como el nUmero
de niveles de energia en un determinado intenalengrgia dividido por el valor
de dicho intervalo, aunque lo que comunmente serdiera densidad de estados es
la representacién del numero de estados con wntiedo valor de energia
frente a la energia. La densidad de estados nnifesme a lo largo de todo el eje

de la energia, debido a que los niveles de enamiacumulan mas en unos
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determinados valores de energia que en otros. # darla densidad de estados
por &tomos, podemos ver qué atomos intervienenaefioimacion de una

determinada banda.

También existe la densidad de estados parcial (PP@&ial Density of
State$, a partir de la cual podemos obtener la contiucle cada uno de los

orbitales a cada uno de los diferentes estados.

Poblaciones de solapamiento cristal orbital

Las poblaciones de solapamiento orbital (COGB;stal Orbital Overlap
Populationd pueden considerarse como un indicador del orderemace en
sélidos?** La representacion gréafica de las COOP es similar@0S, ya que se
genera al multiplicar la densidad de estados moptiblaciones de solapamiento,

adoptando valores positivos/negativos para logalesi enlazantes/antienlazantes.

3.7. Detalles computacionales

Aungue en cada uno de los trabajos propuestospeeifisan los detalles
computacionales seleccionados en cada estudioatonandicaremos que de entre
todas las aproximaciones anteriormente desarrallagancipalmente se han
utilizado célculos DFT. En algunos casos puntuéesiculos | y 1ll) se han
utilizado célculos MP2 para optimizaciones de gdda® En todos los casos las
propiedades de transporte de carga han sido eeal@adivel DFT. Respecto a los
célculos periddicos, éstos se han utilizado, o hiara optimizar cadenas de
polimero ideal de longitud infinita a lo largo da direccién delbackbone
(Articulos 11l y IV), o bien para optimizar estruchs cristalinas (Articulos Il 'y V).
Finalmente, los calculos semiempiricos (método P3é6ymplearon para optimizar

apilamientos de sistemas discéticos (Articulo VI).

En el articulo 1l se hizo un andlisis detalladol@estructura electronica de

bandas (anchura de bandas, densidad de estadass efastivas, etc.). En este
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caso las densidades de estado parciales fueromiddte por el programa

desarrollado por A. Postnikd?.

Las interacciones intramoleculares (Articulo 1) ystuglio de la

deslocalizacion electronica (Articulo 1l 'y IV) haido estudiados en el contexto de
las teorias NBO y/o AIM:

NBO (o Natural Bond Orbita)."”*® Este método emplea matrices de
densidad monoelectronica para definir la formaatedrbitales atomicos
dentro de la molécula y calcula la densidad elaatedde los distintos
enlaces. En este esquema tedrico, la funcién desomdectronica se
interpreta como un conjunto de orbitales tipo Lewagsipados, apareados
con un conjunto de orbitales tipo no-Lewis formaihte desocupados. Las
interacciones electronicas dentro de esos orbjitissdesviaciones de la
estructura electronica de Lewis y los efectos daodalizacion pueden
interpretarse como transferencia de carga entreoilbfales de Lewis
llenos (donores) y los teéricamente vacios (acep}or
Teoria AIM (oAtoms in Moleculds’ ™' Consiste en el anélisis topoldgico
de la densidad electrénigar). EI método AIM persigue la localizacién de
los llamados puntos criticos de densidad electadas cuales satisfacen
qued p(r) = 0, y que dependen del valor y signo de la Lagted]® p(r).
Dichos puntos criticos se clasifican de acuerdosaalutovalores de su
matriz hessiana:

* (3,-3): Nos dan las posiciones atémicas, NCRNgalear Critical

Paint).

* (3,-1): Puntos criticos de enlace, BCHB@nd Critical Poin}.

 (3,+1): Puntos criticos de anillo, RCPRng Critical Poin}.

* (3,+3): Puntos criticos de carga, CCRC@ge Critical Poin}.

En la nomenclatura de los puntos criticos, el haterencia al numero de

curvaturas de(r), y el segundo término esta relacionado con la salgebraica

de los signos de las curvaturas. Por ejemplo, u Bé&hdria dos curvaturas
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negativas y una positiva. Ambas aproximacioneslesearon a cabo usando el
c6digo NBO 5.8% y el programa AIM200&

En los articulos Il, IV y V hemos estimado algumaspiedades como el
bandgapdptico, energia de reorganizacion intramolecylatencial de ionizacion,
afinidad electrénica y/o energia de los orbitalée3MD y LUMO mediante la
aproximacion oligoméric®. Esta aproximacion consiste en determinar c6mo
evoluciona la propiedad de interés en funcion derigitud de la cadena para una
serie de oligdbmeros hasta alcanzar la convergafeiasas propiedades. Existen
varios métodos de ajuste matemético. El primerellde es un ajuste lineal, el cual
ha sido muy empleado para calculabahdgap En este caso se realiza un ajuste
lineal del valor delbandgap frente a 1/n (siendo n el ndmero de unidades
repetitivas). De esta forma, el valor de la ordenal el origen se corresponde con
el valor delbandgapdel polimero limite para-r«.** Sin embargo, a medida que
aumenta el nimero de unidades repetitivas, la @dayli tiende a saturarse, por lo
gue el ajuste pierde la linealidad, de tal forma& dps valores estimados son
menores que los determinados experimentalmenta. dptoximacion consiste en
extrapolar las propiedades ajustdndolas mediardesanacion empirica, como la

empleada por Meief:
nE E. + (E1 - E,) exp[-a(n-1)] (3.65)

E:;, E,y E, son la propiedad para el monémero, el oligobmertodgitud n y para
el polimero infinito respectivamente,ayes un parametro que describe como de

rapido se satura la propiedad medida con la lodgiula cadena.

En el articulo Il se empled la aproximacion de Upesceldd® para la
optimizacion y el célculo de energias de oligomeateglistinta longitud mediante
el programa SIESTA.Dicha aproximacién nos permite el uso del teoretea
Bloch para sistemas no periddicos. Dentro de gwtaxemacion, la molécula de

estudio se coloca dentro de una celda unidad loisofemente grande para que no
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haya interacciones entre las moléculas de difesergdas, asi se optimizaria la

molécula de forma aislada.

En los casos donde ha sido evaluada la integralatisferencia de carga,
ésta se ha calculado mediante el métgplitting, excepto en el articulo VI donde

se ha obtenido usandth& projective methddnediante el codigd-from-g033"*®

3.7.1. Programas empleados
Ademas de los programas y/codigos anteriormentecioeedos para
calcular propiedades concretas (codigo NBO, AlM2068digo J-from-g03 se

emplearon los siguientes programas de calculo:

Gaussian
Gaussian consiste en un conjunto de rutinas queitgerealizar una amplia

variedad de calculos. Incluye todos los métaalmsnitio mas comunes y diversos
funcionales DFT, ademas de una amplia gama de o®te@miempiricos.
Gaussian no solo permite calculos de energias males y estructuras
fundamentales, sino que ademas se pueden calkenlee,otras:

a) Energias y estructuras de equilibrio de estaddsagsicion, intermedios,

especies cargas Yy neutras, estados fundamentae#tados.

b) Cualquier tipo de configuracién electronica.

¢) Funciones de ondas del sistema.

d) Frecuencias vibracionales, espectros IR, Ramanyid\{- RMN.

e) Energia de ionizacién, afinidades electrdnicas.

f) Etc.

En este trabajo, se emplearon las versiones GaWd3iay Gaussian 08 A
continuacion se muestra un diagrama de flujo gqueesenta la secuencia de

ejecucion del programa Gaussian para la optiminag#la geometria molecular:

92



Caubd I1I: Métodos tedricos

’ Especificacion de la geometria molecqlar

l

’ Célculo de la informacién de Simetri#

|

’ Asignacion de las funciones de bas#

}

’ Célculo de integrales ‘

l

’ Estimacion inicial (ocupaciones) ‘

]

4{ Solucién de las ecuaciones SCF

Calculo del Gradiente ’ Calculo de integrales*
de Energia 1

Variacion de la

geometria molecular

¢ Estructura optimizada ?

Analisis de poblaciones, cargas, etc‘

Estructura optimizada
Fin

Figura 3.2. Secuencia de ejecucion del programa Gaussiarigpapdimizacion de la geometria
molecular.

SIESTA

SIESTA' (Spanish Initiative for Electronic Simulations witfhousand o
Atomg es un paquete que ejecuta célculos de estruglecaonica y simulaciones
de dinamica molecular mediante la Teoria del Furadide la Densidad, usando la
aproximacion de la densidad local (LDA) o aproxiibac del gradiente
generalizado (GGA). Este programa utiliza la apr@dion de los
pseudopotenciales conservativos de la norma tipoulliler y Martins. La
aproximacion del pseudopotencial se basa en supomegelados” los electrones
internos ¢ore) de los atomos de nuestro sistema. La principalaj@ del uso de
pseudopotenciales es que no hay necesidad de arateplicitamente todos los
electrones de nuestro sistema, sino solamente mernolreducido de electrones de
valencia, con lo cual hay que considerar un numeeaor de orbitales y, por lo
tanto, se reduce el coste computacional. En lar&igLB se muestra el diagrama de
flujo de SIESTA.
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Construccion de V dados los niimeros
atémicos y la posicion de los atomos

l

‘ Fijacion del valor de Cutoff‘

|

Densidad iniciap
Célculo dep

Construccion del
Hamiltoniano de Kohn-Shan

l

Soluciones de la
ecuacion de autovalores

J

¢Es la funcién de onda del
sistema autoconsistente? p, | No

Uso de la antigua funcién
p como “guess” inicial

]

Célculo de la energia
total y de las fuerzas

Movimiento de
los &tomos

Figura 3.3 Secuencia de ejecucion del programa SIESTA pavptlenizacion de sistemas periédicos

Una de las caracteristicas que lo diferencia dgbrée programas de célculo
periodico es el empleo de una combinacion linealrbéales atbmicos numeéricos
(CLOA) como bases, ya que la mayoria de los progsagmpleados para realizar

célculos periddicos en fase condensada usan otatessp

Una de las principales ventajas, es que este pnagescala la dificultad del
célculo con el numero de 4&tomos de una manera iapgdamente lineal, se dice
que es de orden N, mientras que otros programasaascon N o N'. Esta
caracteristica, junto con que puede ser paral@izaermite una disminucién

considerable del coste computacional.
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CAPITULO IV: RESULTADOS

*“Si no puedes explicar a todo el mundo lo que has hecho, tu trabajo ha
sido en vano”

Erwin Schrédinger






Capitulo IV: Resultados

BLOQUE I: Derivados del Politiofeno

Este primer bloque consta de dos articulos dedicados al estudio de derivados
del politiofeno, concretamente derivados con cadenas alquilicas y alcoxilicas y sus
propiedades relacionadas con el transporte de carga como semiconductores tipo p.
En el primero de ellos (G. Garcia, et al. Aust. J. Chem., 2010, 63, 1297), se ha
seleccionado el 2,2’-bitiofeno y sus derivados en las posiciones 3 y 4’ con cadenas
alquilicas (-(CH;),CHs, n= 0-5) y alcoxilicas (-O(CH,),CH3, n= 0-5) como una
primera aproximacion al estudio de estos sistemas. Ello nos ha permitido analizar
el efecto de la longitud de las cadenas laterales sobre propiedades tales como la
planaridad, deslocalizacon electrénica, energia de reorganizacion, etc., todas ellas

relacionadas con las propiedades de transporte de carga.

A continuacién (G. Garcia, et al., Phys. Chem. Chem. Phys., 2011, 13,
10091), se abordo el estudio de las propiedades estructurales, electronicas y de
transporte de carga de estos derivados del politiofeno, haciendo uso de calculos
periodicos. En este trabajo se estudia la estructura electronica en base a
propiedades como diagramas de bandas, DOS y COOP. Este trabajo fue posible
gracias a una estancia en el grupo de investigacion del Prof. Alfonso Hernandez-
Laguna, del Instituto Andaluz de Ciencias de la Tierra, CSIC-Universidad de

Granada.

(&3]

DOS / states eV cell”!

N
|
P—

4 -2 0 2 4
Energy / eV

Figura 3.1: Densidades de estado totales (—) y parciales (orbital p) para los atomos de carbono del
backbone (-----), azufre (——) y oxigeno (——) para el P3OHT.
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In the present work, we have studied from a theoretical perspective the geometry and electronic properties of 2,2'-
bithiophene (BT} and its derivatives 3,4'-alkyl-2,2'-bithiophene (3,4’ABT) and 3,4’-alkoxy-2,2'-bithiophene (3,4'CABT).
Properties such as planarity, bond lengths, electron density, highest occupied molecular orbital — lowest unoccupied
molecular orbital (HOMO — LUMO) excitation energy and w-delocalization energy, which are related to the electrical
conductivity, were calculated and analyzed as a function of both the nature and length of the substituent. The oxidation
process was also studied for the single-polaronic state. The ionization potential and the intramolecular reorganization
energy were calculated following the semiclassical Marcus treatment. As a conclusion, the introduction of alkoxy chains
in 3,4'-positions improves the electrical properties with respect to the bithiophene molecule and the corresponding alkyl

derivatives.
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Introduction

Polythiophenes belong to one of the most versatile and studied
families of conjugated materials. These compounds often offer
great possibilities to easily fine-tune their properties by changing
substituents, molecular weight distribution, regioregularity and
doping. A fairly large-scale and simple handling together with
low-cost deposition from solution make conjugated polymers a
good choice for manufacturing a variety of electroactive devices
such as field-effect transistorsl’] light-emitting diodes®3! and
solar cells.[+*] The molecular origin of the electrical and optical
properties exhibited by polythiophenes and other polyconjugated
materials can be explained on the basis of delocalization of m-
electrons along the chain backbone. This delocalization depends
on the overlap between the p, orbitals of the carbon atoms in
positions 2 and 2’ of adjacent thiophene rings (see Fig. 1) and
is therefore governed by the internal rotation around each of the

equivalent Co,—C, inter-ring bonds. Thus, the degree of planarity
is closely related to the effective conjugation, and hence the
backbone conformation is in part responsible for the electrical
properties of thiophene polymers.[]

The major development of polythiophenes is based on the
processability achieved with the incorporation of substituents at
position 3 (positions 3,4’ for bithiophene, see Fig. 1). Further-
more, it has been established that the incorporation of pendant
substituents with appropriate structural and electronic proper-
ties in the respective thiophene monomers allows easy tuning of
the mechanical and optoelectronic properties of the polymer.[”]
Thus, the incorporation of electron-donating alkyl groups as sub-
stituents in the repeat unit allows one to obtain high solubility,
good electrical and optical properties and a reduced bandgap
as well as lower redox potentials compared to unsubstituted
polythiophenes.[3-1% Other interesting substituents are alkoxy

a H 1 \ R,
2 U\ . A5 ) 7
RCEEN /°‘~\$/ BT R=H
‘ ,\/ < 34°ABT R = alkyl chains (CHa3CH; (0 = 0-5)
| N\ s
//4 “\E\// o °\ 34TABT: R = akoyl chaing ({CH,),,CH, (1 = 0-5)
H A Hg:

Fig. L
3-alkoxylbithiophene (3,4'OABT).

© CSIRO 2010

Molecular plot and atom numbering of 2,2'-bithiophene (BT), 3-alkylbithiophene (3,4’ABT)

10.1071/CH10050 0004-9425/10/081297
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chains, which display the advantage of easier dopability (and
consequently a higher stability of the conducting state) due to
the electron-releasing capacity of the alkoxy group.l':1%]

These materials belong to the so-called p-type conductors,[]
for which the hole-hopping process is generally described as
a self-exchange electron-transfer reaction between neighbour-
ing molecules within the framework of Marcus theory. One of
the key parameters in this process is the reorganization energy
(1) induced by the electron transfer,I*+15] which is due to the
geometric relaxation accompanying the charge transfer. The
intramolecular reorganization energy A; arises from the change
in equilibrium geometry of both the electron (or hole) donor site
(*1) and the electron (or hole) acceptor site (i) and should be
low in order to get a high electron (or hole) transfer rate. The
characterization of the reorganization energy could help us to
understand the effect of side chains on the hole-transfer rate in
substituted thiophenes.

Here, we have focussed our attention on two families of 2,2/~
bithiophene (BT) derivatives, namely alkyl (ABT) and alkoxy
(OABT) bithiophene, substituted at positions 3 and 4’ (see
Fig. 1), A being (CH,),CH3z with #=0-5, as an approach to
address the effects of side chains on the electronic features
of thiophene derivatives. We have chosen these two families
of compounds because their polymerization yields head-to-tail
polythiopherne derivatives, which have already shown improved
electronic properties.l!®] The aim of the present work is the the-
oretical analysis of the effects that different pendant substituents
have on structural properties such as planarity, which is tightly
related to aromaticity and m-delocalization, and on electrical
features such as HOMO — LUMO (highest occupied molecu-
lar orbital — lowest unoccupied molecular orbital) excitation
energy, lonization potential and reorganization energy. More-
over, the dependence of the inter-ring distance, the internal
charge transfers and the electronic density between rings with
respect to rotation around the Cp—Cyr bond were investigated in
order to analyze the effect of planarity on ¢lectrical properties.

Theoretical Calculations

Gaussian03 Revision E.0I07 was used to carry out the ab inifio
and density functional theory (DFT) calculations. In the case of
BT, the 6-31G* basis setl!] was tested together with different
ab initio and DFT methods to study the torsional barrier around
the Cp—Cy» bond defined through the C3—Cy—Cp—Cg/(7) dihedral
angle (see Fig. 1). The methods tested to optimize the molecu-
lar geometry of BT were MP21'°] and the hybrid functionals
B3LYRRY2 mPW1PW9 1,22 M05-2X,2% PBEOPY in com-
bination with 6-31G*, 6-31 4 G*, 6-311G** and 6311 + G**
basis sets. In the case of alkyl and alkoxy derivatives, the molec-
ular geometry was only optimized at the B3LYP level with
6-31G* and 6-31 + G* basis sets. The variation of the internal
charge transfers and electron density between rings as a function
of the inter-ring dihedral angle r was investigated in order to ana-
lyze the effect of planarity on the electronic properties by means
of the Natural Bond Orbital (NBO) approach using the NBO
5.0 code,l?*] and the theory of Atoms in Molecules (AIM)[26]
using the AIM2000 packagel?™! respectively. HOMO — LUMO
energy gaps were calculated by application of a time-dependent
DFT (TD-DFT) scheme with different hybrid functionals, i.e.
TD-B3LYP, TD-PBEO and TD-M05-2X on the correspond-
ing geometry optimized at the same level of theory. A split
valence basis with one set of diffuse sp-functions on heavy atoms
(denoted 631 4 G*) was employed in order to obtain a more
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precise calculation of the energy-related properties such as jon-
ization potential and intramolecular reorganization energy on
the geometry of the neutral and cationic species.?S]

Results and Discussions
Molecular Geometry and Torsional Barrier of BT

Samdal et al. proved by means of gas-phase electron diffrac-
tion (ED)P9] that BT appears as two non-planar conformations,
namely S-cis-gauche and S-frans-gauche (henceforth cis and
trans conformations respectively), with torsional angles 7 in the
vicinity of 36° and 149° respectively. The crystal structure at
low temperature was determined by Pelletier et al.?% conclud-
ing that bithiophene is a planar, centrosymmetric molecule with
sulfur atoms in £rans positions with respect to each other.

Table 1 shows a set of selected geometrical parameters for the
frans conformation optimized at B3LYP, M05-2X and PBEO
levels with the 6-31G* and 6314 G* basis sets along with
the experimental values from EDPY and X-ray®®”) for com-
parative purposes (more information is shown in Table 18,
Accessory Publication). We have focussed our attention on the
frans conformer because this is the only one that is found in
polythiophenes.3! The geometrical parameters for the cis con-
former optimized at the selected methods and basis sets appear
in Table 25. The calculated Cp—Cy: distance for the frans con-
formation ranges between 1.448 and 1.456 A, which is near the
ED (1.456 A) and X-ray (1.448 A) values. For both conformers,
this distance is shorter than a typical C—C single bond (1.54 A),
and larger than a typical C=C double bond (1.33 A),*?] which
indicates some double-bond character. This distance is some-
what shorter for the frams conformer, pointing out to a greater
m-delocalization between thiophene rings. These results agree
with other theoretical results reported in literature for BT at
B3LYP/6-31G* and MP2/6-31G* levels,[?>3%] and they are sup-
ported by the vibrational analysis of the inter-ring stretching
mode. In this respect, Zhang et al. measured a Raman band at
1554.4 em ™ that they called ‘effective conjugation coordinate
mode’, which mainly implies C3—Cy- stretching ¥ Typical C-C
single bond and C=C double bond stretching vibrations appear
at ~1200-1300 and 1400-1600 em ! respectively.[*] Thus, the
lower frequency shown by the cis conformer for the effec-
tive conjugation coordinate mode agrees with a lower Cr—Cy
double-bond character (see Table 2 for wavenumbers calculated
atB3LYP/6-31G* and B3LYP/6-31 4 G*levels). Table 3 shows
the rootmean square (RMS) deviation of bond lengths and angles
between experimental, ED and X-ray data and the optimized
structure for the frans conformation of BT. As a result, the low-
est RMS deviations with respect to ED values for bond lengths
are obtained with M05-2X regardless of the basis sets. How-
ever, MP2 in combination with 6-31+ G*, 6-31 +G** and
6-311G ** basis sets yields the bond lengths closest to X-ray
values.

As concerns bond angles, the best performance is obtained
with MP2/6-311G**, whereas M05-2X produces very similar
results with a much lower computational effort irrespective of
the basis set. In general, DFT bond distances and angles turned
out to be less dependent on the nature of the basis set.

As for the inter-ring dihedral angle values, they show a some-
what greater sensitivity to the method and basis sets compared
with bond lengths and angles. This dihedral angle takes on aver-
age values of ~36° and 154° for ¢is and frans conformations
respectively.
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Table 1. Selected geometrical parameters of 2,2’-bithiophene (BT) in frans conformations
B3LYP M05-2X PBEO Experimental
6-31G* 6-31+G* 6-31G* 6-31+G* 6-31G* 6-31+G* ED* X-ray®
Bond length [A]
$,-Cy 1.756 1.755 1.735 1.734 1.738 1.737 1.733 1.713
G-C 1.378 1.380 1370 1372 1375 1377 1.370 1432
G—Cq 1424 1425 1424 1425 1419 1420 1.452 1444
C-Cs 1.367 1.370 1363 1.365 1366 1368 1.363 1.357
G581 1.736 1.735 1.723 1.722 1721 1.720 1719 1.698
C-Cy 1451 1.453 1455 1456 1448 1450 1.456 1.448
C-Hy 1.085 1.085 1.081 1.082 1.085 1.085 - -
Cy-Hy 1.085 1.085 1.080 1.081 1.084 1.085 - -
Cs-Hs 1.082 1.082 1.079 1.079 1.082 1.083 - -
Bond angle [°]
S1-Cp-Cy 110.1 1102 1108 1109 1103 1104 111.8 1125
G-C3-Cy 113.6 113.5 113.0 112.9 1133 1132 111.9 108.0
G-C4—Cs 112.9 112.8 1126 1126 1127 1126 112.3 114.9
Cy—Cs5-8, 111.6 111.6 1117 1117 1116 1116 112.3 112.1
C5-81-Cy 918 919 918 919 92.1 92.1 917 92.5
C—C—Cy 129.1 129.0 128.7 128.6 129.0 128.9 126.3 126.4
C-Ci-Hg 122.7 122.8 1228 1229 1227 1228 - -
G-Cq-Hy 123.7 123.8 123.9 124.0 1239 1240 - -
Cy—Cs—Hg 128.5 1284 128.1 1282 1284 1283 - -
Dihedral angle [*]
81-C-Co—Sy 157.8 155.5 153.5 1513 1564 1542 148.8 180.0
C-Cyp—Cy—Cy 158.5 155.8 1542 1515 1570 1544 - -
He—C3-Cy-Cs —178.6 —178.4 —1784 —178.3 —178.5 —1784 - -
Energy (Hartree) —1104 817 —1104 830 —1104.744 —1104.754 —1104.152 —1104.163 - -

“Electron defraction (ED) geometrical parameters from ref. [29].
BX-ray geometrical parameters from ref. [30]. 1 Hartree =27.2114 eV,

Table2. Calculated wavenumber [em™'] corresponding to the effective
conjugation coordination mode of bithiophene (BT), 3.4’ alkylbithio-
phene (3,4’ABT) and 34’ alkoxybithiophene (3,4'OABT) along with
experimental value [em™!] for BT
n, number of (CHp) units

n 0 1 2 3 4 5
B3LYP/6-31G*

BT 15054/1508"

34’ABTP 1506 1505 1505 1505 1505 1505

34 OABTE 152 1513 1513 1513 1513 1513
B3LYP/6-31 £ G*

BT 14944/1498%

34'ABTP 1498 1496 1496 1496 1496 1496

34 0ABTE 1511 1502 1502 1502 1502 1502
Experimental”

BT® 1554

“Foreis conformer.
B For trans conformer.
CTaken from ref. [34].

The inter-ring torsional barrier of BT was also analyzed in
order to get information about the position of the minima and
their relative energies. Several studies have been performed at
B3LYP, mPWI1PW91, M05-2X, PBEO and MP2 levels of the-
ory using the 6-31G* basis set. All barriers have been calculated
keeping the dihedral angle C3—Cr—Cyp—C3 fixed at different val-
ues of 7 and allowing the other geometrical parameters to relax.
The potential energy curves show the existence of two stable,
non-planar conformations close in energy equivalent to the ED
experimental cis and frans. In Fig. 2 and Table 4, results for the

Table 3. Root mean square deviation for bond lengths [A] and angles
[°] of optimized trans conformation with regard to experimental data

Bond lengths Bond angles
fA] 1
ED X-ray ED X-ray

B3LYP 6-31G* 0.018 0.035 15 29
6-31+G* 0.017 0.034 L5 238

6-31  G** 0.017 0.034 1.5 28

6-311G** 0.017 0.035 L5 28

mPWIPW91 6-31G* 0.015 0.031 1.4 2.7
6-31+G* 0.014 0.030 1.4 2.7

6-31 + G** 0.014 0.030 14 2.7

6-311G** 0.015 0.031 L6 2.8

MO5-2X 6-31G* 0.012 0.031 1.2 2.5
6-314G* 0.012 0.030 11 25

6-31 + G** 0.012 0.030 L1 2.5

6-311G** 0.013 0.031 11 25

PBEO 6-31G* 0.015 0.030 1.4 2.7
6-31+G* 0.014 0.029 1.4 2.7

6-31 + G** 0.014 0.029 1.4 2.7

6-311G** 0.015 0.031 1.4 2.7

MP2 6-31G* 0.025 0.037 1.2 2.5
6-31+G* 0.019 0.027 L1 2.5

6-314 G** 0.019 0.027 11 25

6-311G** 0.019 0.026 1.0 24

ED = electron diffraction.

position of minima, relative energy calculated with respect to the
7=0° conformer and rotational barrier height at the B3LYP/6—
31G* level can be seen. The frans conformer was the most stable,
with an energy difference with respect to the cis conformer of
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~2.93kImol~! for all levels of theory, except for MP2, for
which this energy difference turns out to be ~2.09kJ mol~!.

Torsional barrier height amounts to ~10.87 kJmol~! for all
DFT methods used and 6.69kJmol™ for MP2/6-31G*. The
greater stability of the frass conformer compared to both the
totally planar frans structure (r = 180%) and the ¢is conformer
should be attributed to the steric hindrance between sulfur
atoms, which is smaller for the frans conformation.®*! These
results agree with other previous work on BT and its rotational
barrier.2%31-33.3638] The increase in repeat units of BT for the
oligomer, however, would enhance the m-delocalization and,
as a consequence, planarity and the barrier height would also
increase.[31]

A(ﬁ BT —/— 34'PrBT —— 34'0PBT

Relative energy [keal mel ]

140
Ca-C—C—Cy. dihedral angle [4]

40 &0 B0 100 120 160 180

Fig 2. Potential energy curves of BT (2,2’-bithiophene), 3,4'PrBT (3,4'-
propyl-2,2/-bithiophene, Pr = propyl) and 3,4/ OPrBT (3,4 -oxopropyl-2,2'-
bithiophene, OPr = oxopropyl) obtained at the B3LYP/6-3 LG* level.
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3,4'ABT and 3,4'OABT
Molecular Geometry

In order to optimize the molecular geometries of 3,4/ABT and
3,4/0ABT (see Fig. 1), the influence of each substituent on the
relative orientation of the other was previously checked through
the study of the dihedral angle of the pendant group with respect
to the thiophene ring. Thus, the rotation of each substituent with
respect to thering was studied in both the presence and absence of
the other pendant chain, and it was concluded that the rotational
barriers were independent of each other.

Table 5 shows a set of selected molecular geometry parame-
ters calculated at the B3LYP/6-31G* level that are related with
aromaticity and planarity of each system, i.e. the C,—C, bond
and C3—Cp—Cyp—Csr dihedral angle as well as the Xs—Cs3 (X=C,
O) bond and the dihedral angle between the alkyl or alkoxy
substituents at position 3 and the hetercaromatic ring 7(C—-Xs—
C3—Cy). We have focussed our attention on position 3 because
it is the one that follows the pattern in the polymer.

The full set of geometrical parameters, obtained at B3LYP
level with 6-31G* and 6-31 +G* basis sets, appears in the
Accessory Publication (Tables 4S-585). Alkyl derivatives showan
enhanced departure of planarity and an elongation of the C,—Cy
bond withrespect to BT. Thus, the C3—C,—Cy—C3/ dihedralangle
is ~140°, except for the methyl derivative, in which this torsion
angle takes a value of 148.5°. This decrease of planarity is due to
steric hindrance between the alkylside chain in position 3 and the
Sy atom.B3®] The alkyl side chain in position 3 shows a dihedral
angle (C—Cg—C3-Cy) of ~102° (87° for the methyl derivative).
Inthe case of alkoxy derivatives, both rings are practically copla-
nar, a shortening of C,—Cy bond is produced and the alkoxy
moiety lies on the thiophene ring plane. For alkyl-substituted
bithiophene, the C3-Xg bond length is similar to that for a typi-
cal C-Csingle bond (1.54 A),3?] whereas for alkoxy derivatives,
it is shorter than a typical C—O single bond (1.43 A)%2) and larger

Table 4. Stable conformers, relative energy (AE) and cis—trans torsional barrier height of BT, 3,4’ABT
and 3,4 QABT calculated at the B3LYP/6-31G* level

cis trans AEq, AEtans

BT C3—Cp—Cyp—Cy [] 29.5 1581 2016 2.699
Relative energy [kJ mol 1] —1.747 —4.602

34'ABT C3-Co-Co—Cy [] 40 140 0.606 1.112
Relative energy [kJ mol 1] —5.848 —7.963

34'0ABT C3-Cp-Cp—Cyr [°] 10.0 180 2753 3.558
Relative energy [k mol~1] —0.100 —3.465

Table 5. Selected BALYP/6-31G* geometrical parameters of 3,4'ABT and 3,4'OABT at the B3LYP/6-31G* level

n, number of (CHz) units

n 34ABT 3,4'0ABT
0 1 2 3 4 5 0 1 2 3 4 5

Bond length [A]

Ca—Cyr 1455 1458 1458 1458 1458 1458 1445 1.446 1.446 1446 1446 1446

Ca-Xe2 1.507 1.511 1.510 1.510 1510 1510 1361 1.361 1.360 1.360 1.360 1.360
Dihedral angle [*]

Ci—C-Cp—Cy 1485 141.0 1409 1413 1407 1415 180.0 180.0 179.9 179.8 179.9 180.0

C-Xs—G—Cy 868 103.1 1023 1023 102.7 1023 180.0 179.9 180.0 179.8 180.0 180.0

AX =0, C for 3,4/OABT and 3,4'ABT respectively.
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than a C=0 double bond (1.26 A).1321 DiCésare et al.l3%] stud-
ied methoxy-substituted bithiophene and they concluded that the
observed planarity is due to an important electronic contribution
of the alkoxy group in the 3-position, which favours electronic
delocalization between thiophene rings that can overcome the
steric hindrance between sulfur and oxygen atoms.

For bithiophene, alkyl and alkoxy derivatives, all geometrical
parameters scarcely vary as # increases from =1 onwards (#,
number of -CHp units in the substituent), with the exception of
the inter-ring dihedral angles in the methyl derivative.

We also calculated the wavenumbers corresponding to the
effective conjugation coordination mode (see Table 2). Alkyl
chains produce a decrease of this frequency (~3 cm—1), whereas
the opposite is observed for alkoxy derivatives (~4 cm~") with
respect to BT. This agrees with the decrease (increase) of
m-delocalization induced by the alkyl (alkoxy) chains.

Influence of Substituents on Planarity

and Electrical Conductivity

The effect of planarity on the electrical properties was stud-
ied through the Cp—Cy distance, the electronic density ()41
for this bond and the delocalization energy corresponding to

1301

T(Cy~C3) — W*(Cy—Cs/) charge transfer*-*#] as a function of
the C3—C,—Cy—Cs torsional angle. Fig. 3 shows the results
obtained at the B3LYP/6-31G* level whereas the results for the
remaining methods are shown in Fig. 28. The frans conformation
shows a shorter C,—Cp bond length and a higher electron den-
sity and charge transfer between rings than the cis conformation,
pointing to greater m-delocalization in the frans conformation.
The effect of the substituent on the torsional barrier was also
studied in a previous step to analyze its influence on the elec-
trical properties. The torsional barrier was only calculated for
3,4/PrBT and 3,4'OPrBT (Pr, propyl group). Fig. 2 shows the cal-
culated torsional barriers for 3,4'PrBT and 3,4’OP1BT obtained
at the B3LYP/6-31G* level. Substitution with alkyl chains pro-
duces a decrease of planarity, whereas alkoxy chains induce the
opposite effect, which is smaller for the cis conformation. The
effect of the substituents on the height of the torsional barrier
can be seen in Table 4. In all cases, the frans conformer is more

stable than the cis, the energy difference between conformers
being larger for 3,4/OABT, whereas the introduction of alkyl
chains causes a diminution of the energy difference between
conformers with respect to BT. Alkyl-substituted bithiophenes
show smaller rotational barriers, this fact being consistent with
a diminution of the double-bond character of the Co—C5, bond.

(@) \f} BT % 34'PiBT T 34 OPBT| () ~O BT~ 34'PrBT -0 S,A‘OF’rBT‘
7 18
1465 g
— 7 =
= ; 2
£ 1460 / =
5 S 9
2 % j// Q—mo—
2 &
& o S——— 4 A B1
¢ v
& 1450 - j/ 5 6
[ 3
3 < 4
1.445 ‘ : ‘ ‘ ; : ; ‘ Tk ‘ ‘ ‘ ‘ : : ‘ ‘
0 20 40 80 80 100 120 140 180 180 0 20 40 60 80 100 120 140 160 180
CpmCyamCymCy: dinedral angle [7] CpmCymC; Gy dihiedral angle [°]
& ‘J BT —V—34FBT —0— 34'0PBT

Electronic density [au]

20 40 60

80 100 120 140 160 180

C)~C3~Cr-Cy dinedral angle [°]

Fig. 3.

Variation of (a) C2-C2’ bond length; (by m(C2-C3) — m*(C2'~C3"y charge transfer; and (c) electronic density of C2-C2’ bond as a function of

C2-C3-C2/-C3' dihedral angle for BT (2,2'-bithiophene), 3,4'PrBT and 3,4/OPrBT obtained at the B3LYP/6-31G* level. Filled symbols tepresent the

position of the optimized minima.
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Table 6. Electron density (p), Laplacian (VZp) and distance for the
intramolecular interaction S;—Qg at the B3LYP/6-31G* level for

34'0ABT
n 0 1 2 3 4 5
o [au] 0.0137 0.0134 00134 0.0134 0.0134 00134
V2 p [au] 0.0475  0.0467 0.0467 0.0467 0.0467 0.0467
Distance [A] 2.902  2.911 2912 2912 2912 2912
n=number of (CHs) units in the side chain substituent.
) "
o
/,/{ e
N
/N
~L )
he!
N,
R
34°08BT 3.3 0ABT
Scheme 1. Interaction between S and O atoms in (a) 3,4OABT and

(b) 3,3OABT.

The increase of planarity for 3,4/OABT may be explained as due
to the presence of an intramolecular contact between Sy and Og/
atoms in the frans conformation (see Scheme 1). This interaction
was characterized with Bader’s AIM theory.*®l Table 6 shows
the electron density and the distance between both atoms for
this interaction. Both properties are similar for all the alkoxy
chains studied, except for 3,4'OMeBT, for which the distance
becomes slightly shorter. Electron density p shows a value of
~0.0135 atomic units [au], within the range proposed for this
criterion, i.e. 0.002-0.035 au, and because the Laplacian is pos-
itive, we conclude the existence of a bond path between this
pair of atoms.[¥ Furthermore, the distance between both atoms
has values of ~2.91 A, which is shorter than the sum of their
van der Waals radii (3.32A).1* Similarly, DiCésare et al.l3%]
observed that the inter-ring rotational barrier for 3,3’ OMeBT is
higher than that for the 3,4/OMeBT derivative, which would be
explained on the basis of the existence of a two-fold interaction
between S and O atoms (see Scheme 1).

The Cp—Cy bond length, its electron density p and the delo-
calization energy corresponding to m(Cp—Cs) — m*(Cp—Csi)
charge transfer as a function of the C;—C3—Cy—Css dihedral
angle were monitored for the 3,4/OPrBT and 3,4'PrBT deriva-
tives at the BALYP/6-31G* level (Fig. 3). In Table 7, the results
for these three properties are given calculated on the optimized
tfrans structure of the alkyl and alkoxy derivatives up to n=>5
(n=number of CH, units). All the properties monitored show
the same pattern as BT, i.e. the C,—Cy distance values are in the
range between a C—C single and a C=C double bond, and for a
totally planar frans conformation, the C,—Cyr electronic density
and the w(Cy—C3) — w*(Cp—Czs) charge transfer are maxima.
This suggests an increased m-delocalization and aromaticity for
both kinds of derivatives in such a frans conformation.

Likewise, electronic density and m charge transfer between
rings are unchanged from #=1 and from »=0 for alkyl and
alkoxy bithiophenes respectively (see Table 7). For 3,4’ABT, all
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Table 7. Electron density (p) of C;-Cy bond and n(C:;-C3)—
w*(Cy-Cy/) charge transfers for 3,4’ABT and 34'OABT at the
B3LYP/6-31G* level

n 0 1 2 3 4 N
Electron density [au]
3.4'ABT 02760 02747 02747 02747 0.2747 02747
340ABT 02796 02795 02795 02795 02795 0.2795

T(C—Ca) —> H(Cp—Cy) [keal mol 1]
34ABT 1314 1175 1175 1182 1170 1187
340ABT 1586 1580 1586 1587 1586 1586

Table8. Calculated optical bandgap energies [eV] for BT, 3,4’ABT and
3,4'0ABT at the TD-B3LYP/6-31 + G* level

n 0 1 2 3 4 5
BT 3.98

3 4'ABT 4.09 420 419 4.19 4.19 4.19
3,4/0ABT 3.56 3.55 3355 3.55 3.55 3.55

Experimental® 4.05

4 Experimental value reported for BT in dioxan, ref. [47].

electron properties are unchanged from » = 1 owing to the fact
that the inductive effect of the alkyl chains is effective up to a
distance of only a few C—Cbond lengths.*!) However, 3,4'MeBT
shows improved behaviour compared with the remaining alkyl
derivatives owing to the small size of the methyl group, causing
3,4'MeBT to be slightly more planar, and therefore improving
its electron delocalization. It is worth noting that alkoxy chains
not only show an inductive but also an electron-donating effect,
both factors favouring a net charge-delocalization effect. This
allows all the properties monitored to be invariable from = 0.

HOMO — LUMO Excitation Energies
and Optical Bandgap

HOMO — LUMO excitation energies for BT were calculated
within the isolated molecule approximation using TD-B3LYP,
TD-PBEO and TD-M05-2X (alkyl and alkoxy derivatives were
only studied at the TD-B3LYP level) together with the 6-31G*
and 6-31 + G* basis sets. Note that the TD-DFT approximation
only involves properties of the ground state, i.e. the Kohn—Sham
orbitals and their corresponding orbital energies obtained in a
ground-state calculation. Hence HOMO — LUMO excitation
energies are expressed in terms of ground state properties,[#-%]

Table 8 summarizes the energy of HOMO — LUMO elec-
tronic transition of each system calculated at TD-B3LYP/6—
31+ G* along with the experimental absorption maximum
(hmax) teported for BT in dioxan solution*’l (HOMOQ — LUMO
excitation energies calculated with the remaining methods and
basis sets appear in the Accessory Publication, Tables 68 and
78). The results show that the HOMO — LUMO excitation
energy calculated for BT with TD-B3LYP/6-31 4 G*is0.07 eV
lower than the experimental value, whereas TD-PBEO and TD-
MO05-2X are 0.09 and 0.42 eV higher respectively. However, the
difference between HOMO — LUMO excitation energies cal-
culated with 6-31G* and 6—31 + G* basis sets lies in the range
of 0.05-0.12 V.
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Table 9. Selected optimized structural parameter (X) of BT, 3, 4/ABT* and 3,4'OABTY, and their differences with respect to the neutral state
obtained at the B3ALYP/6-31 + G* level

n 0 1 2 3 4 5
BT+ Co—Cy bond length [4]
Value 1417
Difference® 0.037
C3-Cy—Cy—Cy dihedral angle [*]
Value 180.0
Difference 242
34ABTT C2—Cy bond length [A]
Value 1409 1411 1411 1.411 1.411 1411
Difference —0.049 —0.049 —0.049 —0.049 —0.049 —0.049
C3—Cy—Cy—Cy dihedral angle [°]
Value 180.0 178.4 1784 178.5 178.5 178.5
Difference 367 429 429 42.9 42.9 43
X-Cs—C3—C, dihedral angle []
Value 60.0 87.0 87.0 87.0 87.0 87.0
Difference 279 —17.5 —16.7 —16.8 —16.8 —16.8
34'0ABTT Co—Cy bond length [A]
Value 1.407 1.407 1.407 1.407 1.407 1.407
Difference —0.040 —0.040 —0.040 —0.040 —0.040 —0.040
04—C5 bond length [A]
Value 1328 1326 1.326 1.326 1.326 1.326
Difference —0.034 —0.036 —0.036 —0.036 —0.036 —0.036
C3—Cy—Cy—Cy dihedral angle [*]
Value 1800 180.0 180.0 179.9 179.9 179.9
Difference 0.1 0.1 0.1 —0.1 0.1 02
C-0g—C3—C, dihedral angle [°]
Value 180.0 180.0 180.0 180.0 180.0 180.0
Difference 00 0.0 02 0.0 0.1 02

ADifference = Xpolaronic — Xneutral-

According to Table 8, the introduction of alkyl chains pro-
duces an increase of the bandgap of up to 0.21 eV, whereas alkoxy
chains produce a diminution of up to 0.43 eV with respect to
the theoretical value for BT. These effects may be related with
the increase (decrease) of the planarity (and thus, the aromatic-
ity) that alkoxy (alkyl) substituents exert on BT. Moreover, as
for alkyl derivatives, methyl-substituted bithiophene shows the
lowest bandgap owing to its larger planarity, As a molecular
parameter, bandgaps saturate very quickly as » varies, i.e. from
n=1and n =0 for alkyl and alkoxy derivatives respectively.

Cationic Species: lonization Potential and
Reorganization Energy

The cationic geometry (or polaronic state), ionization potential
and reorganization energy were only calculated for the frans
conformation of BTY, as this is the conformation adopted by
thiophene rings i the polymer.[*!] Starting from the optimized
geometry for the neutral form, cationic states of BT (BT) were
optimized with B3LYP, M05-2X and PBEQ methods in combi-
nation with the 6-31G* basis set. Table 9 summarizes the most
significant structural parameters of BT+ at B3LYP/6-31 + G*
along with the differences between the neutral and polaronic
states. The full set of parameters obtained at B3LYP, M05-2X,
and PBEOQ with 6-31 + G* is shown in Table 6S. When BT+ is
compared with neutral BT, the single C—C bonds become shorter,
while the double bonds become longer. A quinoid-like distortion
emerges as a result of the oxidation. P 1-*81 The biggest differences
are found in the inter-ring parameters, i.e. bond and dihedral

angle, producing an increase in planarity and as a consequence,
a greater m-delocalization in the system.

Table 9 also contains the most significant optimized geomet-
rical parameters of 3,4’ABT+ and 3,4'OABT at the B3LYP/6—
31+ G* level. The full set of geometrical parameters appears
as supplementary material (Tables 8S—10S). Oxidation of alkyl
and alkoxy bithiophenes also implies a quinoid-like distortion.
The biggest differences are found again in the inter-ring param-
eters, giving rise to an increase in planarlty 34ABTH shows the
biggest change in planarity, both thiophene rings being copla-
nar, while alkyl moieties appear to project from the plane of each
ring with a dihedral angle of 87° {except for the methyl deriva-
tive, which shows a dihedral angle of 60°). On oxidation, the
C»—Cy bond lengths for alkyl and alkoxy derivatives become
very close, although shorter for 3,4OABT. In the case of alkoxy
chains, the Os—C3 distance has values of ~1.33 A, which is
closer to a typical C=0 bond length (1.26 A) than that in the
neutral state. This points to a high double-bond character due to
the electron-donor effect of the oxygen atom, which is higher
in 3,4/CABTT than in 3,4/OABT to counterbalance the loss of
one electron in the system. As happened for the neutral state,
the monitored geometrical parameters become invariable start-
ing from n=1 (0) for alkyl (alkoxy) bithiophenes respectively.
The intramolecular reorganization energy (A;) for electron self-
exchange consists of two terms corresponding to the geometry
relaxation energies on going from the neutral-state geometry to
the charged-state geometry and vice versa:[! 7]

A=A +h (1
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Table 10. Adiabatic ionization potential (AIP), vertical iomization
potential (VIP) and intermolecular reorganization energy () for BT,
34'ABT and 3,4'OABT obtained at the B3LYP/6-31 + G* level

n 0 1 2 3 4 5
BT
A V] 0.4243
AP [¢V]  7.3007
VIP [eV]  7.5418
34ABT
A [eV] 03200 06174 06133 06125 06119 06104
AIP[eV] 7.0398  7.02276 69837 69588  6.9455 69374
VIP[eV] 7.3697 74042 73614 7.3349 73230 73156
34/0ABT
A EV] 04210 04400 04403 04472 04569 04648
AIP[6V] 6.5643 64706 64369 64151 63513 63032
VIP[€V] 67756 66895 66534 66367 65761 65312

21 and A, can be calculated directly from the adiabatic potential
energy surface as:

A1 = Eo(G4) — Eo(Go) (2
Ay = E4(Go) — E4(Gy) (3)

where Eo(G 1) and Eo(Go) are the energies of the neutral state in
the cation and the optimized ground-state geometry respectively
and E; (G¢) and E; (G) are the energies of the cationic state
in the neutral and optimized cation geometry respectively. Once
Ay is calculated, it is possible to calculate the vertical ionization
potential (VIP) as:

VIP = AIP + X, (C))
where AIP (adiabatic ionization potential) is defined as:
AP = E4(G4) — Eo(Go) &)

Table 10 shows all abovementioned parameters calculated
at B3LYP/6-31+ G* for BT, while Table 118 contains the
same information obtained at M05-2X/6-31 4+ G* and PBE0O/6—
31 +G*levels. As can be seen, M05-2X/6-31 + G* is the theory
that yields highest A; and ionization potentials (AIP and VIP),
whereas B3LYP/6-31 4 G* yields the smallest values. We only
calculated reorganization energies with DFT methods because
previous studies have demonstrated that electron correlation is
important in computing A;, and DFT methods generally yield
reorganization energies comparable with those from MP2 cal-
culations but with less computational effort.131 Table 10 also
shows these parameters for 3,4/ABT and 3,4’OABT as calcu-
lated at the B3LYP/6-31 + G* level. Fig. 4 plots the behaviour
of VIP and A, as a function of #. Results shown in Table 10 agree
well with other calculations performed by da Silva Filho et al.[*]
for bithiophene.

Substitution with alkoxy chains reduces the ionization poten-
tials (IP) to a greater extent in comparison with alkyl chains. In
the case of 3,4’ABT, the diminution of IP is due to the inductive
effect of the alkyl chains along two or three bonds, and thus the
methyl derivative shows an [P much closer to BT than the rest
of alkyl bithiophenes, whereas alkoxy chains produce a higher
decrease of [P owing to the electron-donor effect of the oxygen
atom and also the inductive effect of hydrecarbon chains.

As stated before, the alkyl chains induce a loss of planarity,
which in turn implies an increase of ;. The smallest value is
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Fig. 4. Variation of vertical ionization potential (VIP) (a); and A;

(b) as a function of n for 3,4/ABT (3-alkylbithiophene) and 3,4’OABT
(3-alkoxylbithiophene) obtained with B3LYP/6-31+ G*.

obtained for the methyl derivative, A; = 0.33 ¢V, which suggests
that the dihedral angle of the substituent influences ;. However,
the values of A; for alkoxy derivatives are closer to those of BT,
probably owing to a smaller change in the planarity. Besides, A;
for 3,4‘OABTs turn out to be smaller than those for 3,4’ABTs
whenever # > 0, which could reduce the mobility of the charge
carriers. When the electronic coupling between states localized
onadjacentmoleculesis small, the mobility becomes a thermally
activated hopping process from one molecule to another.3%l The
rate constant kg7 for such a process can be written according to
semiclassical Marcus theory by the approximate equation:

472
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his Planck’s constant, kz is Boltzmann’s constant, T is the tem-
perature and AG® is the variation of Gibbs free energy that is
equal to zero for aself-exchange electron transfer (ET) reaction.
Within the frame of DFT, the charge transfer integral, #15, can be
evaluated through the off-diagonal matrix element of the Kohn—
Sham Hamiltonian ofthe system.[5] Also, for ahopping process,
an estimation of #» can be obtained using the so-called dimer
meodel, in which two adjacent molecules, either exactly superim-
posed on top of one another or laterally displaced with respect
to one another are displayed (see for instance refs [51,52]).
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The torsional oscillations may also influence the value of #12.
Thus, van Eijck et al.’¥] calculated the intramolecular charge
transfer for some selected vibrational modes in gas-phase bithio-
phene. They concluded that torsional motions scarcely affect
the charge transfer whereas other out-of plane motions do have
large effects on it. In the current work, only isolated molecules
have been considered, so we have focussed our interest on the
reorganization energy, although, as known, hydrocarbon side
chains influence the w-stacking distance, which, in turn, could
modify I]z.[54]

Conclusions

A study of the molecular structure and electrical properties of
BT and its 3,4’-alkyl and alkoxy derivatives was carried out by
means of different ab initic and DFT methods. The study of the
influence of planarity on the electrical properties of BT allowed
us to establish that the greater stability of the #ans conformer
of BT leads to a greater m-delocalization and charge transfer
energy between both rings. Alkyl derivatives show a decrease
of planarity and, therefore, m-delocalization. However, alkoxy
derivatives are totally planar, with a consequent increase of the
m-delocalization. The monitored electron properties (electronic
density and charge transfer between rings) and geometrical
parameters (planarity and inter-ring bond length) become invari-
able starting from »=0 and from n=1 for alkyl and alkoxy
bithiophenes respectively. This is explained on the basis that
the inductive effect is only effective for a hydrocarbon chain
along two or three C—C bond lengths, and the electron-donor
effect of the oxygen atom must be also considered. The oxida-
tion of BT, 3,4/ABT and 3,4OABT produces the appearance
of a quinoid distortion, which induces an increase of planarity
and m-delocalization in the system. As to the bandgap, the sub-
stituents behave in an opposite manner. Alkyl chains produce an
increase of bandgap of ~0.21 eV, whereas the introduction of
alkoxy chains leads to a decrease of 0.43 V. Substitution with
alkoxy chains reduces the IPs of bithiophenes to a greater extent
than substitution with alkyl chains. Therefore, a more efficient
charge injection for the former can be expected. However, the
latter induce a loss of planarity, which implies an increase in A;,
whereas for 3,4OABT and BT, the values of A; are close. As
was established before, 4; is related to the charge-transfer rate
constant and low values of A; are needed in order to obtain a high
electron transfer rate.

Accessory Publication

Selected geometrical parameters of BT, 3,4ABT and 3,4'OABT,
HOMO — LUMO excitation energy, AIP, VIP and %; of BT and
rotational barriers of BT are available from the journal’s website.
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Table 2§ (cont.). Main geometrical parameters of BT in cis conformations obtained with MPW1PW91 and MP2 methods
together with 6-31G*, 6-31+G*, 6-31+G** and 6-311+G** basis set.

MPWIPWo1 MP2
6-31G* 6-31+G* 6-31+G* 6-311G** 6-31G*  6-31+G*  6-314G*  6-311G**
BOND LENGTH / Angstrons
Si-Cy 1.739 1.738 1.738 1.736 1.734 1.733 1.733 1.727
Cr-Cs 1.375 1.376 1.376 1.372 1.385 1.388 1.388 1.389
Cs-Cy 1.419 1.420 1.420 1.417 1.415 1.417 1.417 1416
Cy-Cs 1.365 1.368 1.368 1.363 1.378 1.382 1.381 1.382
Cs-84 1.721 1.720 1.720 1.719 1.718 1.718 1.717 1.714
Co-Cy 1.450 1.452 1.452 1.450 1.452 1.455 1.455 1.455
Cs-Hg 1.083 1.084 1.083 1.081 1.086 1.087 1.082 1.085
C,-H, 1.083 1.084 1.083 1.081 1.085 1.086 1.081 1.084
Cs-Hg 1.081 1.081 1.080 1.079 1.083 1.084 1.079 1.082
BOND ANGLES / Degrees
51-C5-Cs 110.3 110.4 1104 110.4 1106 110.7 110.7 110.8
Cy-C3-Cy 1133 1132 1132 1133 113.0 112.9 112.9 112.8
C3-Cy-Cs 112.7 112.7 1127 112.7 112.6 112.5 1125 112.4
Cy-Cs-8y 1116 111.6 1116 111.6 111.7 111.7 1117 111.8
Cs-8,-C, 921 921 921 920 92.1 92.2 922 92.3
C3-Co-Cy 1276 127.5 1275 127.6 127.2 1272 1272 126.9
C,-Cs-Hg 122.5 122.6 1225 122.5 122.2 1222 1222 122.1
Cs-Cp-Hy 123.9 124.0 124.0 124.0 1243 124.8 1244 1245
Cy-Cs-Hg 128.4 128.3 1284 128.6 1282 128.1 128.1 1282
DIHEDRAL ANGLE / Degrees

§,-Cy-C3-Cy -0.1 -0.1 -0.1 -0.1 0.1 0.0 0.0 0.2
Cy-Cy-Cy-Cs 04 0.4 05 05 0.8 -0.7 07 -1.0

C5-CymCs-Sy 0.7 0.8 0.8 0.8 1.1 1.1 1.1 13
Cy-Cs-8:-C, -0.7 -0.7 -0.7 -0.7 -0.9 -0.9 -0.9 -1.0
Co-8,-Cp-Gy 0.4 0.4 0.4 0.4 0.4 0.6 0.6 0.4
Sy- Cp-Co-Sy 336 36.2 36.0 36.7 43.9 54.2 537 47.9
C5- C-Cyp-Cs 309 334 332 336 41.3 50.1 495 45.2
Hg- C5-Cy-Cs 177.8 177.7 177.7 1778 177.8 178.0 178.0 177.8
Hy- C4-Cs-54 179.9 179.8 1798 179.8 179.8 179.8 1798 179.8
Hg- Cs-S4-C, 179.3 179.2 179.2 179.3 179.3 179.2 179.2 179.5

Energy / Hartree
-1104.759 -1104.769 -1104.779 1104875 -1102.705  -1102.730  -102.777  -1102.910

Table 3S. Stable conformers, relative energy and cis-frans torsional barrier height of BT caleulated at mPW1PW91 M05-
2X, PBEO and MP2 with 6-31G*.

Cis Trans AE.; ABans

mPW1PW91 C3-Cy-Cp-Cs» /Degree 205 1581 2.016 2.699
Relative Energy /kcal mol’ 0418 -1.101

M05-2X Cy-Cy-Cy-Cs /Degres 309 156.4 1898 2562
Relative Energy /kcal mol’ -0.481 -1.145

PBEO C+-C,-Cp-Cs /Degres 326 154.2 1910 2.524
Relative Energy /keal mol 0615 -1.229

MP2 C3-Cy-Cyp-Cs- /Degree 30 157.0 1.988 2.661
Relative Energy /keal mol -0.451 -1.124
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Table 4S. Full set of geometrical parameters of 3,4’ ABT and 3,4°OABT obtained with B3LYP/6-31G*.

3.4°ABT 3.4 0ABT
n 0 1 2 3 4 5 0 1 2 3 4 5
BOND LENGTH / Angstroms
S1-Ca 1758 1758 1758 1758 1.758 1758 1756 1756 1756 1756 1756 1.756
Cp-Cy 1377 1377 1377 1377 1377 1377 1382 1382 1382 1382 1382 1382
Cs-Cy 1429 1431 1431 1431 1431 1431 1426 1427 1427 1427 1427 1427
Cy-Cs 1370 1370 1371 1371 1371 13711 1373 1373 1373 1373 1373 1373
Cs-S; 1734 1734 1734 1734 1734 1734 1732 1732 1733 1733 1733 1733
Cy-Co 1455 1458 1458 1458 1458 1458 1445 1446 1446 1446 1446 1446
8;-Cy 1760 1760 1760 1760 1.760 1760 1756 1757 1757 1757 1757 1757
Cp-Cy 1384 1384 1384 1384 1384 1384 1386 1387 1387 1387 1387 1.387
Cy-Cy: 1431 1433 1433 1433 1433 1433 1430 1430 1430 1430 1430 1430
Cy-Cs 1365 1365 1365 1365 1365 1365 1366 1366 1.366 1366 1366 1.366
Cs-8y 1731 1731 1731 1731 1731 1731 1732 1731 1731 173 1731 173
C3-Xe* 1507 1511 1510 1510 1510 1510 1361 1361 1361 1361 1361 1.381
Cy-Hy 1086 1086 1086 1086 1.086 1086 1082 1083 1.083 1083 1083 1.083
Cs-Hg 1082 1082 1082 1082 1.082 1082 1081 108 1.081 1081 1081 1.081
Cy-Hy 1086 1086 1086 1086 1.086 108 1083 1083 1.083 1083 1083 1.083
Cyp-Xp* 1506 1510 1509 1509 1509 1509 1365 1365 1365 1365 1365 1.365
Cs-Hg 1082 1082 1.083 1083 1.083 1.083 1080 1080 1.080 1080 1080 1.080
BOND ANGLES / Degrees
$1-Cr-Cs 1097 1097 1097 100.7 1097 1097 1103 1103 1103 1103 1103 1103
Cy-Cs-Cy 1146 1146 1146 1146 1146 1146 1133 1133 1133 1133 1133 1133
C3-Cy-Cs 116 1115 1115 1115 1115 1115 1129 1128 1128 1128 1128 1128
Cy-Cs-Sy 125 1125 1125 125 125 1125 1116 117 1117 1MM7 M7 A7
Cs-8,-C; 91.7 917 My 97 M7 97 99 99 919 919 919 91.9
Sp-Cp-Car 1108 1109 1109 1109 1109 1109 1095 1095 1095 1095 1095 1095
Cp-Cp-Cy 120 1119 119 1119 1119 1119 1141 1139 1139 1139 1139 1139
C3-Cyp-Cs 140 1141 1141 144 1141 1141 1123 1123 1124 1124 124 1124
Cy-Cs-S8y: 1113 14 1114 1114 1114 1114 121 1121 1124 1124 124 124
Co-Sp-Cyr 91.8 9138 918 918 918 918 922 921 92.1 92.1 921 921
C3-Cp-Cyp 1277 1217 1217 297 1217 1277 1274 1274 1274 1274 1274 1274
Cy-Cy-Cs 1309 1312 1312 1312 1312 1312 1203 1203 1294 1294 1294 1294
Cr-Cs-Xs 1257 1261 1261 1261 1261 1264 1196 1197 1107 1197 1197 1197
C3-Cy-Hy 1227 1227 1227 1227 1227 1227 1243 1243 1243 1243 1243 1243
Cy-Cs-Hg 1283 1283 1283 1283 1283 1283 1279 1279 1279 1279 1279 1279
Cy-Cy-He 1223 1221 1221 1224 1221 12240 1227 1227 1227 1227 1227 1227
Cy-Cp-Xopr 1238 1240 1240 1240 1240 1240 1265 1265 1265 1265 1265 1265
Cy-Cs-Hp 1277 1217 1277 277 1217 1277 1272 1272 1272 1272 1272 1272
DIHEDRAL ANGLE / Degrees
$1-Cp-C3-Cy 04 07 07 07 07 0.7 0.0 00 00 00 00 0.0
C-C5-Cy-Cs 00 01 01 01 01 -0 0.0 0.0 0.0 0.0 00 0.0
Ca-Cy-CsS, 04 05 05 05 05 05 00 00 00 00 00 0.0
Cy-Cs-5,-C, 0.5 0.7 0.7 0.7 0.7 0.7 0.0 0.0 0.0 0.0 0.0 0.0
C5-84-C2-C5 -0.5 -08 -08 -0.8 -0.8 -0.8 0.0 0.0 0.0 0.0 0.0 0.0
S1-Co-Cor-Sy- 1454 137.8 13717 1381 137.6 138.4 180.0 180.0 179.9 179.8 1791 179.6
C3-Cyp-Cp-Cy 148.5 141.0 140.9 1.3 140.7 141.5 180.0 180.0 179.9 179.8 179.9 179.6
Sp-Cp-Cy-Cyp 07 04 05 05 05 05 0.0 0.0 0.0 0.0 00 0.0
Cp-Cp-Cp-Cs 00 01 01 01 01 01 0.0 00 00 0.0 00 0.0
Co-Cp-Co-S; 06 06 06 06 06 -06 00 00 00 00 00 00
Cy-Cs-8,-Cy 08 08 08 08 08 0.8 0.0 0.0 0.0 0.0 00 0.0
Cy-8,-Cp-Cy 08 07 0T 07 07 07 00 0.0 0.0 0.0 00 0.0
Ke-C3-Cy-Cs 179.8 179.6 179.6 179.6 179.6 179.6  180.0 180.0 180.0 180.0 180.0 180.0
Hq-Cy-Cs-Sy -179.1 179.0 1791 -17941 1791 1791 1800 180.0 180.0 180.0 180.0 180.0
He-Co-8:-C, 120.2 109.2 107.6 108.1 107.5 108.4 180.0 1794 1799 179.7 180.0 179.7
He-Cz-Cyp-Cs 86.8 103.1 102.5 102.5 102.7 102.3 180.0 179.9 180.0 179.8 180.0 179.7
Kp-Cyp-Cs-Sy 1789  -179.2 179.2 179.2 179.2 1792 180.0 180.0 180.0 180.0 180.0 180.0
Hy-Co-81-Cyr 179.7 178.9 178.9 178.9 178.9 1789  180.0 180.0 180.0 180.0 180.0 180.0
C-Xe-Cs-Cy -178.5 178.6 178.7 178.7 178.7 1787 180.0 180.0 180.0 180.0 180.0 180.0
C-X5-Cyp-Cs -179.2 178.8 178.8 178.8 178.8 1788 1800 180.0 180.0 180.0 180.0 180.0

* X 1s a O atom for 3,4’0ABT; C atom for 3,4’ABT
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Table 5S. Full set of geometrical parameters of 3,4’ ABT and 3,4’OABT obtained with B3LYP/6-31+G*

34 ABT 3.4 0ABT
n 0 1 2 3 4 5 0 1 2 3 4 5
BOND LENGTH / Angstroms
$i-Cy 1757 175 1756 1756 1756 1.756 1.754 1754 1754 1754 1754 1754
Cy-Cs 1379 1378 1378 1378 1378 1378 1385 1385 1385 1385 1385 1.385
Cs-Cy 1431 1432 1432 1432 1432 1432 1427 1427 1427 1427 1427 147
Cy4-Cs 1372 1373 1373 1373 1373 1373 1374 1374 1374 1374 1374 1374
Cs-5, 1735 1735 1735 1735 1735 1735 1732 1732 1732 1732 1732 173R
Cy-Cy 1458 1460 1460 1460 1460 1460 1447 1447 1447 1447 1447 1447
8;-Cy 1758 1759 1759 1759 1759 1.759 1756 1.75%6 1756 1756 1756 1.756
Cp-Cs 1386 1385 1385 1385 1385 1385 1388 1388 1388 1388 1388 1.388
Cy-Cyp 1432 1434 1434 1434 1434 1434 1430 1430 1430 1430 1430 1430
Cp-Cs 1368 1368 1368 1368 1368 1368 1.369 1369 1369 1369 1369 1.369
Cs-8, 1730 1731 1730 1730 1730 1730 1731 1731 1731 1731 1731 1TH
Cs-X* 1508 1511 1510 1510 1510 1510 1362 1362 1362 1362 1362 1.362
Cy-H; 1086 1086 1086 1086 1086 1.086 1.083 1.083 1.083 1083 1.083 1.083
Cs-Hg 1082 1082 1082 1082 1082 1082 1082 1082 1082 108 1082 1.082
Cy-Hg 1086 1086 1086 1086 1086 1.08 1083 1083 1083 1083 1083 1.083
Cyp-Xp* 1506 1510 1510 1510 1510 1510 1366 1366 1366 1366 1366 1.366
Cs-He 1083 1083 1083 1083 1083 1.083 1.081 1.081 1.081 1081 1.081 1.081
BOND ANGLES / Degrees
81-C5-Cs 1098 1098 1098 109.8 1098 1008 1103 1103 1103 1103 1103 1103
Cp-C3-Cy 1145 1145 1145 1145 145 1145 1131 1131 1134 131 1131 11341
C3-CyCs5 1115 1114 114 1114 1M14 1114 1130 1130 1130 1130 1130 1130
Cy-Cs-34 1125 M25 M25 125 M25 125 116 1116 1116 11§ 1116 1116
Cs-54-Cy 917 917 9.7 917 97 97 920 920 920 920 920 92.0
Sp-Cp-Cs 1109 1110 1110 1110 M10 1110 1095 1095 1095 1095 1095 1095
Cor-Cy-Cy Mg 1M9e M9 19 19 1119 1140 1140 1140 1140 1140 1140
Ca-Cyp-Cs 1139 M40 140 140 M40 1140 M22 1122 1122 M22 MM22 1122
Cyp-Co-84 1114 1114 114 1114 114 1114 121 1121 1124 124 121 1124
Cs-Sp-Cy 9138 918 91.8 9138 918 918 922 922 922 922 922 922
C3-Cy-Cy 1278 1278 1278 1278 1278 78 1272 1272 1272 1272 1272 1272
Cp-Cy-Cy 1306 1308 1308 1308 1308 1308 1293 1203 1203 1203 1293 1293
Co-Cs-Xs 1257 1260 1260 1260 1260 1260 1196 1196 1196 1196 1196 1196
Cs-Co-Hy 1228 1229 1229 1229 1229 1229 1245 1245 1245 1245 1245 1245
Cs-Cs-He 1283 1282 1282 1282 1282 1282 1279 1279 1279 1279 1279 1279
Cp-Cy-Hyg 1223 1221 1221 1221 1221 12240 1227 1227 1227 1227 1227 1227
Cy-Cypr-Xyp 1238 1240 1240 1240 1240 1240 1264 1264 1264 1264 1264 1264
Cy-Cs-He 1277 1276 1276 1276 1276 276 1273 1273 1273 1273 1273 1213
DIHEDRAL ANGLE / Degrees
$,-Cp-CaCy 06 08 08 08 08 08 0.0 00 00 00 00 00
CprCyCy-Cs 01 02 02 02 02 02 00 00 00 00 00 00
C-Cy-C-S, 04 05 05 05 05 05 00 00 00 00 00 00
Cy-C5-8,-Cy 07 08 08 08 08 0.8 0.0 0.0 0.0 0.0 0.0 0.0
C5-8,-C2-C; -0.7 -09 -09 -09 -0.9 -0.9 0.0 0.0 0.0 0.0 0.0 0.0
§,-Co-Cp-Sy: 140.5 132.7 132.8 1328 132.8 1327 179.9 179.9 179.8 1800 1799 1797
C3-Cp-Cp-Cy 1433 135.5 135.5 135.6 135.6 1355 179.9 179.9 1798 1800 1799 1797
$-Cp-CyeC, 05 0.4 0.4 04 04 0.4 0.0 0.0 0.0 0.0 0.0 0.0
Cp-Cyp-Cy-Cs 00 0.1 0.1 01 01 0.1 0.0 0.0 0.0 0.0 00 0.0
Co-Cp-Co-S; 06 06 07 07 07 07 00 00 00 00 00 00
Cp-Co-8-Cy 08 07 07 07 07 0.7 0.0 0.0 0.0 0.0 00 0.0
Cy-8p-Cp-Cy  -08 06 0T 07 07 07 00 0.0 0.0 0.0 0.0 0.0
Ks-Cs-Cy-Cs -179.8 1785 1795 179.5 179.5 1795 180.0 180.0 180.0 180.0 180.0 180.0
H-Cy-Cs-Sy -170.1 -178.0  -179.0 179.0 179.0 179.0  180.0 180.0 180.0 180.0 180.0 180.0
He-Cs-S4-C, 120.2 109.2 107.8 107.7 107.5 107.4 180.0 179.9 179.9 180.0 180.0 180.0
He-Co-Cp-Cs 87.9 104.5 103.7 103.8 1038 103.8 180.0 180.0 179.8 180.0 179.9 180.0
X7-Cyp-Co-Sp -178.2 1793 1793 179.3 179.3 1793  180.0 180.0 180.0 180.0 180.0 180.0
Hy-Cs-Sp-Cop -179.7 1704 -179.0 179.0 179.0 179.0  180.0 180.0 180.0 180.0 180.0 180.0
C-XeCs-Cs -1786  -1788  -1789 178.9 178.9 1789 1800 180.0 180.0 180.0 180.0 180.0
C-Xp-Cyp-Cs -179.0  -1785  -179.6 179.6 179.6 179.6 1800 180.0 180.0 180.0 180.0 180.0

* X is a O atom for 3,4’0OABT; C atom for 3,4’ ABT

Table 6S. Calculated optical bandgap energies (eV) for BT, 3,4’ ABT and 3,4°0OABT at TD-B3LYP/6-31G* level.

n 0 1 2 3 4 5
BT 412
3,4/ABT 417 425 424 424 424 424
3. 40ABT 3.68 3.67 367 367 367 367
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Figure 18, C;-C3-Cy -Co Rotational barriers caleulated at selected levels of theory mPWIPWO1/6-31G*, M0S5-23/6-
316G, PBEN/6-31G™ and MP2/6-31G* levels corresponding to a rotation around C,-C3-C;
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Figure 2S. Variation of (a) C,-C, bond length, (b) electronic density of C,-Cyp bond and (¢) @ (Cp-Cs) — * (Cp-Cy)
charge transference as a function of the C,-C;-C,:-C; dihedral angle at PBE0/6-31G* and M05-2X/6-31G*.
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Density Functional Theory has been used to study the structural, electronic and charge-transport
properties of two regio-regular head-to-tail polythiophene derivatives, i.e. poly(3-hexyl-thiophene),
P3HT, and poly(3-oxyhexyl-thiophene), P3OHT. The effect of substituents on the electronic
structure was analyzed by means of bandwidth, bandgap, effective mass, total and partial
densities of states and crystal orbital overlap populations. Electronic couplings were estimated
from band diagrams as the splitting of the valence band. The neutral and cationic states of
isolated oligomers were optimized using the supercell approximation. The hole-transfer rates and
mobilities were evaluated according to Marcus’s theory. Results provide a compelling illustration
of the effect of side chains on the crystal packing, electronic structure and charge-transport

propertics. Thus, the hole mobility calculated for the alkyl derivative was 0.15 em® V7' &

1

(experimental mobility is 0.10 em® V™' §7'), while the alkoxy derivative has a theoretical mobility
of 0.49 em® V' 7', The obtained results hopefully could motivate experimentalists to try out

P3OHT for an improved charge carrier mobility.

1. Introduction

Since the discovery in 1977 of the increase in electrical
conductivity of polyacetylene upon doping with electron
acceptors,’ a large bunch of organic semiconductors has been
developed by the use of conjugated polymer materials, opening a
new prolific and dynamic area for research and possible
applications, An improved understanding and a better control
of charge-transport properties, combined with a fairly simple
manipulation, a large-scale and a low-cost deposition from
solution make conjugated polymers a very promising choice in
applications such as light-emitting diodes (OLEDs), field-effect
transistors (OFETs)*™® and solar cells.”

Among the molecular materials displaying a semiconducting
behaviour, poly- and oligothiophenes (PT and oT, respectively)
have demonstrated to be suitable for several electronic and
{opto)electronic applications, since they are a set of compounds
that offer wide possibilities to change and fine-tune their
properties by playing with substituents, molecular weight
distribution, regio-regularity and/or doping. It is well known
that pendant substituents with appropriate structural and
electronic  properties in the 3-position of the respective
thiophene monomers (Fig. 1) allow a facile tuning of the

* Departamento de Quimica Fisica y Analitica, Facuitad de Ciencias
Experimentales, Universidad de Jaen. Paraje las Lagunillas,
s(n. 23071, Jaén, Spain. E-mail: mfg@ wjaen.es

b fnstituto Andaluz de Ciencias de la Tierra, CSIC, Universidad de
Granada, Av. Fuentenweva s/n, 18002, Granada, Spain

a) b)

e
Fig. 1 Chemical (a) and erystal (b) structures of the title compounds.

R stands for hexyl (-{CH,)sCH3) and oxyhexyl (-O(CH3)sCH) linear
side chains for P3HT and P3OHT, respectively.

mechanical and optoelectronic properties of the polymer.®
Thus, polythiophenes containing pendant, electron-donating
alkyl groups, which display high solubility along with good
electrical and optical properties, exhibit a reduced band gap,
as well as low redox potentials as compared to the parent
system. ™' Also, alkoxy-substituted polythiophenes would
display an easier dopability (and consequently a higher stability
of the conducting state) due to the electron-donating property
of the alkoxy groups.'""?

This journz
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The optical and struetural properties of isolated molecules
and/or very small aggregates of polythiophene derivatives
have been investigated extensively during the last decades
through quantum chemistry approaches (see eg. ref. 12-36
and references therein). Previously, we have analyzed the effect
of alkyl and alkoxy chains on bithiophene properties,
such as planarity, n-delocalization, ionization potential and
reorganization energy, using density functional theory (DFT)
on isolated molecule models®” The oxygen atom improves
electrical properties, such as lower ionization potential and
reorganization energies, with respect to the bithiophene
molecule and the corresponding alkyl derivatives. However,
the most interesting properties of polythiophene derivatives
depend on the conformation of the individual chains and their
three-dimensional organization in the solid state, which
contains ordered {crystalling) and disordered {amorphous)
regions.”® Carriers in the erystalline regions are delacalized
and therefore highly mobile. The conformation of the individual
chains determines the conjugation length {roughly the number
of consecutive coplanar thiophene rings within the polymer
backbone), while the three-dimensional set-up determines the
interchain coupling of w-orbitals which is important for charge
hopping. The relationship between chemical structure, solid
state structure and physical properties cannot be determined
from the isolated molecule approximation. Polythiophene
derivatives are p-type materials,” thus in this work we
characterize the effects of side alkyl and alkoxy chains on
crystal packing, electronic structure and charge-transport
properties related to the hopping mechanism, such as bandwidths,
effective mass, charge transfer integral and reorganization
energies. To achieve this we have selected two model compounds,
i.e. regio-regular head-to-tail poly{3-hexyl-thiophene) (P3HT),
and regio-regular  head-to-tail poly(3-oxyhexyl-thiophene)
(P30OHT), see Fig. 1.

2. Theoretical methodology

Several models have been proposed to account for different
aspects of charge carrier transport. The standard band theory
is usually suitable for highly ordered systems and thinks the
charge as delocalized thronghout the crystal. The hopping
maodel otherwise thinks the charge as localized and hops
between adjacent molecules by a thermally activated
process. 1339 32 Accordingly, the total mobility (i) can be
expressed as the addition of two terms:

B i b fhep (1)

where the first term is due to electron tunnelling (coherent
electron transfer), which dominates transport at low temperatures
and the second term is related to hopping motion {incoherent
electron transfer), being dominant at room temperatures. In
the standard band theory model, the electron mobility can be
simply obtained as:
er
Fiiun E (2)

In egn (2), e is the electron charge, tis the mean relaxation
time of the band states (related to the mean free path of
the charges), and my is the effective mass of the charge

carriers. In the case of wide bands, where the thermally
populated levels remain close to the valence and conduction
band edges, the mobility is governed by the electron effective
masses that can be computed from the band structure and
their band extremes.® Moreover, the effective mass can be
considered as a direct measurement of hopping transport,
since high values of m.g point to small contributions of ji,,.

Since the band-like regime is generally observed only at low
temperatures, the hopping mechanism has usnally effect at
relevant temperatures for practical technological applications.
Thus, it has been established that, in a conjugated polymer,
the charge transport mainly occurs through the hopping
mechanism.™*** ** Within this mechanism in the low field
limit, the drift mobility and the diffusion coefficient D are
related by the Einstein relation

eD
Hpop = kn_T (3)
where T'is the temperature, kg is the Boltzmann constant and
for a one-dimensional system, D is given by D = PKgr., { being
the spacing between molecules and Kgyp the charge-transfer
rate constant for hole or electron transport between adjacent
molecules. Kgr can be studied within the framework of the
ical Marcus theory, ™% 3% ghare the charge
carrier hopping process is generally described as a sell-
exchange electron-transfer (ET) reaction between neighbouring
molecules. According to the Marcus theory, at high-temperature
regimes Kpr becomes:!3:% 53¢

semi-c

ant 1 —{AG" + 1)
Ke 2 - 4)
o T Vandks T 2P| T ik T @
where AGY is the variation of Gibbs fres energy (AG® = 0, for

a self-exchange ET reaction), the reorganization energy (4)
and the charge transfer integral (#14) are the two key magnitudes
that need to be tuned in order to obtain efficient charge
injection and high electron transfer rate >3 33

3. Computational details

The structural and electronic caleulations on both PIHT and
P3OHT crystals and isolated chains were performed with the
DFT method using the STESTA code.*® The caleulations were
performed within the Generalized-Gradient Approximation
{GGA), and the Perdew—Burke-Emzerhof (PBE) formulation
for the exchange-correlation functional®® although some
caleulations with local density approximation (LDA) were
also performed with the Ceperley—Alder exchange—correlation
functional.*’ In both cases, norm-conserving Troullier-Martins
psendopotentials and aumerical donble- + polarization atomic
arbital basis sets were the choice. In each strueture, we relaxed
all atomic pasitions and lattice parameters, using the conjugated
gradient minimization {CG) method, with a force tolerance of
0.04 eV A ', Band structures were calculated along the
k-vector of the polymer chain and n—r stacking directions.
Band structure diagrams, Density of States (DOS) and Crystal
Orbital Overlap Populations (COOP) were plotted with
respect to the Fermi level (Eg), for comparison purposes.
Partial density of States (PDOS) of p-orbitals of oxygen, sultur

10002 | Phys. Chem. Chem. Phys., 2011, 13, 10091-10009
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and carbon backbone atoms were obtained with the program
developed by A. Postnikov.® Finally, the electronic coupling
elements (|¢y5]) between neighbouring molecules were calculated
according to Koopmans’ theorem®**® ** from the band
structure of two stacked, isolated infinite chains in the same
conformation as that in the three-dimensional structure.

The geometries of the neutral and cationic states of
individual oligomers with different lengths (from dimer to
decamer) were optimized by means of supercell approximation
{which allows the use of Bloch’s theorem for systems which are
intrinsically non-periodic)*** with SIESTA under the same
conditions as previously used in geometry optimization. The
lonization Potentials (IF) and reorganization energies were
calculated for oligomers and afterwards fitted to a Karsten-
like equation45'46 to estimate their values for the ideal, infinite
polymer.

4. Results and discussions
4.1. Crystal structure

To the best of our knowledge, there are reported crystal
parameters only for P3HT.* *® According to these works,
the orthorhombic unit cell of the P3HT crystal is characterized
by a = {a0,0), b = {(0,60), and ¢ = {(0,0,¢) vectors lying
down the alkyl side chains, the n-stacking, and the backbone
directions, respectively (Fig. 1b). Maillard and Rocherfort®!
studied the relative stability of the possible configurations for
P3HT with LDA approximation, and they demonstrated that
the configuration shown in Fig. 1b is the most favourable due
to an even distribution of alkyl side chains.

Since there are no structural parameters for P3OHT, we
started from an orthorhombic unit cell similar to P3HT. Both
orthorhombic unit cells were fully optimized within GGA and
LDA approximations without any geometry restrictions.
Althongh both approximations were tested, we foensed our
attention on the GGA approach, because LDA gave us a
structural misalignment of thiophene units in the backbone
direction. However, isolated chains of both compounds were
aoptimized with LDA and GGA to obtain some information
about the effects of different DFT approximations on geometrical
parameters. Tables | and 2 collect the experimental and

Table 1 Unit cell and most representative parameters for PAHT and
P30OHT crystals obtained with GGA functional

P3HT )
PROHT
Experimental
This work » ‘ This work
afA 17519 1680 1663 1600 20793
bjA 6.891 766 775 780 6.589
/A 7.819 770 777 780 7.803
w, f, 9° 90.0 900 900 900 90.0
Cr-CofA 1.439 1.420
C-XYA 1.507 1.364
Cu O GGyt 1789 179.4
CmCa=X-C° 102.3 179.4

“ Taken from ref. 44 and 45 ° Taken from ref. 46. ° Taken from
ref. 27, “ X = C (P3HT) or O (P3IOHT),

Table 2 Unit vector ¢ (A) and the most representative parameters for
isolated chains of P3HT and PIOHT

PIHT P3OHT

LDA GGA LDA GGA
oA 7.743 7.826 7.708 7.812
CoCarfA 1.423 1.440 1.412 1429
C-XYA 1.485 1.507 1.340 1.361
CCp-Cr-Caf° 179.8 179.2 180.0 179.9
C-CX-Cf° 76.7 84.1 180.0 180.0

X = C(PIHT) or O (PIOHT).

calculated unit cell parameters and the unit vector ¢ for
isolated chains, respectively. Both tables also gather some
molecular parameters related to the substituents’ effect.”’ As
it can be seen in Table 1, for PAHT the calculated values for a
and ¢ depart from the experimental values as low as 6% and
0.8%, resl'_"ccti\rra:ly_‘ﬁ * However, the calculated value for b is
about 10% lower than experimental values. Maillard and
Rocherfort® explained this discrepancy by the fact that
DFT computations do not consider the substrate on which
the polymer is deposited, and which can significantly influence
the orientation of crystal domains. Besides, the n-stacking
distance depends on the torsional angle © around the -C—X
(X = 0, C) bond. Thus, the largest n-stacking distance should
be found for © = 90°, which is the experimental value of
alkylic chains in alkylpolythiophene derivatives.®® In this
work, 7 amounts to 102.3°, therefore the discrepancy along
the & axis could be also due in part to the difference between
experimental and theoretical values of this dihedral angle.

As to the variations of cell parameters between PAHT and
P30OHT, a increases as much as 3.274 A due to the presence of
an oxygen atom which lies along vector ¢ and thus it makes the
side chain to lengthen. A shortening of 0.302 A along the &
edge is found, which can be due to the alkaxy chaing which are
coplanar with the backbone, allowing both polymer chains to
approach each other. The effect of alkoxy chains on the b edge
as compared to alkylic ones is even less significant since there
are some discrepancies between experimental and theoretical
values of the n-stacking distance.

As to the rest of the molecular parameters, the
Cy—Co—Co—C5 dihedral angle iz near to 180°, allowing the
electronic delocalization between thiophene rings which can
overcome the steric hindrance between sulfur and X (= C, Q)
atoms.” %7 €,y distances lie in the ranges of typical C-C
single (1.54 A) and C—=C double {1.33 A) bonds,™ which
points to some electronic delocalization along the backbone.
In P3OHT, this bond length is shorter pointing to a greater
electronic delocalization. Since Cy—Csy- is parallel to the back-
bone of polymer chains, its shortening with respect to P3HT
wold explain the decrease noted for c. As to the C3=X bond,
it can be noted that in the case of P3HT this bond distance is
similar to that reported for a typical C-C single bond, while
for alkoxy chains it is shorter than that for a typical C-0O
single bond (1.43 :\) and larger than that for a C—0 double
bond (1.26 A).** These facts snggest an important electronic
contribution of the alkoxy group in the 3-position, which
favours the electronic delocalization between thiophene
rings.”* The electronic contribution of the alkoxy group
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makes the Co:—C3—X—C dihedral angle to take values of ca.
180°, while it is around 102° for P3HT.

Except for the Co—C3—X-C dihedral angle in P3HT, the
results collected in Table 2 for GGA h
appearing in Table | are very close to each other, which is an
indication that w-stacking is only slightly influenced or not

influenced at all by the geometrical parameters.

nnnravimation and thaca
e 2 1ot GUA approximation anda tnose

However,
dihedral angles between alkyl side chains and the backbone
plane undergo a variation of 18.2°. This shift would be due to
alkyl chains that move their position to favour n-interactions,
and thus an increase of the C,—C;—X-C dihedral angle makes

A P LT YA ammeesimation se exmected  renc Jaral 3
b to diminish. renaerea

LDA appiroximation, as expected,
shorter bond lengths than GGA, while for isolated chains of
P3HT and P3OHT the behaviours turn out to be similar, the
dihedral angle of the hexyl chain being the major dilference
between both approximations.

4.2  Electronic structure

The calculated, electronic band structures of P3HT and
P3OHT crystals as well as those for one isolated chain and
two stacked isolated chains are plotted in Flg

. For the

d at
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4

ISOLATED CHAIN

P =
L
~ CB
o —— = —— —— o —— —
S e Gl
L L.
- VBZ%
N Ry SN
= % —
-4
X r z
TWO STACKED
b) GRYSTAL STRUCTURE ISOLATED CHAINS )30LATED CHAIN
4

45— — 4

=
©

CB,
= CBy
L
-
B Ot —— ~—— === ——— — 0
=
4] VB,
2 - 2 = 2
[ —
/ A
-4 - -4 4
X r zZ r z r Z

Fig. 2 Electronic band structures of crystal configuration, two
stacked and one isolated chain of {a) P3HT. (b) P3OHT. Points of
high symmetry in the first Brillouin zone are labelled as follows:

I —(0,00), X — (0,05,0.0) and Z — (0,0,0.5).

a) b)

rlg 3 7 moiecuiar orbitai characier of ('l) HOMO and (DJ LUMO

levels of the repeat unit [or isolated polythiophene chains.

shows 7 symmetry, with bonding/antibonding character
within/between each double bond at ecach thiophene ring.

1 thia Ptar vl
Likewise, the inter-rin £

1 P I N Ay o
link is antibondin £ in cnaracier (see

Fig. 3a). Thus, VB, at I shows antibonding character between
two adjacent cells while it displays a bonding character at the
Z point giving rise to a larger stability of the orbital at this
point (Fig. 2a). The lowest conduction band, CB, shows
antibonding character within the double bonds and bonding
character between both rings (Fig. 3b). Therefore, the
inter-cell link shows bonding character at the I'-point while
at the Z- puuu is drmborndlrlg in ch. racier, decie sing its
stability (Fig. 2a). The slope of CB; and VB, bands points
to an important overlapping between w orbitals of the rings
along the k-vector direction. For the oxyhexyl derivative, both
CB, and VB, at I'- and Z-points are more unstable than the

hexyl derivative, pointing that the oxygen orbitals should be
considered at this level with a small antibonding character.
For the two chain system, the valence and conduction bands
LOIlSl\L Ul iwo \LID D(lIlUS (l]'l\lIl}; 1rom l[lt: SpllLllIlb Ulr‘ ‘\/B] dllU
CB, bands of the single chain due to the n-stacking interaction
between both chains. The most/less stable level corresponds to
the antisymmetric/symmetric combination of the n orbitals ol
the rings “up” in the chains. This behaviour
of the rings of both chains. The
maximum/minimum of the upper/lower VB,/CB, sub-band is
located at the I'-point for both systems. Both sub-bands
behave in a similar fashion to the single band in the isolated
chain polymer. The band structure of the oxyhexyl derivative
i similar, but the VB,/CB, band is somewhat more unstable/

and “‘down”
comes from the 180° rotation

stable than the single chain system, due to the small antibonding
character introduced by the oxygen atom.

These band

of the PT Lrysml dllhough PT usually forms a herringbone
structure.**

In band diagrams of crystal structures, the significant points
of the Brillouin zone are extended to the X-point. The two
outer valence bands (VB and VB,) show a similar behaviour
to the single and two chain systems. However, a small slope in
the X direction is observed that is interpreted to be as a

consequence of the small overlannineg of the
consequence of the small lappmg

Taking into account the overlapping between the wavefunctions
at the I-point, the most stable valence band (VB) shows
bonding character within and between cells, while VB, shows
antibonding character within and between cells. Both bands
reach approximately the same energy at the X-point. This fact
can be accounted for by the alternating bonding/antibonding
character of both bands at the X-point: the orbitals of the most

stable band are

m-stacking
St =N

bonding/antibonding within/between the

cells, whereas the less stable band is antibonding/bonding
within/between the cells. These facts together with the small
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Table 3 VB and CB bandwidths, bandgaps, and the effective masses

VB bandwidth/eV

CB bandwidth/eV

Megtme"
r-x r-z r-x r-z Bandgaps®/eV r-z
Isolated chain P3HT 1.86 1.52 1.08 (1.80) 1.60
P3OHT 1.88 1.56 0.88 (1.47) 1.76
Two stacked, isolated chains P3HT 1.59 1.69 0.68 (1.13) 2.05
P3OHT 1.81 1.86 0.18 (0.30) 2.64
Crystal structure P3HT 0.18 1.48 0.50 1.74 0.30 (0.50) 207
P3OHT 0.26 1.52 0.52 1.84 0.00 (0.00) 2.86

* Effective masses caleulated along the valence band.

¥ Values in parentheses are the calculated bandgaps divided by 0.60.

overlapping along the rn-stacking direction, which produces
non-slope bands, lead approximately to the same energy at the
X-point for both bands. The outer band of the oxyhexyl
crystal derivative shows some smooth maxima which are
missing in the hexyl derivative.

Table 3 collects the VB and CB bandwidths, bandgaps and
effective masses for VB. We note that VB and CB bandwidths
are influenced in a dissimilar manner by m-stacking. Thus,
VB/CB bandwidths decrease/increase 0.38 ¢V/0.22 ¢V and
0.36 eV/0.28 ¢V for P3HT and P3OHT, respectively. As it
can be seen in Fig. 2, near the Z-point the energy of VB, is
close to that for VB,. Larger bandwidths for the oxyhexyl
derivative are obtained, which may be due to a lower separation
between equivalent molecules per unit cell, and possibly to the
larger antibonding contribution of the oxygen atom in the
I'- (or Z-) point. It is also related to the interaction strength
between VB, and VB, (or CB, and CB;). so high bandwidths
point to stronger interactions and overlaps.

For the isolated chain, both CB’s have a similar energy,
although an additional 'ililhi]i/,&lliﬁ]'! due to m- sluckin“ is

ahserved for PIOHT a4 the twolold isolated cha gtare
COSCIVEU (OF ©5UM 1 dal Ui IWOIOKI 18C1aicd Cndins sysiem.

These energy changes along with a biggest bandwidth for
P3OHT give rise to a narrower bandgap as compared to that
for P3HT. Note that the electron-donor effect of the alkoxy
group brings on the electronic structure the same effect as the
doping process, i.e. a diminution in the bandgap due to a
stabilization of the VB and a destabilization of CB.”

Calculated bandgaps from crystal structures are 0.78 (0.38)
and 0.88 (0.18) eV lower as compared to those for isolated
chains (two stacked, isolated chains) for P3HT and P3OHT,
respectively. Since calculated bandgaps are typically
underestimated within the DFT approximation 3% they
have to be considered as a lower limit. Table 3 also shows the
bandgap values divided by 0.60, which is a common procedure
to facilitate comparison between the theoretical value
for the isolated chain in the GGA approximation and the
experimental ones.>>® To our knowledge, there are only
experimental values for thin film P3HT, ie. 1.9 eV>® which
is very close to that predicted for the isolated chain.

As stated before, a destabilization/stabilization of VB/CB was
noted for the alkoxy derivative; this behaviour has been analyzed
with the help of partial density of states (PDOS). Since there are
two equivalent molecules per unit cell, the Density of States,
Total (IDOS) and Partial (PDOS), were only calculated for
isolated chains of P3HT and P3OHT (Fig. 4). PDOS were
obtained considering only the contribution of p-orbitals of the

DOS / states eV cell”!

-4 2 o 2 4
Energy / eV

Fig. 4 Calculated Total () and Partial (p-orbital) Density of States
of backbone carbon (- -). sulfur ( ) and oxygen ( ) atoms
for isolated chains of PAHT (up) and P3OHT (down).

backbone. As it can be seen in Fig. 4, p-orbitals of backbone
carbon atoms show a similar contribution to PDOS for both
compounds. Moreover, the p-orbital of sulfur contributes to VB
— 1, VB and CB. For the P3OHT chain, p-orbitals of oxygen
take part in VB — 1, VB, CB and CB + 1 and sulfur atoms also
intervene in VB’s. These contributions of sulfur and oxygen
atoms produce the upper VBs and lower CBs to approach each
other diminishing the bandgap.

The Crystal Orbital Overlap Population (COOP) is a
bonding indicator for the solids, and could be considered as
the solid-state analogue to the molecular bond order.”-® COOP
has been calculated considering only the p-orbital of oxygen,
sulfur and carbon backbone atoms and, as a result, the occupied
bands are bonding in character like that within or between cells
(Fig. 5). The P30HT valence bands show lower bonding
character than the corresponding bands of P3HT due to the
antibonding contribution of the oxygen atom. The bands above
the Fermi level show a diverse bonding or antibonding character,
while both conduction bands show bonding character.

As stated before, the effective mass, mgq, was suggested to be
a suitable indicator for the mobilities of holes (electrons),® and
it is related to the curvature of the maximum (minimum) of VB
(CB). Lan and Huang® showed that charge transport takes
place along the intrachain (I” to ) instead of the interchain
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Fig. 5 Calculated COOP of P3HT and P3OHT.
direction (I" to X) in P3HT. Thus, we only calculated m.q
along the I" to Z direction as

L1 dER)

R AR

(5)

Since it is known that polythiophene derivatives are p-type
materials,”® effective masses were only calculated in the
maximum of VB (see Table 3). The oxyhexyl substituted poly-
thiophene shows larger effective mass than the alkyl substituted,
which favours the hopping mobility in P3OHT.

4.3 Charge-transfer rate

According to eqn (4), the charge-transfer rate (Kgy) depends on
two parameters: reorganization energy, 4, and charge transfer
integral (or electronic coupling). r;. The first measures the
strength of the so-called local electron-phonon coupling.? It is
determined by fast changes in molecular geometry (the inner
contribution) and by slow variations in polarization of the
surrounding medium (the outer contribution) ie. 4 — Agye
Ainner- In the case of a perfectly ordered system, Aoyer % Aigners
and therefore, the outer contribution can be initially
neglected.*"** ! The inner contribution (also called the
intramolecular reorganization energy, 4;) needs to be minimized
to obtain high charge-transfer rates. For self-exchange reactions,
4; essentially corresponds to the sum of geometry relaxation
energies upon going from the neutral-state geometry to the
charged-state geometry and vice versa:

hE At A (6)

Ay and A; can be caleulated directly from the adiabatic
potential energy surface as:

A= ENGY) - EGY (N

i = ENGN - ETGT) (8)

where E'(G" and E'(G") are the ground-state energies of the
neutral and polaronic states with optimal geometries, G'and G*,
respectively; E'(G ") and E*(G") are the energy of the neutral
molecule at the optimal charged geometry, G, and the energy of
the polaronic state at the optimal geometry of the neutral
molecule, G, respectively. ™" Once 4, is calculated, it is
possible to calculate the vertical ionization potential (VIP) as:

VIP = AIP + J; (9

a) 7
\ & mP3HT
oo ¥  mP30HT
k*
N X —_— AP
o N\ \\ —== VIP
= SR
v R Xy
— N A .
s R e
- \\ s *
2 Oy
=
>
4 e
2 4 6 8 10
n
b) 030
< rrP3HT
v rP30OHT
025
> 020
v
-
< 015
0.10
0.05
2 4 6 8 10
n

Fig. 6 Evolution of (a) AIP and VIP and (b) 4 vs. n (. the number of
repeat units) fitted to an exponential decay function,

where AIP (adiabatic ionization potential) is defined as:
AIP = E'(G") - E"GY (10)

IP's and J4; were calculated for isolated oligomers of different
lengths. In Fig. 6, the evolution of both IP's and reorganization
energies are plotted vs. n (number of thiophene rings). As it
can be seen, reorganization energies and ionization potentials
decrease as an exponential decay function of n. Since periodic
boundary conditions cannot be applied to optimize charged
polymer chains, IP's and 4; for the infinite polymers were
estimated from the values for n-mers by fitting to a Karsten-
like equation.**** As can be seen in Table 4, intramolecular
reorganization energies (4;) and ionization potentials (AIP and
VIP) decrease as a function of », possibly due to the small
lengths (low ) of our molecular systems. In that case the
polaron delocalizes over the entire molecule chain, causing
large geometric reorganization. However, at longer lengths,
the localized polaron forces geometries to change only over a
portion of the chain, so the regions outside the polaron
domain will not change the geometry at all, and hence this
outer region of the polaron will not contribute to i."* The
differences between 4; for n = 10 and the infinite chain
are < 0.02 ¢V, which would indicate that 4;, 4, and i; become
saturated from » = 10. 4 values for PIHT oligomers are
around (.02 ¢V lower than those for alkoxy derivatives, this
similarity suggests that the electronic energy surfaces have a
similar dependence on the configurational coordinate.” The
differences between IP's of decamers and infinite chains
amount to ca. 0.30 eV. Alkoxy chains at position-3 make the
IP’s to reduce in a somewhat greater extent than alkyl chains,
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Table 4 Vertical. VIP. and adiabatic. AIP. ionization potentials and
intramolecular hole reorganization energy (4 ). Units are in ¢V

Table 5 Elcctron coupling. charge transfer-rate (Kgy) and mobility
caleulated for hole hopping motion

AlIP VIP A Ay Az hal" eV Kgp = 1071051 ﬂ.,,,l,"’.-'cm: Vlg!
P3HT P3HT 0.12 393 18.16
2 6.80 6.95 0.28 0.13 0.15 P3OHT 0.21 10.29 52.16
3 5 )
4 gg; géﬁ g‘l'; g&; gég “ Caleulated from the band structure of two isolated chains at the I
5 593 531 0.16 0.08 0.08 point. ¥ Caleulated with 4, = 0 ¢V.
[ 4.98 5.05 0.14 0.07 0.07
7 4.76 482 0.12 0.07 0.06 ) )
8 4.58 4.63 0.11 0.06 0.05 configuration of the neutral state of a cluster of two chains
9 442 447 0.10 0.05 005 for which the site energies become identical >! %3366 Ag we
}IU_' - :gg ggg gg ggﬁ gg: are interested in the value of £)> of an infinite polymer chain,
P3ONT we have calculated (15| from the band structure of two stacked
2 6.23 6.37 0.29 0.14 0.13 and isolated infinite chains at the I" point by using eqn (11).
3 g;; ;:g 3_3,; g :(!' g {3 These values are collected in Table 5. Electronic coupling, |t,4],

" . e . . - Lo re pe 2 5 2 g P
M 164 T3 018 0109 0.09 takes \:d]l.lt_.‘a of 0.12 and 0.21 LV. for P3IHT ‘.md P30OHT,
6 437 4.45 0.16 0.08 0.08 respectively. The strongest electronic coupling for the alkoxy
7 4.14 4.21 0.14 0.07 0.07 derivative could be due to the closeness between both chains,
fj :33 ‘:gi 3:: 332 EEZ since the electronic coupling decreases with the distance.™
10 162 367 o1l 0.06 0.05 P?{HT shows |3 close to the values optaincd for other
n— o 3.29 3.33 0.09 0.05 0.04 thiophene model compounds, such as sexithiophene, whose

due to the electron donating property of the alkoxy
gmupsln.lz

Theoretical values of IP’s and #; are lower than those found
in other previous works.2™®? These small values of 4 will
induce an increase on calculated mobilities.

However, low IP"s may result both in unintentional doping
by charge carriers in the neutral state giving rise to low
ON/OFF ratios and also in a weak environmental stability.
Thus, in order to get high ON/OFF ratios and good stability
the simultaneous action of light, oxygen and moisture on the
active material should be avoided.* Unintentional doping is
also minimized upon reduction of layer thickness in OFET
devices. Thus, it has been demonstrated for P3HT that
decreasing the active layer thickness leads to a lower off-
current.®*® Besides, several works have dealt on the increase
of IP and environmental stability by incorporation of functional
groups with electron withdrawing effect (see ref. 33 and 63 and
references therein).

As known, 1> is spatially dependent, since it describes the
strength of the interactions (electron coupling) between adjacent
molecules. The eleciron coupling between two neighboring
molecules is defined by the matrix element t,, = ([ H ),
where H is the electronic Hamiltonian of the system and i,
and iy, are the wavefunctions of two charge-localized states.'
Nevertheless, it can be approximated from a cluster built of
two stacked chains with the same conformation as that in the
crystal structure. The HOMO and LUMO levels for each
chain interact with each other and as a consequence, degeneracy
splits giving rise to four levels, ie. HOMO — 1, HOMO,
LUMO and LUMO + 1. In this context, the absolute value of
charge transfer integral for hole transfer is approximated as

Enomo — Enomo-1

5 (1)

|tr2] =

where Eyomo and Eyosooq are the energies of the HOMO
and HOMO 1 levels, taken from the closed-shell

15| value for holes is around 0.13 eV, similar to the value
found for P3HT.®

Ongce the intramolecular reorganization energy and charge
transfer integral were obtained, the charge-transfer rate and
mobility were estimated for hole hopping motion, by using
eqn (4) and (3), respectively. Table 5 collects Ky and jipg,
estimated at 298 K with 4, 0 eV. Alkyl and alkoxy
derivatives show charge transfer rates of 3.93 x 10" 57!
and 10.29 x 10" 57!, respectively. Despite the very similar
reorganization energies, the higher charge transfer integral for
the alkoxy substituted polythiophene produces a higher charge
transfer rate and therefore larger hole mobilities than the alkyl
derivative. With respect to hole mobilities, it has been experi-
mentally shown that P3HT can reach a high charge mobility of
0.10 cm® V- ' s~ in the crystalline state,*® ™ while values for
P3OHT are unknown. There is a large difference between the
experimental and theoretical values of iy, for PIHT. This
fact may be due in part to the outer reorganization energy that
was initially despised.

In order to obtain more realistic values of pp,p,, we have
analyzed the effect of the outer reorganization energy (4,). It is
much less straightforward to estimate A, since simple analytical
expressions are only available for electron-transfer reactions in

, < mP3HT
4 v oP30HT
Tlﬂ
> 3
L)
§
-~ 2
)
=
¢
0
020 028 0.30 035 0.40
A, leV

Fig. 7 Evolution of iy, with 4.
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isotropic media. Although A, can initially be despised with
respect to A, it can be also considerad as a tuning parameter
varying in a realistic range from 0.2 to 0.4 &V.""7? Fig. 7 shows
the variation of p., with A,. As expected, p, decreases as
Ao increases, and thereby the smallest values for g, are
015 em® V' s ! and 049 em® V ! s ! for P3HT and
P30OHT, respectively. Therefore, it turns out that i, needs to
be considered in the estimation of puep, in order to get
theoretical values closer to the experimental ones.

5. Conclusions

The structural, electronic and charge transport properties of
two crystalline polythiophene, hexyl and oxyhexyl, derivatives
have been analysed from a theoretical, DFT perspective.
Alkoxy chains produce a larger electronic delocalization along
the polymer backbone, due in part to the electron-donor effect
of the oxygen atom, and a shortening of edge a with respect to
that of alkyl chains is induced. This is favoured by the alkoxy
chains, and the thiophene rings backbone displays near
co-planarity from which the alkyl chains depart significantly.
The electronic structure has been analyzed by means of
bandwidths, bandgaps, effective masses, Density of States
and Crystal Orbital Overlap Populations. As an effect of 7—
interactions, crystal structures produce a significant decrease
in the bandgap of 0.78 ¢V and 0.88 &V for P3HT and P3OHT,
respectively, as compared to isolated chains. Also, they influence
differently on the VB and CB and provoke an increase in the
effective mass, as well. All these properties are improved with
the ntroduction of alkoxy chains. The oxyhexyl substituted
polythiophene shows larger CB bandwidths, and the diminution
of VB bandwidth in the erystal strueture is lower, which
demonstrates that bandwidths are in part influenced by a—
interactions and the n-stacking distance. This behaviour in the
VB and CB bandwidths along with an increase of VB and a
decrease of CB in the alkoxy derivative, both produce a
diminution in the bandgap. Partial density of states shows
that this effect in P3OHT is due to the contribution of
p-orbitals of oxygen atoms as that obtained upon doping.

The electronic coupling was calenlated from the splitting in
the valence band at the I" point for two stacked chains. The
alkoxy derivative shows the largest electronic coupling, since
the interactions between adjacent molecules are conditioned
by their relative positions. Once calculated, the reorganization
energies and ionization potentials (AIP and VIP) of different
oligomers were plotted as a function of the number of the
oligomer units (), and fitted to a Karsten-like function in order
to get an estimate for the limit polymer. After a comparison,
P3OHT shows lower [P’s due to the electron-donor effect of the
axygen atom and a somewhat larger reorganization energy and
larger electronic coupling than P3HT which lead to a charge
transfer constant Kep = 3.93 % 10's ! for P3HT as apposite to
10.29 » 10" s ' for P3OHT.

A mumber of factors should be controlled in order to avoid
the impact of low IP’s on ON/OFF ratios and stability, i.e. the
simultaneons action of light, oxygen and moisture on the
active material. Also, ON/OFF ratios are kept high upon
reduction of layer thickness in OFET devices. Finally, an
increase of [P's and environmental stability may be achieved

upon functionalization of the active matenial with electron
withdrawing groups.

Finally, we have analyzed the importance of the outer
reorganization energy in order to predict meaningful values

of the hole mobility. Thus, P3HT shows an experimental

mobility around 0.1 em® V1 s 1 while the theoretical

mobility turns out to be 0.15cm®V 's ! being that dispersion
probably motivated to the different caleulated vs. experimental
-1 stacking distance.

In summary, alkoxy side chains improve the electronic and
charge transport properties with respect to alkyl ones. Thus,
obtained results could motivate expenimentalists to try out

P3OHT for an improved behaviour.
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Capitulo IV: Resultados

BLOQUE II: Poli(Ariletinil-tienoacenos)

Los dos primeros articulos de este bloque (G. Garcia et al., J. Phys. Chem.
C, 2010, 374, 12325 y G. Garcia et al., J. Phys. Chem. C, 2011, 115, 6922) estan
dedicados al estudio de las propiedades de transporte de carga de Poli(Feniletinil-
tienoacenos) como precursores de materiales tipo #. En primer lugar se abordd el
estudio para los correspondientes mondémeros, lo cual nos ha permitido obtener
informacidn acerca de la influencia del numero de anillos de tiofeno sobre aquellas
propiedades relacionadas con el transporte de electrones. En segundo lugar, el
estudio se amplio a los oligdmeros, lo cual también nos ha permitido analizar

dichas propiedades en funcidn de la longitud de la cadena oligomérica.

El tercer articulo de este bloque (G. Garcia et al., enviado a publicar, J. Phys.
Chem. C, ID: jp-2012-022369, 2012) esta dedicado al estudio de una serie de
Poli(Ariletinil-tienoacenos) como precursores de materiales ambipolares. En este
trabajo se ha empleado una doble metodologia con calculos en fase condensada
(mediante el codigo SIESTA) y calculos dentro de la aproximacién de la molécula
aislada (usando la suite Gaussian) para el estudio de las propiedades de transporte

de carga.
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Figura 3.2: Evolucion del acoplamiento electronico como funcion del desplazamiento a lo largo de

los ejes moleculares para los trimeros de Poli(Feniletinil-tienoacenos).
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Theoretical Study of Bis(phenylethynyl)thienoacenes as Precursors of Molecular Wires for
Molecular Hlectronics
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Tomas Pefia-Ruiz, Amparo Navarro, M. Paz Fernandez-Liencres, and
Manuel Fernandez-Gomez*
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Lagunillas, s/n 23071, Jaén, Spain

Received: March 15, 2010; Revised Manuscript Received: June 14, 2010

The geometries and electronic properties of a series of bis{phenylethynylthiencacenes as precursors of n-type
materials with desirable (optejelectronic properties have been studied from a theoretical perspective: 2,5-
bis-phenylethynyl-thiophene (PhEtT), 2,5-bis-phenvlethynyl-thienc[3,2-bthiophene (PhE{T,), 2.6-bis-phe-
nylethynyl-dithieno[3,2-5;,2.3-dlthiophene (PhBtTs), and 2,6-bis-phenylethynyl-3,4,7,8-tetrathia-dicyclopen-
ta[a,e]pentalens (PhE{T,). This has allowed performance of a comparative study of the influence of the number
of fused thiophene rings on the studied properties. The (opto)electronic properties and conducting capability
were investigated through the HOMO — LUMO excitation energy, bond length alternation (BLA), LUMO
energy, electron affinity, and intramolecular reorganization energy. Also, the influence of planarity on electrical
conductivity has been analyzed by means of the natural bond orbital (INBO) approach together with the theory
of atoms in molecules (AIM). From this study it follows that the increase in the rumber of fused thiophene
rings does not significantly affect those properties related to aromaticity such as BLA, rotational barriers, or
charge transference between the different aromatic rings, while that increase leads to an easier charge injection

and brings on an enhancement of the n-type character.

1. Introduction

Since the discovery in 1977 of the increase in electrical
conductivity of polyacetylene when doped with electron accep-
tors,’ a large number of conjugated polymers have been
synthesized and evaluated in a wide range of (opto)electronic
applications such as light-eritting diedes (OLEDs), photovoltaic
cells, and field-effect transistors (OFETs).”® The performance
of these devices notably depends on the optical band gap which
controls the narure of the electroluminescence signal in light-
emitting diodes and the efficiency of light absorption in solar
cells.* So far, 7z-conjugated polymers have been used mostly
as p-type materials while the Wlde\prcad use of the so-called
s has faced differ acles. Dhifficulties
concerning the molecular design of such an electron-poor
material, scarce solubility, difficalt processability, and instability
n air have provoked their development to lag behind that of
p-type material

Amoeng s-conjugated polymers, poly(aryleneethynylene)s
(PAES) have attracted strong attention because of their desirable
chemical and electrical properties. PAHs show the general
structure —(Ar—C=C—Ar—(C=C}— where Ar and A are
electron-donating or electron-withdrawing wnits.>’ Interest in
these compounds mainly lies in their potential in a wide variety
of applications®® wherein efficient charge transport, fast energy
ransfer, and good kuminescence properties are required.” The
electron-withdrawing effect of the —C=C- group makes PAE
polymers favorable for electron rather than hole injection.'” For
an organic semiconductor to behave as an n-type organic
sermiconductor, it should display a set of featores such as low-
energy LUMO level and a sufficiently high electron affinity in

n-type mal

*To whoin correspondence should be addressed. Phone: -+34 033 21

21 48. E-mail: mifg @ujacn.os.

10.1021/p102345d

order to allow an easy and efficient electron Injection into the
empty LUMO. The higher the adiabatic electron affinity (AEA),
the greater the stability against oxygen quenching, while in the
case of a too large AEA the ambient stability of the molecule
conld be compromised.>! In typical, disordered s-conjugared
materiale with small bandwidths (<1 eV) at roomn temperature,
the charge motion oceurs by an electron transfer (ET) reaction
between neighboring molecules. The rate constant for such an
electron transfer process (kgr) is well estimated within the
framework of the semiclassical Marcus theory according to

Jzaee + 3y
T a8

(-
-

where 4 and #,, are, respectively, the reorganization energy (inner
and outer) for the intramelecular electron tramsfer and the
electronic coupling element between neighboring molecnles and
AG® 15 the variation of Gibbs free energy. For a se change
ET reaction, AG® = 0, and ag the outer reoyganization energy
is on the order of 0.1 eV, it follows that 4., £+, and the electron
affinity (HA) are the magnitudes to be controlled during the
design of new PAHs when secking for an efficient charge
injection and bigh electron transfer rate.**2** Moreover, the
study of anionic states of n-type organic semiconductors is
egsential to understanding the electronic and structural changes
that occur during the charge injection process as well as to
knowing to what exftent these changes affect the studied
properties.

In order to design new PAFs or, in general, new sr-conjugated
polymers, with Improved elecironic properties, & complete
understanding of the relationship between the electronic features

© 2010 American Chemical Society
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Figure 1. PhE(T, (n = 1—4} formulas showing atom numbering.
and the e
paramount importance. In previous works we have studied the
eflect of the ethynyl group (—C=C-—) on the slructure,
electronic properties, and conducting properties of a set of PAES
for which the electron-withdrawing unit is triazole (PhE(Tr),
thiadiazole (PhEtTh), and oxadiazole (PhEtOx).'>1¢ Such effects
can be ascribed both to the axial symmetry of the triple bond,
capable of maintaining some conjugation between adjacent aryl

ronic structure of their monomer units is of

orpung ot diffarant relative arientationg of thair aromatice
groups at aifferent reiative orientations of their aromatic

planes,*'*!7 and to the electron-withdrawing effect exhibited

by the ethynyl group.'’

In this work, we have focused our interest on systems made
of phenylethynyl (Pb—C=C—) moictics linked to thicnoacene
aromatic heterocycles with up to four fused thiophene rings,
PhElT,,, n = 1—4, as precursors of novel PAEs such as 2,5-

—phunylclhynyl thiophene  (PhELT), 2,5-bis-phenylethynyl-

3’-djthiophene (PhEL(T;), and 2 6-bis- phunylclhyny]—
? ,4.7,8- lclralhla dicyclopentale,elpentalenc (PhELT,) (sce Figure
l). These ceniral uniis have been chosen since nonciassical
thiophenes have been regarded as promising candidates for the
design of intrinsically conductive polymers, due to their unusual
electronic structures.'® The advantages of those molecules in

this field are attributed to their unique structural features: all
sulfur atoms are positioned at the molecular periphery, facilitat-
ing multiple short S+++S contacts and increasing the effective
dimensionality ()t thc echtmmL structure so that they may

TLo el e

cfficiency of Ihl()phcncs as property modulators is associated
with the low resonance energy in comparison to benzene as
well as the ability of sulfur d-orbitals (o mix well with aromatic
s-orbitals,'*? such that electron transfer through the 7-center
along the molecular backbone is facilitated. The excellent linear
correlation between their longest wavelength and the number
of thiophene rings shows the effective role of the fused rings.?'

DhEST hag recantly hoaon gunthacizad hy Siddle at a1l hy maang

PhELT has recently heen synthesized by Siddle et al. by means
of a Sonogashira cross-coupling of para-substituted cthynyl-
benzenes with 2,5-diiodothiophene. Its structural X-ray data and
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UV —vis absorption spectrum are known.** To our knowiedge,
Sonogashira cross-coupling has not been tested for the remaining
central units proposed in this work. Our aim is the theoretical
analysis of the structure, electronic properties, and conducting
pr opcmcq of these PAE precursors as a function of the number
ed thiophene rings (see Figure 1) as well as the study of
the changes on the mo]cculat gcometry duc to charge injection.
On the basis of the results, we could foresee new structure—
properiy refaitonships thai can guide furiber developmeni of new

PAEs.

2. Computational Details

The Gaussian 03 (revision E.01)% suite of programs has been
cmpioyed for all theorclical calculations. The geometry opti-
mization of PhE(T was dealt at B3LYP,*72 M05-2X,” and
PBEO™ levels as well as second-order Mgller—Plesset perturba-
tion thcory (MP2)* in combination with 6-31G*#, 6-31+G*,

o : 5.0 Opumued structures

Lo assess the influence of the level of lheory. The remammg
systems were optimized at B3LYP, M05-2X, and PBEO levels
with 6-31G* and 6-31+G* basis scts. The torsional barrier
around the 7(8;—Cs+++Cy—C5) dihedral angle (see Figure 1)
has been investigated with B3LYP/6-31G* in a partially
restricted manner, that is, not allowing further relaxation for
any other dihedral angle. Internal charge transfer between the
central unit and both the phenyl and the ethynyl moieties as
well as the clectron density topology has bccn investigated by
means of the natural bond orbital (NBO)'! approach and the
theory of atoms in molccules (AIM),* respectively. NBO auu
AIM calculations were carricd out using the NBO 5.0 code?!

and the AIM2000 package,” respectively. Optical band gaps
were calculated as highest occupicd molecular orbital (HOMO)
— lowest unoccupicd molecular orbital (LUMO) excitation
cnergics by application of time-dependent density functional
theory, TD-DFT, with different hybrid functionals, i.c., TD-
B3LYP, TD-PBEQ, and TD-M05-2X, on the “comullc% opti-

mized at the same level of theory. Basis sets cont

functions were employed in order to get a higher accumcy in
the calculation of the energy-related properties such as electronic
excitation energies, ionization potentials, electron affinities, and
intramolecular reorganization energies.™ These calculations were
performed on the geometry of the neutral and ionic species
optimized at the same level of theory.

3.1. Molecular Geometry. To our knowledge, experimental
geometric parameters are known only for PhE(T.>> PhE(T
geometry was optimized combining B3LYP, PBEO, M05-2X,
and MP2 methods with 6-31G*, 6-31+G*, 6-31+G**, and
6-311G** basis sets (the full set of optimized molecular
parameters of PhE(T appears as Supporting Information, Table
1S). The root-mean-square deviations (rm%d’s) of bond lengths
and bond angles between X-ray and opti > 1
function of the method/basis set for the PhEIT molecule appear
in Tables 1 and 2 and Figures 2 and 3. Thus, DFT methods
yield the lowest rmsd’s both lor bond lengths and angles
(~0.009 A and ~1.25°, on average, respectively) in comparison
to the MP2 method (~0.02 A and ~1.38°), regardless of the
basis set. As to the bond lengths, the DFT method/basis set

that best pcrforms turns out to be M05-2X/6-31+G** (average
rmed ~0 006 A I~ DN0 /\\ MDY aravides rmed valueg gliohtly

rmsa ~L.OUC A/~OQ0U0 AL MPL ProvIGEs rmisa vaiues sitgatiy

P U .
cd struct §a

larger than DFT ones, especially with the 6-31G* basis set, for
which the rmsd is ~0,03 A larger than the rest, As concerns
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TABLE 1: rms Deviations (A) for Bond Lengths of
Optimized PhEtT with Regard to Experimental X-Ray
Structure’

B3iLYP PREQ MO5-2X MP2
6-31G* 0.0118 0.0101 0.0063 0.0476
6-31+G* 0.0116 0.0100 0.0062 0.0131
6-311G** 0.0110 0.0105 0.0073 0.0128
6-31+G** 0.0114 0.0100 0.0062 0.0137

“ From ref 22.

TABLE 2: rms Deviations (deg) for Angles of Optimized
PhELT structure with Regard to Experimental X-Ray
Structure”

B3LYP PBED MO5-2X MP2

6-31G% 1.1865 1.2117 1.2388 1.3285
6-31+G* 1.2192 1.2693 1.2685 1.4183
6-311G** 1.2539 1.3344 1.3166 1.3733
6-314+G** 1.2204 1.2708 1.2871 1.3892
“ From ref 22.

0.05

M — ILYP
—= PBEDO
0.04 m MO5-2X
1 MP2

0.03
=)
w
E

0.02

0.01

0,00

6-31G* 6-314G* 6-31G** G-3HGH
Basis sets

Figure 2. rms deviation (A) for bond lengths of optimized PhEIT
structure with regard to X-ray structure.
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Figure 3. rms deviation (deg) for angles of optimized PhELT structure
with regard to X-ray structure,

bond angles, the best DFT level of theory/basis set seems to be
B3LYP/6-31G*, for which the average rmsd’s are ~1.22%
~1.21°, values which are slightly smaller than those from MP2
and which were obtained with a much lower computational
effort.

Bearing in mind the experimental error as well as the fact
that the crystal geometry can be very influenced by interactions
with neighboring molecules, those differences in rmsd, however,
appear as not very conclusive as regards the method of choice.
In our previous works on 2.5-bis(phenvlethevnvl)-1.3.4-thidi-
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azole' and bithiophene derivatives,’ we concluded that DFT
methods combined with Pople’s basis sets were the best
compromise to reproduce experimental bond lengths with a
reasonable computational cost.

As mentioned before, basis sets containing diffuse functions
must be used in order to increase the accuracy of calculations
of energy-related properties.™ To that goal, we selected
6-31+G* since it was the basis set which yielded rmsd’s close
to those attained with 6-31G*.

In the case of PhEIT, (n = 2—4) the geometry optimization
was performed with B3ALYP, PBEO, and MO05-2X methods
combined with both 6-31G* and 6-314+G* basis sets. Table 3
shows the values for the most significant geometric parameters
optimized with the 6-31+G* basis set (the same with the 6-31G*
basis sel appears as Supporting Information, Table 2S). What-
ever the level of theory, PhELT, (n = 1—4) are predicted to be
planar. In general, longer single C—C bonds and shorter double
C=C and triple C=C bonds are obtained with M05-2X in
comparison to those obtained with B3LYP and PBEO, probably
due to its higher HF exchange percentage.”’ The geometry
parameters that show greater sensitivity upon the number of
fused thiophene rings turn out to be the angles of the central
unit. Thus, differences up to 1.5%/~0.9° for S;n—Cq,—Cip,
(Cl'l'|=Cl'r|_Cu'I'|)4'IC<'I'}_S|'1'|_C|T_\ {S{'I'I_C_C(n('l) :lllgh:S are ob-
tained when going from PhE(T to PhELT,. However, when a
third ring is added to the central unit, these angles scarcely vary.

For the whole series, the caleulated Co¢,—Cy and
Ciry—Ciucy distances lie in the ranges 1.420—1.430 and
1.402—1.414 A, respectively, which are shorter than a typical
C—C single bond (1.54 A) and longer than a typical C=C
double bond (1.33 A),* which indicates some double bond
character due to extended 7-delocalization. The calculated C=C
distances, within the range 1.212—1.220 A, indicate that the
electronic delocalization also entails some loss of triple bond
character (typical C=C triple bond length is 1.20 A) An
interesting  geometric  parameter related to Cocy—Cipme

“rr— Craye and C=C bond lengths is the bond length alternation
(BLA), which has been successfully related to the band gap
and aromaticity. According to the definition by Fu et al.," for
nonclassical conjugated polymers, BLA was calculated by
subtracting the central C=C triple bond length from the averaged
length of the two central C—C single bonds:

d Cl['l\]_ct:('l) + d(Copy Ci:('l)

BLA = 2

— d(C=C)
(2)

Table 4 and Table 38 in the Supporting Information show
the corresponding BLAs for each system. As can be seen, BLAs
calculated with M05-2X are typically higher, which can be
directly related to the aromaticity and ascribed to the high HF
exchange percentage of the M035-2X method.” It is noteworthy
that all systems show very similar BLAs, indicating that the
increase in the number of fused thiophene rings scarcely affects
the aromaticity.

3.2. Torsional Barriers: Influence of Planarity on Electri-
cal Properties. A very interesting feature of these organic
compounds is their capability of maintaining to some extent
the conjugation between adjacent aryl groups at different relative
orientations of their aromatic planes, which can be considered
crucial to achieving high electrical conductivity."” This capability
has been monitored by analyzing the partially restricted torsional
profiles (see above) around the t (8, —Cs+++Cy—C,3) dihedral
angle (see Fieure 1). Figure 4 shows a representative part of
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TABLE
6-31+G* Basis Set

Garcfa ct al.

3: Main Geometric Parameters of PhEtT, (» = 1—4) Calculated with B3LYP, PBE0, and M052X Methods with the

PhE(T PhE(T, PhE(T; PhE(T,
B3LYP PBEO  MO05-2X B3LYP PBE0 MO0S-2X B3LYP PBEO MO05-2X B3LYP PBE0 MO05-2X
Bond Lengths/A
1,757 1,720 1.738 1.777 1,758 1,788 1778 1.759 1.755 1.779 1.759 1.755
1.388 1.384 1.379 1.386 1.382 1.375 1.386 1.382 1.376 1.384 1.382 1.376
1.412 1.407 1414 1.415 1.411 1.418 1.414 1.410 1.417 1.413 1.410 1.417
1.405 1.403 1414 1.404 1.403 1413 1.404 1.402 1413 1.402 1402 1.413
1.220 1.218 1.214 1.220 1.219 1.214 1.220 1.219 1.214 1.219 1.219 1.214
Ci=zcy=Cpny 1.424 1.420 1.430 1.423 1.421 1.430 1.423 1.420 1.430 1.422 1.421 1.430
Bond Angies/deg
Cory=Sim—Cr)* 91.8 92.0 91.7 90.9 91.1 90.8 90.9 911 90.8 90.9 911 90.8
Sery— Cm Cer) 110.6 110.7 1.2 111.9 112.2 1127 7 112.0 112.5 1117 112.0 112.5
Cor=Cry Cerf 1i3.4 1i3.3 113.0 iy iiis 1112 112.0 7 iit4 1i2.0 i 1.4
Sern—C—Ci=, 121.0 121.0 1208 120.2 120.1 1199 120.1 120.0 119.8 120.0 120.1 119.8
Dihedral Angles/deg
Ciy—C=C—Cy, 180.0 180.0 —180.0 180.0 180.0 180.0 180.0 180.0 180.0 180.0 180.0 180.0
§,=Cs—C—Cpz 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0

“ For PhEiTz and PhEiT, these parameiers are referred to the stde thiophene ring.

TABLE 4: Bond Length Alternation (D) Calculated for

ch System at BALYP/6.214-CG# PBEQ/6.314-G*, and

Ea
Each System at B3LYP/6- 6-31-+-4%, and

M05-2X/6-31+G* Levels

PhEIT  PhEIT,  PhE(T;  PhEIT,
B3LYP/6-31+G* 0.195 0.194 0.194 0.193
PBE0/6-31+ 0.194 0.193 0.192 01.93
MOS-2X/6-314GE 0.208 0.208 0.208 0.208

the torsional barriers of the studied systems calculated at the
B3LYP/6-31G* level and at MP2/6-31G* for PhEIT. As
expected, the planar conformation is the most stable in all cases.
The stabilization of the planar form is explained on the basis
of an extended conjugation between rings through the same
st-component of the C=C group. DFT torsional batriers amount
o ca. 1.0 keal mol ', and slightly decrease as the number of
fused thiophene rings increases. The MP2 torsional barrier,
however, turns out to be somewhat lower, ~0.7 kcal mol™', as
expected from the well-known overstated DFT sr-conjugation.™
These low torsional barriers have alreudy been reported in the

shenyl—C=C—
pneiny—L=

1 s, Ao ‘

similar compounds, ie. (..

Titar

liter
aryl—C=C—phenyl—...)."” Whatever the sclected case, the value
of the rotational barricr becomes greater than the thermal energy
at room temperature (RT), ~0.6 kcal mol™'. Therefore, DFT

Ferr
€ 1or

1.2
—O— PhE(T
Gm —y— PhET,
1.0 —1— PhELT,

_x_PhEtT;

—— PhELT
. (MP2/6-31G*)
0 20 40 60 80 100
’c(SlC -Cg-C13)/ Degree

Relative E / Kcal mol'1
<
(=%

120 140 160

Figure 4, ional b leulated a1 R3LYP/6-31G* for PREIT,
(n=1-4) and MP2/6 31G* for PhEIT correspending to the rotation
of one phenyl group.

rotamers with ca. 50° < 7 < 130° will not be allowed in the
conformational equilibrium at such a temperature.

NBO and AIM studics were carried out on the B3LYP/6-
torsional profile of PhE(T, (n = 1 —4) in order to analyze
the influence of planarity on the electrical properties.'™!® The
stabilization due to s charge transfer between rings, both
heterocyelic and phenyl, and the cthynyl group has been
monitored through the delocalization energy corresponding to
(Cy—Cqy) — a*(Cy—C5) and 57(Ce—C7) — 7%(C,—Cs) charge
transfers (sce Table 5). They show a maximum in Egg,, at 7 =
0° for all systems and a steady diminution as the dihedral angle
increases up to 90°. The
51— ¥ charge transfers between the phenyl/central units and
the —C=C— motif as the inter-ring torsional angle varies is
thus easily explained within the framework of the NBO theory.
However, nothing can be inferred within this scheme for the
evolution of the clectron transfer between phenyl and thicno-
acene rings as the phenyl group rotates. In this case it would
be neeessary to appeal to the molecular orbital (MO) approach.

ESPat
31G*

iotiraTley alacnie oot doaroan daan of

inc virtuauy apsciit nct acpenacnce of

The eleciron density (p) of Ci=¢y—Cpnp Ciry—Ci=c), and C=C
bonds has also been calculated in order to check the relative
variation of charge accumulation.® The first two exhibit their
maximum values at 7 = 0°, diminishing in a sustained pattern
as 7 increases to 90° while the latter shows an opposite
behavior, getling its maximum triple bond character at 7 = 90°
(see Table 5). Since the BLA is related to aromalicily, the
variation of BLA as a function of the 7(S,—
dihedral angle has also been calculated. As can be s
5, BLA increases from 7 = 0° to 90°, as expected. Although
the variations of the charge transfer, clectron density, and BLA
as a function of the §;—Cs+++Cy—C;; dihedral angle arc small,
it is possible o conclude that the three bonds show a higher
double bond character for totally planar structures, which in
turn facilitates the 7-delocalization and 7 charge transfer along
the system. As to the central unit, a slight increasc of

tod when the amber of fi7
>0 WICH NG BUMDCT Of TUS

87 I‘)
T
n iin Table

These variations seem to converge for a number of
fused rings greater than two.

3.3. HOMO — LUMO Excitation Energies and Optical
Band Gap. HOMO — LUMO cxcitation energies have been
calculated within the isolated molecule approximation [or
PhE(T, (n = [—4) at TD-B3LYP, TD-PBEO, and TD-M05-2X
levels together with the 6-31+G* basis set. Note that the TD-
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TABLE 5: Stabilization Energies for 7(Cs—Csg) =
a*(Cy—Cq) and 7(Cy—Cyq) — a%(Cy—C5) Charge Transfers
(keal mol "), Electron Density (au) of C.c;—Cepnys C=C, and
Cin—Ci-cy, and BLA (A) as a Function of 8§;—Cs+++Cs—Cys
Dihedral Angle

dihedral angles/deg
V] 30 e8] b4
PhELT

Egeoelbeal mol !

A(Cg—C) — T Cs— ) 523 4.78 4.78 512
mCe—Cq) — a%(Cy—Cs) 1681 16.29 16.29 16.21

electron density/au

Ciaey=Cin 02892 02885 02870  0.2862
c=C 03945 03946 03947 03947
Con—Crary 02974 02968 02956 0.2949
BLAJA 0.194 0.196 0.199 0.200
PhECT:

Ejaeclkeal mol ™!
a(Cs—Co) = a%(Ce—C7)  5.26 5.15 4.81 5.13
A(Ce—Cr) — a¥(Cy—Cs) 18.00 17.60 17.41 17.01
electron density/au

Cizey—Comy 02893 02886 02871  0.2863
C=C 03944 03945 0396 03946
Con—Caty 02983 02977 02965 0.2958
BLAJA 0.193 0.194 0.198 0.200
PhEIT:

Ejaee/keal mol ™!
MCy—Co) — a*(Ce—Cy) 527 %17 492 513
(Cg—Cy) — a*(C,—Cs) 1802 17.64 17.46 17.01
electron density/au

Ciucy=Con 02894 02886 02871  0.2863

c=C 03944 03944 03945 03945

Cor—Cary 0.2984 02978 02966 0.2959

BLA /A 0.193 0.194 0.198 0.199
PhECT,

Ejaeckeal mol™!
w(Cg—Co) — ¥(Ce—Cy) 528 5.16 4.92 5.13
A(Ce=Cq) — a%Cy=Cs) 1803 17.64 1746 17.02
electron density/au

Cizcy=Ciy 02894 02886 02871 0.2863

C=C 03943 03944 03945 03945

Cin—Cary 02984 02978 02966  0.2960
BLAJA 0.193 0.194 0198 0,199

DEFT approach only involves properties of the ground state, i.e.,
the Kohn—5Sham orbitals and their corresponding orbital ener-
gies obtained in a ground state caleulation. Hence, HOMO —
LUMO excitation energies are expressed in terms of ground
state properties.® ! Table 6 summarizes the results for the
excitation energy, oscillator strengths, and main components
of the HOMO — LUMO electronic transition of each system
along with the experimental Ay, value reported for PhET in
CHCl; solution® (results at TD-B3LYP/6-31G*, TD-PBE0/6-
31G*, and TD-MOS5-2X/6-31G* levels appear as Supporting
Information, Table 45). As a result, HOMO — LUMO excitation
energies calculated for PhELT with TD-B3LYP and TD-FBED
are 0.43 and 0.30 eV lower than the experimental 4., value, 2
while the TD-M05-2X one is 0.12 eV higher. A similar behavior
has been obtained in a previous work on 2,5-diphenyl-1,3.4-
thiadiazole (PhTh) and PhE{Th."® Solvent effects have not been
tested due to the fact that only small differences (~0.12 eV)
were found for homologous systems such as PhTh and PhE(Th
when these effects were considered.

All methods agree that HOMO — LUMO excitation energy
diminishes when the number of fused central rings increases.
When the couples PhEIT/PhEIT; and PhEIT2/PhELT; are ana-
lyzed, one can see how the addition of a central fused thiophene
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TABLE 6: HOMO — LUMO Excitation Energies (eV)
Calculated within the Isolated Molecule Approximation with
B3LYP, PBEV, and M05-2X Methods Implementing the
6-31+G* Basis Set

main component
of transition
compound energy/e¥  f (MO/% contribution)

PhErT an 15616 HOMO — LUMO (81%) TD-BALYPIG-31+G*
324 15961 HOMO — LUMO (82%) TD-PBEMG-31+G*
3.66 1.5832 HOMO — LUMO (82%) TD-M03-2X/6-31+G*
354 experimental®

PhELT: 297 19632 HOMO — LUMO (82%) TD-BALYP/6-31+G*
LA 200145 HOMO — LUMO (82%) TD-PBEO/G-31+G*
3.54 200135 HOMO — LUMO (82%) TD-MO5-2X/6-31 +G*

PhELT; 283 19879 HOMO — LUMO (82%) TD-B3LYP/#6-31+G*
297 20378 HOMO — LUMO (83%) TD-PBEMG-31+G*
341 20300 HOMO — LUMO (829%) TD-MO05-2X/6-31+G*

PhExT, 232 22669 HOMO — LUMO (83%) TD-BALYPG-31+G*
2.87 2.333% HOMO —~ LUMO (84%) TD-PBEMG-31+G*
3.32 2,364 HOMO — LUMO (82%) TD-M05-2X/6-31+G*

theory level

4 From ref 22,

LUMO HOMO

Dogpel?
DogpoV
Dogyo?®
oo, Vegp*”

Figure 5. HOMO and LUMO of PhE!T in the ground planar state
and different twisted conformations.

ring involves slight decreas
~0.14 eV, respectively, while when the couple PhE(T:/PhEIT,
is considered this lowering amounts o ~0.10 V. Comp:
of Table 6 and Table 45 in the Supporting Information allows
the conclusion that the differences between HOMO — LUMO
excitation energies calculated with 6-31G* and 6-31+G* basis
sets are small (~0.05 ¢V). As mentioned above, the BLA is
related to the aromaticity and band gap. In Table 4 and Table
35 in the Supporting Information, it can be noted that the
variation of BLA with the number of fused thiophene rings is
very small so that the band gap is expected to show the same
trend.

The optical band gap roughly corresponds to pure
HOMO — LUMO transitions with high oscillator strength (f >
1.5). The transitions involve HOMO and LUMO orbitals which
spread over the whole system in all cases (see Figure 5 and
Figure 15 in the Supporting Information). As to the frontier
orbital eigenvalues, Table 7 and Table 55 in the Supporting
Information allow the conclusion that HOMO and LUMO
eigenvalues are affected in a different manner with respect to
the increase in the number of fused rings in the central unit.
Thus HOMO levels become shifted upward by ~0.03—0.11 eV
as the number of fused rings increases while LUMO levels
become stabilized by a lower amount (0.08—0.03 eV). These
variations are remarkable when the number of fused rings varies
from one to two, becoming much smaller in any other case.

s of the band gap of ~0.13 and
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TABLE 7: Cailculated Eigenvalues for HOMO and LUMO
Levels of PhELT, (n = 14

componnd theory level LUMORY HOMORYV
PhET —2.18
~2.04
MO5-2X/6-31+-GF —1.25
PhE(T, BILYPS-3 1 +G* —2.26
PBEO/G-31+G* ~2.12
MO5-2X/6-31+G*
PhET, YP6-31+HGF
/6-31+G*
MO5-2K/6-31+G*
PhELT, B3LYPRO-3L+G*

PBEO/6-31+G*

As stated before, torsion around the —C=C— bond allows
different rotamers to coexist at room temperature. As a
consequence, a noticeable influence of temperature on the shape
of frontier crbitals is expected, from whose analysis some hints
could be obtained concerning molecular electron transport.*
Figure 5 shows the HOMO and LUMO levels of PhE(T at planar
and different twisted conformations, while Figure 15 in the
Supporting Information shows the corresponding results for
PhE(T, (n = 2—4). As a conclusion, it can be seen that frontier
orbitals show a delocalized character over the whoele molecule
even at T = 607, while they appear rather localized on the
coplanar rings af v = 90°. It 15 worthwhile to mention that
LUMO -+ 1 and LUMO - 2 appear to be delocalized to some
extent even at v = 90° In a first approximation, electron

ransport occurs through the LUMO and other empty orbitals,
as well. The very high relarive energy between LUMO and
LUMO + 1 at T = 90° (ca, 15 keal mol™ for PhE(T), however,
makes the melecular charge transport dominated by the LUMO
level and the rotated molecular system becomes an lnsulator at
7 = 90°. Conformational changes, however, may also be used
to modify the conducting properties of homologous of aryl-
ethynyl systems giving rise to molecular switches ¥4

3.4. Anionic Species: Electron Affinities and Reorganiza-
tion Energy. As already mentioned, Jow-energy LUMO levels
can facilitate electron injection and transport, leading to an
n-type material.”! As stated before, PhE(T, is the system that
shows the lowest LUMO energy while PhE(T shows the highest
one regardless of the level of theory employed (see Table 7
and Table 58 in the Supporting Information), These values are
somewhat distant from the calcium electrode’s work function

(© = ~2.9 eV}, commonly used for charge injection into n-type
serniconductors, or the recently proposed samarium (Sm)
electrode (£ = —2.7 eV).** Thus, the electron injection is

controlled by the height of the potential barrier at the interface,
e, the difference between the LUMO energy level and the
metal electrode’s work function ($). For a Sm electrode
Eungs — @ ~ 03 eV, and thus a nearly ohmic metal/TPhE(T,
contact could be considered. Upon backbooe elongation,
however, a decrease of LUMO energy is expected for oligomeric
chains, such as in other 2,5-bis(phenylethynyl) derivatives.'®

Although rigorously speaking Kohn—5Sham orbital energies
do not have any physical meaning, and thus Koopmans® theorem
(K'T) does not apply to DFT, Perdew using Janak’s theorern
has proven a connection between tonization potentials and
electron affinities with HOMO and LUMO energies, respec-
tvely, in DIT (see ref 47 and references therein).

The electron affinity and reorganization energy are of great
importance for a material to be considered as an n-fype
semiconductor. As previously introduced, the rate constant for
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electron transfer (kppd within the framework of Marcus theery
depends on two key parameters, 1.¢., the reorganization energy
for the intramolecular electron/hole transfer (4,7/4;") and the
electronic coupling element between neighboring molecules (#,).
The latter needs a deep analysie of the spatial conformation
adopted by two oligomer chains although a good estimation
for electron transport can be obtained as half the splitting of
the LUMO level for a cluster of two neutral molecules.” In this
work, we are considering only isolated molecules and thus we
have focused our nterest only on the fitst parameter, 2, which
should be low in order to ger a high electron transfer rate. With
this aim, the corresponding ionic, PhET,” and PhE(T,™,
structures were optimized at B3LYP, MOS-2X, and PBEQ levels
in combination with the 6-31-+G* basis set. The intramolecular
reorganization energy (Aj) for self~exchange consists of two
terms corresponding to the geometry relaxation energies upon
going from the neutral-state geometry o the charged-state
geomenry and vice versa®?

o
Il
s
T
o~
(¥%)
Nt

A5 and A, can be caleulated directly from the adiabatic potential
energy swrface as

Ay = ENGE — ERGD @)
Ly = EHGY — EHGE) (%

where EY(G") and E¥(G*) are the ground-state energies of the
nentral and iomic states, respectively; 3%y and E*(GY are
the energies of the neutral molecule at the optimal lonic
geometry and the energy of the lon state at the optimal geometry
of the neutral molecule. >t Table § shows intramolecular electron
and hole reorganization energies (3, and 2/").

PAHs are not regarded as good materials for electrolumines-
cent applications. Thelr poor performance 1s thought to be due
in part to a charge imbalance between electrons and holes, since
most of these polymers are prone to electron—rather than to
hole—imnjection due to the electron-withdrawing effect of the

=" proin B Navermhalasss we have alag calenlarad hoth
L=0- group.™ Neverii2iess, We jave aiso caicuiated ooth

reorganization energies with comparative purposes. As can been
seen, A1 s slightly smaller than ;7. These differences amount
to ~0.03 eV for PhE(T, whereas 4;7 22 A for PhE(Ty, since
A" does not vary with the number of fused thiophene rings,
while 4, diminishes. Hence, we conclude that the n-type
character of these compounds enhances with the number of fused
rings. The values of ;™ are ou the order of the values reported
for compounds proposed as candidates for organic n-type
semniconductors such ag fluoroarene-oligothiophenes {4, =
0.22—0.34 e¥)* and pentacene (4~ = 0.13 &V).” The introduc-
tion of a fused thiophene ring produces a decrease of ~0.02
eV in 47, and thus PhET. shows the lowest reorganization
energy. Also, the very similar values obtaimed for the 4y and Ay
reorganization energies suggest that the electronic energy
surfaces have a similar dependence on the configurarional
coordinate.

From Table 8, it can be seen that BALYP and PBEO yield
close results, with a difference in A; o 02 eV. On the other
hand, MO5-2X vields A; values ~0.1 eV higher than B3LYP.

The caleulated lonization potentials 1Ps for PhET, (n = 1,
4) are vary similar each other (these values do not vary or vary
slightly from n = 2) and close to those reported for some
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TABLE 8: Vertical and Adiabatic Electron Affinities and lonization Potentials (VEA, AEA, VIP, and AIP) and Intramolecular

Electron and Hole Reorganization Energies (4; and 4;") (eV)

B3LYP/6-31+G* PBE0/6-31+G* MO5-2X/6-31+G*
AEA VEA A Ay A AEA VEA A A Az AEA VEA A A A
PhET 1.12 0.99 026 003 013 109 0.96 027 014 013 095 0.76 0.37 019 018
PhEIT, 1.26 .14 024 012 012 1.24 111 026 013 0.13 1.08 0.90 036 018 018
PhEIT: 1.37 1.26 0.23 012 Ol 1.34 1.22 024 012 0.12 117 1.00 0.35 018 047
PhEIT, 1.46 1.35 0.22 0.11 011 1.41 1.30 023 0a2 0.11 1.24 1.08 0.33 017 06
B3LYP/6-31+G* PBED/G6-31+G* MO5-2X/6-314+G*
AlIP VIP At At At AlIP VIP At At At AlP VIP A At A
PhEIT 6.70 6.81 022 0.11 0.11 6.78 6.90 0.24 0.12 0.12 1.11 7.29 0.36 0.18 0.18
PhELT; 6.54 6.65 0.22 0.11 0.11 6.62 6.74 0.24 0.12 0.12 6.97 T.14 0.34 0.17 0.17
PhEIT: 6.41 6.52 0.22 0.11 0.11 6.50 6,62 0.24 0.12 0.12 6.86 T.03 0.34 0.17 0.17
PhEIT, 6.30 6.40 0.21 0.10 0.11 6.39 6.54 0.23 0.11 0.12 6.76 6.93 0.34 0.17 0.17

classical p-type semiconductors.”® The electron affinity, EA,
defined as the energy released when an electron is added, gives
an idea about the stability of the radical ion, and as shown in
Table 8, it rises in a nonconstant manner as the number of fused
thiophene rings increases. The variations in the vertical electron
affinity, VEA, amount to ~0.15 eV/~0.12 eV/~0.09 eV for
the sequence PhE(T/PhET/PhEIT/PhEIT,. A similar discussion
can be made for the adiabatic electron affinity, AEA. Also, the
rise in the number of fused rings means an increase in the
corresponding EAs up to roughly that for PhE(Th in the case
of PhEIT,.'" It appears that, from a practical standpoint, the
electron affinity needs to be at least 3.0 eV, but should not be
much greater than 4.0 eV, the upper limit where a too-
electrophilic molecule could be unstable in ambient conditions.®
However, predicted values of EA for PhEIT, are far from 3.0
eV. Nevertheless, an increase of EA upon backbone elongation
is expected as observed for similar compounds such as PhEtTh
oligomers.'” The differences between EAs calculated with
B3LYP and PBEO are =0.05 eV, while M05-2X yields values
~0.2—0.3 ¢V higher than those calculated with the former. As
stated before, charge injection is controlled by the LUMO energy
level and the electron affinity. Accordingly, the studied com-
pounds are not expected to display an easy charge injection,
although they do show a low reorganization energy and,
therefore, high charge transfer rates are expected. However,
going beyond the isolated molecule approximation, there could
appear intermolecular interactions that would lead to a modi-
fication in the molecular orbitals which, in tum, could produce
changes in the electron affinities.”

A common problem that n-type conducting materials exhibit
when exposed to air is oxygen quenching, which can affect their
luminescence, electroluminescence, and electronic properties.
In the case of classical p-type conducting polymers such as
poly(3-alkylthiophene)s, it has been reported that conductivity
increases with oxygen pressure.”’ The reason is the increase of
charge carriers in polymers due to the formation of a charge
transfer complex with oxygen. The low ionization potentials
and amorphous nature of those polymers facilitate bulk diffusion
of oxygen and also aids oxygen quenching to be produced.™
On the other hand, n-type conductors should be resistant to
oxygen quenching when electron injection is produced. Hence,
electron affinity can give an idea about the stability of the radical
ion molecule toward quenching caused by molecular oxygen."
The calculated AEA for the molecular oxygen is 0,39 eV at
the BALYP level of theory while the experimental electron
affinity has been determined by photoelectron spectroscopy o
be 0.448 + 0,006 eV. "% Indeed, the EAs calculated for the
whole set of compounds studied are clearly higher than the
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experimental and theoretical values reported for molecular
oxygen. Therefore, these compounds seem to be effective against
oxygen quenching.

Finally, the geometric changes upon charge injection were
analyzed to obtain additional information about the charge
excess delocalization process. Figure 6 shows the absolute bond
length variations between neutral and anionic states, calculated
at the BALYP/6-314+G* level (Figure 2S in the Supporting
Information shows these variations at the PBE0/6-31+G* and
MO5-2X/6-314G* levels). Figure 7 summarizes the changes
of NBO charges in each atom of the C s, —C=C—Cy, motif,

B3LYP/6-31+G*

O PhEIT

Bond length deformation /

V2 3 4 5 6 T B 9 10 01 12 13 14 15 16 17 1%

Bond labelling

Figure 6. Differences (A) between bond lengths in the neutral and
charged states of each system calculated at BILYP/6-314G* level.
The bond labeling is shown at the bottom.
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Figure 7. Changes of NBO charges (au) for cach atom of Cpy,—C=C—C3, moicty, its vicinity, and central unit after injection of one clectron,

oblained at B3LYP/6-31+G™.

, and C,_¢,—Cgpn Bond Lengths

(AN for A Ceg of DLIMT DLIT. DLLtT. and
{A) for A ic States of PhltT, PhlitT,, PhltT;, and

PhE(T, Calculated at B3LYP, PBEQ, and M05-2X Methods
with the 6-314+G* Basis Set

TABLE 9: C

compound theory level Czcy=Copny C=C C7—Ce=c,
PhE(T B3LYP/6-31+ 1.404 1.236 1.381
PBEO/6-314G 1401 1.234 1.37%
M05-2X/6-31+G 1.407 1.231 1.382
PhE(T,™ B3LYP/6-31+ 1.406 1.234 1.381
PREO/G-3 1+ 1.403 1.239 1,380
M0O5-2X/6-31+G 1.229 1.394
PhEUT: B3LYP/6-31+G 1.233 1.383
1.231
1.227
PhEIT, B?LYP/() 31+G 1.232
PRE(/6-31+ 1.230
MO05-2X/6-31+G 1.225

its vicinity, an
+GF level,

-

C—S bonds are more mﬁuenced than C—C bonds due to the
electron-withdrawing effect and higher capacity of sulfur atoms
to allocate an excess of negative charge.” ‘I'he charge is also
delaealizved inthe C . —O=(C—C _ m v due to the claciran

delocalized in the Cppy—C=C—Cr, moicty due to the electron-
withdrawing cllect of the =C=C— group,'” although to a lesser
extent. Also, when the number of fused rings increases, the etfect
on bond lengths produced by charge ll’lJCLII()n decreases since

-oa remaing nrincinally localized on
e remains principally localized or

as can be seen in Figure 7. In this sense, an excess in NBO
charge for the unique S atom in the PhEIT molecule of —0.14
au was calculated whercas Ag turns out 1o be —0.10 to —0.08
h S atom in the rest of the PhE(T, se

Tlm capability of sulfur atoms to allomlc lhc cxcess of
negative charge could explain the increase in the n-type character
that PhE(T, undergoes as i1 riscx ld.[)lL 9 slmw~. the m)nu Tengths

atoms.,

, moi > {o
system. When anionic and nuullal tructures are compared,
single C—C bonds become shorter, while the triple bond
becomes fonger. This indicates some cumuienic character dI]LJ.
. Th
Lharﬂc injection on the Cippy— *C‘T, moiety was tound tor
PhE(T,. This compound shows the highest electron affinity, the
smallest 4;7, and the lowest cumulenic character which in turn
should allow a i

(‘)

a higher rot

Figure 8 shows the torsional barriers unrcspondmg to lhu
7(S;—C5-++Cy—Cy3) dihedral angle at the B3ALYP/6-31G* level,
kccpmg fixed [nu other mncaral anglcs m[wucn Ar and Ar’ units.
A notig

nal frecedom of the phenyl nrmc

s produced after
r

2
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Figure 8. Torsional barriers calculated at the B3LYP/6-31G*
for the monoanionic studied systems.

4,

o

w
o

Relative E / Kcal mo‘l'l

0.0
level

charge injection. This is related to the cumulenic character
aaoplca by the C C—C motif. Whilc 101 the neutral state
heigl obtained for the whole

the anionic state the barricr height diminishes with the number
of fused rings from 7.394 kcal mol ' for PhEIT to 4.802 kcal

mol ! lur PhE(T,. As stalul above, the excess of negative charge
ind the C—C=C— r1 moiety

increascs.

4, C
A

onciusions

1hu)r<.11u11 sludy ol the molecular structure and clectrical
cs, PhEL(T,

C bis(phenylethynylythie
s(phenylethyr th

1*4) was carricd out hy dlilurcm ab initio and DFT
methods. The aim of this work has been the study of the n-type
character and (()plL))C]CClrk)lliLj properties of (his set of com-

nounds to be used

pou
clectronics. We have analyzed the effect of the number of fused
rings, 11, on the geometric parameters, and we have found that
an increasc in 7 causes a smali diminution in the torsionai barrier
(Copny=C=C—Cr)). A '
aromaticity and s7-delocalization duc to the increase of n is quite
small. The influence of the planarity on the electronic properties
has been analyzed through the charge transfer, electron density,
ne (Cpny—C
as a function of the dihedral angle; it turns out that all the
molecules show improved electronic properties when they adopt
a planar structure. The numncr of fused rings in the ucnual unit
hardlv affects the afo

1
hardly atlects the aloremy

nrecursors of mole wires in molecul

pre

and hond lengths concerning the ha
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affect in a remarkable fashion electronic properties such as
HOMO — LUMO excitation energies, electron affinities, and
reorganization energies. The smallest HOMO — LUMO excita-
tion epergies were calenlated for PhEtT,, with values within
the range 2.73—332 eV, at B3LYP and MO35-2X levels
respectively. However, these values are still far from 2 eV,
which is the threshold for a material to be considered as
potentially snitable in the field of solar cells.

The bond length elongations and changes in NBO charges
between neutral and anionic states were investigated, with the
excess of negative charge mainly located on the § atoms and,
to a lesser extent, on the Cppy— “—Cypymoieties. The larger
the central unit, the lower the bond length variations in the
Coppy—C=C~Cyy moieties, Therefore, PhET, is the molecule
that exhibits the smallest cumulenic character in the anionic
state due to the higher capacity of the S atoms to allocate the
excess of negative charge. This fact explains the decreasing trend
shown by the rotational barriers in the anionic states as » riges,
while for the neutral state torsional barriers are essentially
constant for the whele series. This is an interesting result to be
considered in the field of molecular switches since such
reduction of the cumulenic character should bring about an easier
rotation of the aromatic units allowing conformational changes,
which could be used to modify the conducting properties.

Finally, DFT methods yield an increase of ~0.3 eV i the
electron affinities for Phl(T, when » increases from 1 o 4, while
the decrease in the electron reorganization energies amounts
only to 0.04 eV, Reorganization energies are related to the
molecular changes caused by charge injection. PhEIT, shows
the smallest reorganization energy due to the capability of S
atoms to allocate the charge excess. Low reorganization energies
are neaded ro allow a high charge wansfer rate and PhE(T, (»
= 1—4) show reorganization energies close to model com-
pounds, such as pentacene, fluoroarene, and clhigothiophenes
although their electron affinities wrn out to be too large tw
provide an easy charge injection.
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Table 18. Geometrical parameters of PhEtT obtained from X-Ray and calculated with

B3LYP, PBEO and M052X implementing 6-31G* and 6-31+G* basis sets.

B3LYP/ PBE0/ MO05-2X/ B3LYP/ PBEO/ MOS2X/
6-31G*  6-31G* 6-31G*  6-31+G*  6-31+G*  6-31+G* X-raya
Bond lengths / A
5S-G, 1.758 1.740 1.736 1.757 1.740 1.735 1.734
C,—Cs 1.386 1.383 1.377 1.388 1.384 1.379 1377
C;—Cy 1.400 1.406 1.412 1.412 1.407 1.413 1.410
Cy—Cs 1.386 1.383 1.377 1.388 1.384 1.379 1.382
Cs— S 1.758 1.740 1.736 1.757 1.739 1.735 1.732
Cs—Cq 1.403 1.402 1.412 1.405 1.403 1.414 1.421
Ce— G 1.219 1.217 1.212 1.220 1.218 1.214 1.200
Cr—Cq 1.422 1.420 1.429 1.424 1.421 1.430 1.444
Cs— Gy 1.410 1.406 1.402 1.411 1.406 1.403 1.405
Cs—Cpo 1.392 1.388 1.388 1.394 1.390 1.390 1.383
Cio— Cny 1.397 1.394 1.393 1.399 1.395 1.394 1.393
Ci—Cre 1.397 1.394 1.393 1.399 1.395 1.394 1.394
Cpp— Cis 1.392 1.388 1.388 1.394 1.390 1.390 1.385
Ci3—Cq 1.410 1.406 1.402 1.411 1.406 1.403 1.406
Cy— Chg 1.403 1.402 1.412 1.405 1.403 1.414 1.423
Ciy— Cys 1.219 1.217 1.212 1.220 1.218 1.214 1.207
Cis— Cig 1.422 1.420 1.429 1.424 1.421 1.430 1.441
Cis— Cpy 1.410 1.406 1.402 1.411 1.406 1.403 1.403
Cir— Cig 1.392 1.388 1.388 1.394 1.390 1.390 1.390
Cig— Cio 1.397 1.394 1.393 1.399 1.395 1.394 1.395
Cio— Cyp 1.397 1.394 1.393 1.399 1.395 1.394 1.388
Coo— Coy 1.391 1.388 1.388 1.394 1.390 1.390 1.390
Co1— Cig 1.410 1.406 1.402 1.411 1.406 1.402 1.408
Angles / Degrees

S1—C—Cs 110.5 110.7 111.2 110.6 110.7 111.2 1108
Cr—Cs—Cy 113.6 1133 113.0 113.6 1133 113.0 1135
C3—Cy—0Cs 113.6 1133 113.0 113.6 1133 113.0 1126
C,—Cs— 8, 110.5 110.7 112.2 110.6 110.7 111.2 111.2

! To whom correspondence should be sent. Phone: +34 953 21 21 48. E-mail:

mfg@ujaen.es
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C—8,-C 917 92.0 9l.6 91.8 92.0 91.7 91.9
S1—Cs—Cq 121.0 121.0 120.7 121.1 121.0 120.8 120.0
Cs—Cs— G 179.1 179.3 179.0 179.2 179.4 179.3 176.4
Ce—C— Gy 179.4 179.3 179.8 179.5 179.6 179.8 176.1
Cr—Cy—GCs 120.6 120.5 120.3 120.6 120.5 120.3 120.4
Ce—Co—Cyo 120.3 120.2 120.0 120.3 120.3 120.1 120.4
Co—Co—Cpy 120.3 120.3 120.3 120.4 120.3 120.3 120.4
Cio— C;1—Cya 119.8 119.8 119.9 119.7 119.8 119.9 119.7
Ci1— Ciz—Cys 120.4 120.3 120.3 120.4 120.3 120.3 1203
Cp—Cia—Cq 120.3 120.2 120.1 120.3 120.3 120.1 1203
C3—Cs— G 120.5 120.5 120.2 120.5 120.5 120.2 120.7

S —Cy—Cyp 121.0 121.0 120.7 121.0 121.0 120.8 121.0
Co—Ciy—Cys 179.1 179.3 179.0 179.2 179.4 179.3 175.7
Cia— Cys— Cyg 179.5 179.6 179.9 179.5 179.7 179.7 177.9
Cis—Cig—Cpy 120.5 1204 120.1 120.5 120.4 120.2 1208
Cis— Ci7—Cyg 120.3 120.2 120.1 120.3 120.3 120.1 1205
Ci7— Cig—Cyo 120.4 120.3 120.2 120.4 120.3 120.3 120.0
Cig— Cio— Cyo 119.8 1198 119.9 119.7 119.8 119.9 1199
Cio— Cpp— Cyy 120.3 120.3 120.3 120.4 120.3 120.3 120.7
Coo— Gy — Cyg 120.3 120.2 120.0 120.3 120.3 120.1 1199
Co1—Cis—Cys 120.6 120.5 120.4 120.6 120.5 120.3 120.1

Dihedral Angles / Degrees

S1—C—-C;—Cy 0.0 0.0 0.0 0.0 0.0 0.0 -0.4
C—C3—Cy—Cs 0.0 0.0 0.0 0.0 0.0 0.0 0.2
C—-Cy—Cs— 5 0.0 0.0 0.0 0.0 0.0 0.0 0.1
C,—Cs—8,-C, 0.0 0.0 0.0 0.0 0.0 0.0 -0.3
Cs—8,-C,-Cy 0.0 0.0 0.0 0.0 0.0 0.0 0.4
Si—Cs—Cs—Cy 180.0 180.0 178.5 -180.0 180.0 180.0 -171.3
Cy—Cs5—Cg—Cy3 -180.0 180.0 178.6 180.0 180.0 180.0 177.0
Cs—Csg— C—Cy -180.0 -179.6 179.6 -180.0 180.0 180.0 -42.9
Cg—Co—Cyp—Cyy 0.0 0.0 0.0 0.0 0.0 0.0 -0.5
Co—Cig— Cra— Cy3 0.0 0.0 0.0 0.0 0.0 0.0 0.7
Ci—Cyp—Ci3—Cg 0.0 0.0 0.0 0.0 0.0 0.0 -1.2
S, -C,—Ci—Cyy 0.0 0.0 0.7 0.0 0.0 0.0 =349
C3—C,—Cis—Cyy 0.0 0.0 0.7 0.0 0.0 0.0 =276
Cp—Ciu— Cis— Cis 180.0 179.7 179.6 180.0 180.0 180.0 5.02
Cis— Ciy— Cig— Cio 0.0 0.0 0.0 0.0 0.0 0.0 -0.3
Cip— Cig— Cyp— Cyy 0.0 0.0 0.0 0.0 0.0 0.0 0.0
Cis— Con— Cy = Ce 0.0 0.0 0.0 0.0 0.0 0.0 0.3

* Taken from reference 22
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Table 18 (cont.): Geometrical parameters of PhEtT obtained with B3LYP, PBE0Q and

M035-2X implementing 6-311G** and 6-31+G** basis sets.

B3LYP/ PBEO/ MO523/ B3LYP/ PBE(/ MOs2X/
6-311G**  6-311G**  6-311G**  6-31+G**  6-314G**  6-31+G**

Bond lengths / A
S -C, 1.754 1.737 1.733 1.757 1.739 1.735
C,—Cs 1.383 1.380 1.375 1.388 1.384 1.378
C;—Cy 1.402 1.404 1.410 1.412 1.407 1.414
C,—Cs 1.383 1.380 1.375 1.388 1.384 1.379
Cs— 8 1.754 1.737 1.733 1.757 1.739 1.735
Cs—Cq 1.401 1.400 1.410 1.405 1.403 1.414
Ce— G 1.213 1.212 1.207 1.220 1.218 1.214
C,—Cq 1.420 1.418 1.426 1.424 1.421 1.430
Cs— Gy 1.408 1.403 1.399 1.411 1.406 1.403
Cs— Cio 1.389 1.386 1.386 1.393 1.390 1.390
Cio— Cny 1.395 1.391 1.390 1.398 1.395 1.394
Cj—Cpy 1.395 1.391 1.390 1.399 1.395 1.394
Cpp— Cys 1.389 1.386 1.386 1.393 1.390 1.390
Ci3—Cq 1.407 1.403 1.399 1.411 1.406 1.403
C,—Cus 1.401 1.400 1.410 1.405 1.403 1.414
Cia— Cys 1.213 1212 1.207 1.220 1218 1.214
Cis— Cig 1.420 1.418 1.426 1.424 1.421 1.430
Cis— Cpy 1.408 1.403 1.399 1.411 1.406 1.403
Cy— Cig 1.389 1.386 1.386 1.393 1.390 1.390
Cis— Cio 1.395 1.391 1.390 1.398 1.395 1.394
Cis— Cap 1.395 1.391 1.390 1.398 1.395 1.394
Con— Cyy 1.389 1.386 1.386 1.393 1.390 1.390
Coi— Cig 1.408 1.403 1.399 1.411 1.406 1.403
Angles/ Degrees
S1—C—Cs 110.5 110.8 1112 110.6 110.8 112.2
Cy—C3—Cy 113.6 1133 113.0 1136 1133 112.9
C3—Cy—Cs 113.6 1133 113.0 1136 1133 112.9
C—Cs— 8 110.5 110.8 1112 110.6 110.8 112.2
Cs—8,—-Cy 91.7 91.9 91.6 91.7 92.0 91.6
S1—Cs—Cs 121.0 120.9 120.8 121.1 121.0 120.8
Cs—Cs— G 179.3 179.6 179.4 1792 179.4 179.3
Ce—Cr—Cq 179.6 179.8 179.9 179.5 179.6 179.8
C—Cy— Gy 120.6 120.5 1203 120.6 120.5 120.3
Ce—Co—Cyp 120.4 1203 120.1 1203 120.2 120.0
Co—Co—Cpy 120.4 1203 1203 1204 1203 120.3
Cio—Ci1—Ch2 119.7 119.8 119.9 119.7 119.8 119.9
Ci1— Ci2— Cys 120.4 1203 1203 120.4 120.4 120.3
Cp—Cia—Cq 120.4 1203 120.1 1203 1203 120.0
Ci—Cy— G 120.6 120.5 1202 120.5 120.4 120.2
S1—C—Cu 121.0 120.9 120.8 121.1 121.0 120.8
Cy—Ciy—Cys 1793 1796 179.5 1792 1794 179.3
Cia— Cys— Cyg 179.6 1798 179.8 1795 179.7 179.7
Cis— Cis— Cpy 120.6 120.5 1203 1205 120.4 120.2
Cis— C17— Cig 120.3 1203 120.1 120.4 1202 120.0
Ci7— Ciz— Cie 120.4 1203 1203 119.7 120.4 120.3
Cra— Cro— Cyo 119.7 119.8 119.9 119.7 119.8 119.9
Cro— Cyo— Cyy 120.4 1203 1203 1204 1203 120.3
Con— Coy — Cyg 120.4 1203 120.1 1203 120.2 120.0
Co1 = Ci1s—Cys 120.6 120.5 1203 120.6 120.5 120.3
Dihedral Angles/ Degrees

81— Co—C—Cy 0.0 0.0 0.0 0.0 0.0 0.0

Cy—C3—Cy—Cs 0.0 0.0 0.0 0.0 0.0 0.0

C—Cy—Cs— 5 0.0 0.0 0.0 0.0 0.0 0.0

C—C5—8,-C 0.0 0.0 0.0 0.0 0.0 0.0

Cs—8;—C3-Cs 0.0 0.0 0.0 0.0 0.0 0.0
81— Cs—Cy—Cy 180.0 -180.0 180.0 180.0 180.0 180.0
Cy—Cs—Cg—Cy3 180.0 -180.0 180.0 180.0 -180.0 -180.0
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Cs—Cs— G-
Ce=Co—Cyo—Cpy
Co=Cyp=Cra— Gz
Ci—Cp=Cp—GC
S1-C=Cy—Cp
C= = Ci—Cy
Cy=Cyy=Ci5— Gy
Cis= Cip=Cis— Cpo
Cra= Cig= oo~ Cx
Cro= Coo= Gy~ Gy

180.0

-180.0

180.0 180.0
0.0 0.0
0.0 0.0
0.0 0.0
0.0 0.0
0.0 0.0

180.0 180.0
0.0 0.0
0.0 0.0
0.0 0.0
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Table 1S (cont.): Geometrical parameters of PhEtT obtained MP2 implementing 6-

31G*, 6-31+G*, 6-311G** and 6-31+G** basis sets.

MP2/ MP2/ MP2/ MP2/
6-31G* 6-31+G* 6-311G**  6-31+G**
Bond lengths / Angstrons
S -G 1.737 1.737 1.732 1.737
C,—Cs 1.394 1.397 1.398 1.397
C3—Cy 1.403 1.405 1.404 1.404
C,—Cs 1.394 1.398 1.398 1.397
Cs— 8 1.737 1.737 1.732 1.737
Cs—Cs 1.406 1.407 1.406 1.407
Ce—Cy 1.423 1.234 1.230 1.234
C,—Cq 1.423 1.424 1.423 1.424
Cy—Cy 1.408 1.410 1.411 1.410
Co—Cyo 1.393 1.395 1.396 1.395
Cio—Cqy 1.398 1.400 1.400 1.400
Ci—Cypy 1.398 1.400 1.400 1.400
Cpp—Cyz 1.393 1.395 1.396 1.395
Cis—Cq 1.408 1.410 1.411 1.410
Co,—Cuy 1.406 1.407 1.406 1.407
Ci—Cys 1.232 1.234 1.230 1.234
Cis—Cyg 1.423 1.424 1.423 1.424
Cis— Cy7 1.408 1.410 1.411 1.410
Cp—Cyg 1.393 1.395 1.396 1.410
Cis—Cyg 1.398 1.400 1.400 1.399
Cis— Coo 1.398 1.400 1.400 1.400
Copy—Cy 1.393 1.395 1.396 1.395
Cy — Cyg 1.408 1.410 1.411 1.410
Angles / Degrees
51 —Cy—Cs 110.7 110.7 110.9 110.7
C—C—Cy 113.2 1132 113.0 113.2
C3—Cy—Cs 113.2 1132 113.0 113.2
Cy—Cs— 8y 110.7 110.7 110.9 110.7
Cs—8—-Cy 92.1 92.2 92.2 922
81— Cs—Cq4 121.3 1214 1213 121.5
Cs—Ce— G, 179.5 1798 179.7 179.7
Ce—C—Cy 179.7 179.9 179.8 179.8
Cr—Ce—Cy 120.3 1204 120.4 120.4
Cg—Co—Cyo 120.0 120.1 120.1 120.1
Co—Cy—Cyy 120.4 1204 120.4 120.4
Cip—Cy—Cp2 119.8 1198 119.8 119.8
Cy—Cia—Ci3 120.4 1204 120.4 120.4
Ciz— Ci3—Cq 120.0 120.1 120.1 120.1
Cia—Cy—Cy 120.2 120.2 1203 120.3
81— CyCyy 121.3 1214 1213 121.5
Cy—Cpu—Cys 179.5 1798 179.7 179.7
Cyy—Cy5—Cie 179.7 1798 179.8 179.8
Cis—Ci—Cpy 120.0 1202 1203 1203
Cis—Cp—Cig 120.1 120.1 120.1 120.1
Ci—Cig—Cio 120.4 1204 120.4 120.4
Cig— Cio— Cyo 119.8 1198 119.8 119.8
Cio—Cy—Cyy 120.4 1204 120.4 120.4
Cap— Cy — Cos 120.0 120.1 120.1 120.1
Cy —Cis—Cys 120.3 1204 120.4 120.4
Dihedral Angles / Degrees
S —C—C3-Cy 0.0 0.0 0.0 0.0
Co—C3—Cy—Cs 0.0 0.0 0.0 0.0
C;—Cy—Cs— 5y 0.0 0.0 0.0 0.0
Cy—Cs—8-GC 0.0 0.0 0.0 0.0
Cs— 81— Cy-C 0.0 0.0 0.0 0.0
S —Cs—Cg— Gy 180.0 180.0 180.0 -180.0
Cy—Cs—Cg—Cy3 180.0 180.0 180.0 -180.0
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Cs—Ce— -Gy
Ce=Co=Cipo—Cyy
Co=Cyp=Cpp—Cp3
Ci=Cpp—C3—C
S1=C—Cis—Cpy
C3=Cr—Cie—Cyy
Cy=Cuy—Ci5—Cys

Cis=Cyp=Cie=Cyo
Cip=Cig=Cyp— Cxt
Cro=Cop=Cyy ~Cys

-180.0 180.0
0.0 0.0
0.0 0.0
0.0 0.0
0.0 0.0
0.0 0.0

-180.0 180.0
0.0 0.0
0.0 0.0
0.0 0.0
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Table 3S. Bond length alternation (A) calculated for each system at B3LYP/6-31G*,

PBE0/6-31G* and M05-2X/6-31G* levels.

PhECT  PhE(T, PhE(T;  PhEIT,
B3LYP/6-31G*  0.194  0.193 0.193 0.193
PBE0/6-31G* 0194 0193 0.192 0.192
MOS2X/6-31G*  0.200  (.209 0.208 0.208

Table 48. Calculated HOMO — LUMO excitation energy (eV) in the isolated molecule

approximation with B3LYP, PBEO and M035-2X method with 6-31G* basis sets.

Compound  Energy/eV i Main component of transition Theory Level
(MO / ocontribution)
3.17 1.5579 HOMO—LUMO (81%)  TD-B3LYP/6-31G*
PhEtT 3.29 1.5938 HOMO—LUMO (82%) TD-PBEQ/6-31G*
3.71 1.5920  HOMO—LUMO (82%) TD-M05-2X/6-31G*
3.02 19460 HOMO—LUMO (81%)  TD-B3LYP/6-31G*
PhELtT, 3.14 1.9977  HOMO—LUMO (82%) TD-PBEQ/6-31G*
3.58 2.0002 HOMO—LUMO (82%) TD-MO05-2X/6-31G*
2.87 1.9833 HOMO—LUMO (82%)  TD-B3LYP/6-31G*
PhELT; 3.00 2.0351 HOMO—LUMO (83%) TD-PBEQ/6-31G*
3.45 2.0326  HOMO—LUMO (82%) TD-M05-2X/6-31G*
2.76 22681 HOMO—LUMO (82%)  TD-B3LYP/6-31G*
PhELtT, 2.90 23357 HOMO—LUMO (83%) TD-PBEQ/6-31G*
3.36 23455 HOMO—LUMO (82%) TD-M05-2X/6-31G*

Table 58. Calculated eigenvalues for HOMO and LUMO levels of PhEtT,, (n=1-4).

Compound Theory Level LUMO/eV  HOMO/eV
B3LYP/6-31G* -1.88 -5.25
PhELT PRE0/6-31G* -1.80 -5.52
MO05-23/6-31G* -0.98 -6.59
B3LYP/6-31G* -1.99 -5.20
PhELT, PBE0/6-31G* -1.90 -5.44
M05-2X/6-31G* -1.12 -6.48
B3LYP/6-31G* -2.04 -5.12
PhEtT; PBE0/6-31G* -1.96 -5.39
MO5-2X/6-31G* -1.20 -6.42
B3LYP/6-31G* -2.10 -5.03
PhEtT, PRE0/6-31G* -2.01 -5.33
MO05-23/6-31G* -1.25 -6.34
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Figure 18. HOMO and LUMO of PhEtT, (n=2-4) in ground-planar and different

twisted conformations.
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Figure 1S (cont.)

PhEtT,
LUMO HOMO

.o." ov., o‘}.".‘l‘d{ »

-:':o.“:r dJoqatdels
' R “o. 0.,4; joqatibes>

a2 Joqitide--

158



Articulo 111

Figure 28. Differences (A) between bond lengths in the neutral and charge states of

each system calculated at PBE0/6-31+G* and M05-2X/6-31+G* levels.
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ABSTRACT: The geemetries and electronic properties of a series of -
conjugated oligomers, as possible precursers of a-type materials, have been
studied with the help of density functional theory. The selected compeunds
are based on phenylethynylene moieties alternated with thiene-acene units
containing up te four fused thiophene rings, PhEtT, , _,. The epteelectronic
properties and conducting capability were investigated through the HOMO-
—LUMOQ excitation energies, LUMO energy levels, electron affinities, in- M
tramelecular reorganization energies, and electrenic cuup]j_ng. All studied

properties agree that oligomers based on PhEtT, ;_, show adequate values

PRELT,

PhELT,

concerning electren affinities, LUMO levels, and intramolecular reorganization energy te be considered a-type semiconductor
candidates. Besides, the optical bandgaps are close to 2 eV, which is the thresheld for a material to be considered as petentially

suitable in the field of solar cells.

1. INTRODUCTION

Organic st-conjugated polymers have attracted great interest
for their uses as active elements in optoelectronic devices such as
pheteveltaic cells, organic light- euuth.ng c].lcdes (OLEDs), and
field effect transistors (OFETs), wherein™” good luminescence,
efficlent charge transport, and fast energy transfer properties are
required.**

Ceonjugated polymers have been used meostly as p-type mate-
rials, while the widespread use of the so-called n-type materials
has faced different ebstacles. Difhiculties concerning the melec-
ular design of an electron-deficient material, scarce solubility,
ditficult processability, and instability in air have prcvoked their
development to lag behind that of p-type materials.’ Ameng 7t-
conjugated polymers, poly(arylencethylene}s (PAEs) have at
tracted great attentien due te their semicenducting properties. &7
PAEs share the general structure —(Ar—C=C—Ar'—C=C)—,
Ar and Ar' being equal or different aromatic moieties* The
electron-withdrawing effect of ethynyl groups (—C=C—) tends
to make PAE polymers favorable to electron rather than to hole
J'_nject'lon,B albeit the final p- or n-type character of the polymer
will alse depend on the nature of the aromatic moieties.

Te design new PAEs or, in general, f-conjugated polymers
with impreved electronic preperties, a complete u_nﬂerstandj_ng
of the electronic structure—property relationship is needed. [n
our previous works, we have studied the effect of the ethynyl
group {—C=C—) on the structure, optoelectronic, and con-
ducting properties of a set of PAEs with Ar = phenyl and AY =
tt'lazﬂle, &lladlaz[’le, and DXGd.laZGlB Lot The BleCtI'UmC PIOPEI'
ties of the ethynyl group can be rationalized on beth its axial

WACS Publlca‘tlons @201 American Chemical Society
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symmetry, which allows it to keep some ccn]ugatlcn between
adjacent aryl groups at different relative orentations,”" "% and its
electron-withdrawing character. 8

Previously, ™ we have studied the effect of the number of fused
thiephene rings en the optoelectronic and conducting preperties
of monomers containing phenylethynylene {(Ph—C=C—) moi-
eties linked to thieno-acene aromatic heterocycles withup to four
fused thiophene rings, PhEtT,_; _, (see Figure 1). It followed
that the increase in the number of fused thiophene rings in the
monomer did not affect signiﬁcanﬂy the properties related to the
aromaticity such as bond length alternation (BLA) or rotatienal
barriers, while a reduction of the HOMO—LUMO energy gap
and an easier charge injection and hence an enhancement of the
n-type character were noticed.

In this report, we focus on the theeretical shldy of c]_igcmers
of different chain length and extrapolated te an ideal infinite
polymer. The aim of this werk is the analysis of the effects of both
the number of fused thiophene rings and backbone elongation on
structural, electrenic, and conducting properties such as band-
gap, charge injectien, and charge mobility.

2. COMPUTATIONAL DETAILS

The Gaussian03 (revision E.01}™ suite of programs has been
employed for all the theoretical calculations. Geemetries of

different oligomers {from moncomer to hexamer) and an ideal

Received:  December 22, 2010
Revised: February 23, 2011
Published: March 15, 2011
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Figure 1. PhELT, PhET,, PhEtT;, and PhELT, formulas.

polymer chain (using periodic boundary conditions, PBC) were
aptimized by means of the density functional theory (DFTY) at
the very extensively checked B3LYP,'" 7 PBED," and MO05-
2X" levels along with the 6-31G* basis set. This choice of hybrid
functionals allows us to follow the effect of the variable fraction of
exact, Hartree — Fock exchange in the functional, i.e., 20%, 25%,
and 50%, respectively, on the monitored properties. Electron
density (p) and its Laplacian (V?p) were calculated at the
B3LYP/6-31G" level on the corresponding optimized structures
by using Bader’s atom-in-molecules (AIM) theory.”**' Optical
bandgaps were studied through the energy of the HOMO—~LUMO
transitions which involve frontier orbitals delocalized in character
and also show high oscillator strength values (f). Time-dependent
DFT formalism (see, eg, ref 22) was used to calculate these
electronic transitions on_oligomeric structures ranging from
n =1 to 20 repeat units.”* These oligomers were obtained by
an optimized replication of a periodic, monodimensional struc-
ture, with the free valences that appear at the edges being
subsequently saturated with hydrogen atoms. HOMO—LUMO
energy gaps were fitted to an empirical function of the number of
repeat units, n, proposed by Meier et al. and extrapolated to the
infinite case to obtain the bandgap of an ideal polymeric chain.**

Since we are dealing with 77-conjugated structures, it is expected
that conventional DFT and TD-DFT may face problems when
predicting different molecular properties (e.g, dipole moment,
polarizabilities, electronic transitions, etc.) as the size of oligomer
increases. One of the methods intended to correct such failures
makes use of the so-called long-range (LR) exchange correction
which incorporates an interelectronic distance-dependent frac-
tion of HF exchange.”® * Thus, to check any improvement due
to the LR correction, we have selected CAM-B3LYP™ to be applied
to PhELT oligomers since only the experimental HOMO—-LUMO
energy excitation for the PhEtT monomer is known.”!

Electron affinities (EA) and reorganization energies were
calculated according to the semiclassical Marcus theory®** %
at the B3LYP/6-31G" level. The electron coupling integral, t,,,
was also calculated at the BALYP/6-31G" level as half the splitting of
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Table 1. Energy Difference” (kcal mol ) between syn and
anti Conformations for Dimers, Trimers, and Tetramers of
PhELT,., 4 Calculated at the B3LYP/6-31G* Level

dimer trimer tetramer
PhEXT 0.007 0.014 0.023
FPhEIT, —0.003 —0.006 =0.010
PhE(T, 0007 0.013 0.022
PhE:T, 0.007 0.013 0.022

“AE=Eyn — Eu

the LUMO levels in a dimer made of two identical neutral
molecules. > *% Basis sets containing diffuse functions were
employed to get a higher accuracy in the calculation of the
energy-related properties such as electronic excitation energies,
electron affinities, and intramolecular reorganization energies.™
Since large D|ig0rners would need |arge computatio nal costs, on|)r
electron affinities and reorganization energies of small oligomers
(n=1,2) for PhEtT were calculated at the B3LYP/6-31+G"//
B3LYP/6-31G" level.

3. RESULTS AND DISCUSSIONS

3.1. Molecular Geometry. The most favorable relative disposi-
tion of central units was checked as a first step in the structural
analysis. For this purpose, two arrangements were considered,
i, syn or anti (see Figure 1S Supporting Information). The
differences in energy between syn and anti conformers for n-
mers, n = 2—4, of PhEtT,., _, were calculated at the BALYP/6-
31G* level (see Table 1). Except for PhELT,, oligomers anti
become more stable than the syn ones, the difference in energy
increasing slightly with the number of repeat units. Accordingly,
we have focused our study on oligomers and periodic polymer
chains on the anti conformation, except in the case of PhEtT, for
which syn was the chosen conformation (see Figure 1). More-
over, PhEtT,-, ; 4 shows a larger linearity in anti conformation
which is an important aspect to be considered as it favors the
formation of mesogenic phases which are necessary for device
materials.*”

The most representative structural parameters are collected in
Tables 2 and 1§ (Supporting Information). Dihedral angles are
not shown since all chains are predicted to be planar. No
important differences were found between monomers'® and
their corresponding ideal polymeric chains, except for the
C—C single bonds of the C(p,)—C=C—Cypy motifs. For the
ideal polymeric chains, calculated C 14— Ci=¢) and C1y—Ci=c)
distances lie within the ranges 1.416—1.426 A and 1.400—1.411
A, respectively, which are shorter/longer than a typical C—C
simple bond (1.54 A)/longer than a typical C=C double bond
(1.33 A),™ while the elongation of backbone produces a short-
ening in both cases. Besides, C=C distances lie within the range
1.213-1.220 A, which points out that 7-electronic delocalization
entails some loss of triple bond character (typical C=C triple
bond being 1.20 A™).

As previously stated for monomers,"” the addition of a fused
ring entails almost uniquely the appearance of differences in
Ciry=Sery=Cery Sery—Ceny—Cery and Cpry=Cery—Cyry an-
gles between PhEtT and PhEtT, oligomers. As to the theory
level, M05-2X yields larger simple bonds and shorter double and
triple bonds than the rest of the methods, which could be attributed,

6923 dx.doiorg/10.10214p1 12165 |4 Phys. Chem. € 2011, 115, 0224032
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Table 2. Main Geometric Parameters of the Central Repeat Unit from Periodic Calculation of PhEtT,_, _, Systems at the BILYP/

631G Level”

PhELT

PhET,

PhELT, PhEET,

bond lenghs/A

Cm—s’

- b
Cn=Cmy
Ciry=Cry”

1.758(1.758)
1,387 (L386)
140914110
1402 (1403 )

=

1778(L778)
1.385(1384)
1412 (1414)
1.400 { 1.402)

L779(L779)
L1385 (1.384)
L412(1.413)
LADD ([ 1.402)

L779(1.779)
1385 (1.384)
1.412(1.413)
LADD(14DL)

C=C 1.220(1.219) 121%(121%) 1.219(1.218) L219(1.219)
Ci=c)—Cppmy 1418 (1.422) 1418 (L422) 1418 {1422) 1418 (1.422)
angles/degrees

Ciny=Spy—« :il"?‘ 9LT(917) 908 { 5.9} 905 (20.9) 90,5 (90.9)

11035(110.5)
1136 (113.6)
121.0(121.0)

Sm—Cm—Cmy”
- -~ b
Cir=Cir~Cim
Siry~C~Cic
“Values in parentheses correspond to monomers from ref 13

111.9{111.8)
1119{1119)
12001 (12000)
" For PRECT; and PhEYT,, these parameters are referred to a side thiophene ring.

1117 {1117)
112.00112.1)
1201 (120.0)

1117 (110.7)
1120(112.0)
1201 {120.0)

in part, to the higher HF exchange percentage of that functional
(56% HF c)u_'h'.ingc).w

The effect of backbone elongation and number of fused rings
on the aromaticity was analyzed through the bond length alternation
(BLA), as well as the electranic density { o} and its Laplacian (Vz_u),
and the latter two were obtained from the atoms in maolecules
(AIM) theory. In this work, we have caleulated a local BLA
associated with the Cepy—Ci=c), Ciry—Ci=cy, and C=C hnnd
lengths according to the dLﬁnmun given by Fu et al® for
nonclassical conjugated polymers. Thus, BLA is calculated by
subtracting the arithmetic mean of the two central C—C bonds

and the central C=C bond length
dicll”‘j - Ci=c 1) df L-[I} -

2

BLA = :_‘:}J—d(('z =

Tables 3 and 25 {Supporting Information} show the corre-
sponding BLAs for the central, repeat unit of each r-mer {(n=1,3,5)
and the periodic chain as well. The highest BLAs were calculated
with M03-2X, which could be ascribed to the high HF exchange
percentage as compared to the rest of the functionals essayed in
this work."” As it is well established for neutral conjugated oligomers,
electron correlation plays a key role in getting a corvect degree of
bond length alternation. Pure DFT functionals tend to under-
estimate BLA strongly. A practical, well-known way to improve
DFT results is to include a fraction, either fixed or distance-
dependent, of HF exchange, in the so-called hybrid DFT and LR-
DFT formalisms, Thus, a maore realistic value for BLA can in
principle be obtained for neutral conjugated oligomers with
hybrid DFT after an adjustment of the amount of HF exchange'
or using a long-range corrected functional >

The increase of the number of fused thiophene rings has only a
slight effect on the PhEXT,., _, monomers.” In the case of
oligomers, BLAs calculated at the BALYP/6-31G* level show a
decrease that amounts to as much as ~0.004 A from monomerto
trimer, remaining constant for larger oligomers and even for the
infinite polymer chain. As a result, both the number of fused rings
and the backbone elongation have a scarce influence on the
aromaticity of the series of studied compounds.

To analyze the 7-electronic delocalization of the Cypyy—C=
C— Cypy motifs from another point of view, the AIM rheﬁry has

Table 3. Bond Length Alternations (A) for Monomer, Tri-
mer, Pentamer (Central Repeat Unit}, and Infinite Polymer
Chain Calculated at BILYP/6-31G*

monomar trimer pentamer PEC
PhixT 0.194 0.190 0.1890 0.180 (D.L00)"
PhELT, 01593 0.190 0.1%0 0.1%0
PLET, 0193 0.190 0,180 0.180
PhET, 0.193 0.190 0160 0160

“In parentheses, value for PhEUT polymer at the CAM-BILYP/6-
3G level.

been applied on different optimized oligomer and polymer
chains. In this scheme, the bond critical points (BCP) are saddle
points of the electron density (p) and appear between any twao
chemically bonded nuclei.” Thus, we examined the electron density
(p} and its Laplacian (v"p) at each BCP between the four catban
atoms which define the C,.,.\\—C—C Cyy motif. According to
AIM Bader's theory, p and v° *p can be employed to [nurulor the
relative increase or decrease of charge accumulation. ™" These
properties have been caleulated for the Cipny—Cr=cy, Cyry—C
(=cy and C=C bonds of the n-mers (n = 1,3,5} and periadic
chain nF each of the studied systems (see Tab]c 4). As aresult, p
and v7p increase for the C (13— Ci=cy and Cypay—Ci=c) bonds
upon backbone elongation. “This uggests that bath single bonds
increase their m-character as the oligomer lengthens. However,
C=C bonds exhibit the opposite trend. This behavior is mainly
abserved between PhELT and PhE(T;. The number of thiophene
rings only affects PhEtT and PhEtT; oligomers in such a way that
the addition of a ring leads to an increase of the double bond
character of the Ci=cy—Cyyy bond as its electronic density and
I.aplacian increase.

These results are consistent with BLA calculations, as both
methods predict the same trends. Thus, both BLA values and
BCP properties predict that oligomers with n > 3 reach their
maximum of J-electronic delocalization in the middle of the

backbone. Regarding the effect of the number of fused thiophene
rings on 7-delocalization, differences that already appeared for
monomers remain constant for larger ollgomcrs.“ The addition
of a central fused thiophene ring implies a slight increase of
aromaticity for the pair PhEtT/PhEtT;, while this effect is

6824 t.eh
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Table 4. BCP Properties Calculated at the B3LYP/6-31G* Level for Each Monomer, Trimer, Pentamer (Central Repeat Unit),

and Infinite Polymer Chain

@fau Fipfan
Cr=ey)=Ciony c=C Cr=er=Cimy Cr=cy—Cpm c Ci=e1=Ciry
PhET monamer 0.2892 03945 02674 0.1959 0.2842 02018
trimer 0.2912 03943 02852 0.1986 0.2842 02018
pentamer 0.2914 03941 02683 0.1950 0.2842 0.2028
PBC Y 0.2915 0.3939 02853 0.1950 0.3832 0.2030
PLELT, enOmer 02893 03944 02883 (L1961 02841 02029
trimer 02915 .3939 02591 0.1981 02841 029359
pentamer 02916 035940 02892 0.1982 02341 0.2939
PBC* 02916 0.3938 0.2992 01932 0.2332 02941
PhEAT, monomer 0.2553 03544 02954 0.1961 02841 0.2028
Lrimer 2916 D339 02992 L1982 02840 2038
pentamer 0.2918 0.3948 0.2994 01989 02359 0.2046
PBC 02918 0.3937 02694 0.1992 0.2831 02049
PhET, moromer 02854 03943 02554 1962 0.2340 0
trimer 02915 0.3938 02892 0.1985 0.2839 02038
pentamer 2916 03958 02991 01982 028359 02038
PBC* 2916 03938 02993 (1982 02839 2040

“One repeat unit extracted from the corresponding polymer and valences saturated with hydrogen atoms.

practically not observed for the pairs PhEUL:/PhEtT; and
PhECT,/PhECT .

3.2. Optical Bandgap. The optical bandgap is a key parameter
that controls the nature of the electroluminescence signal in
light-emitting diodes and the efficiency of light absorption in
solar cells.”! Optical bandgaps were calculated through HOMO

= LUMO excitation energies by means of time-dependent
DFT™"* methods, TD-B3LYP, TD-PBEO, and TD-M05-2X
(besides TD-CAM-B3LYP for PhELT cligomers) together with
the 6-31G* basis set. As mentioned above, for these systems
HOMO — LUMO transitions show high oscillator strength
values (f}, and both orbitals are completely delocalized through-
out the whaole system. Note that the TD-DFT approach only
involves properties of the ground state, ie, the Kohn—Sham
orbitals and their corresponding orbital energies obtained in a
ground state calculation. Hence, HOMO —* LUMO excitation
enetgies are e‘.\'pl'essed in terms of gmund state prnper‘ties.%'“
Table 5 summarizes the electronic transitions calculated at the
TD-B3LYP/6-31G* level for the aligomers PhEtT ., _, contain-
ing 1,7, and 15 repeat units and at the TD-CAM-B3LYP /6-31G*
level for the same PhEIT oligomers along with the experimental
value reported for the latter in CHCI; solution.™ More detailed
information about the oscillator strength and main components
aof each transition can be found in Tables 35—6S (Supporting
Information ).

As stated above, oligomers of different lengths were obtained
by an optimized replication of a repeat unit using PRC. This
procedure could bring along some error due to the fact that the
oligomer edges display a structure different from that of the
central region of the chain. Nevertheless, the influence of the
edges on the oligomer properties should lessen as the chain
lengthens, Table 65 (Supporting Information) collects differ-
ences in HOMO — LUMO excitation energies calculated for
both the optimized oligomers and the corresponding oligomers
obtained from the periodic calculation. As can be seen, no
noticeable differences between the bandgap from PBC and that

6825 EEY

Table 5. HOMO — LUMO Excitation Energies Calculated at
TD-B3LYP/6-31G* Level for PhEtT,_, , and at TD-CAM-
B3LYP/6-31G* for PhE(T along with Those Estimated for the
Currespomling Limit Polymer

HOMO -~ LUMO energy gap”/eV

compound n=1 n= n=135 ="

TD-B3LYP/6-31G°

PRELT 312 215 2.0 212

PhET, 298 200 205 207

PhELT; 184 2.06 .02 204

PLEST, 273 204 201 103
TDCAM B3LYP/6.310G*

PhEAT 345 274 .69 271

experimental” 354

“See also Supporting Information. "Values obtained from eq 4. “From
ref 31,

calculated from optimized hexamers are found. Thus, this has
proven to be a useful way to reduce the computational resources
needed to obtain suitable structures of long oligomer chains ta be
later used in a TD-DFT caleulation.

In a previous work we already noted that the experimental
value of 4, for the PhELT monomer lay between the excitation
energies calculated at TD-B3LYP or TD-PBEO {lower limit} and
TD-M05-2X {upper limit} levels."? Selvent effects were not
considered due to the small differences (~0.12 eV} found for
the homologous system PhEfTh.'"We have also tried TD-CAM-
B3LYP/6-31G* for PhELT, and as expected, a maore accurate
prediction (£, ~ 3% for the monomer} is obtained; TD-M05-2X
performs nearly on equal terms (£, ~ 4%},

As to the polymer bandgaps, we have calculated them using the
aligomer approximation in which electronic transition energies

0,/10.1021p1 12165r |4 Phys, O, © 2071, 115, 60F3-0033
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Bandgap /eV

Figure 2. Evolution of the calculated bandgaps with the chain length for
the four studied oligomers (symbols) at the TD-B3LYP /6-31G* and
TD-CAM-B3LYP/6-31G* (only for PhELT) levels along with their
fittings to Meier's equation (solid line}.

are plotted vs 1/n, » being the number of repeat units. Fer short
u]igomers, straight lines are ganera]ly obtained, and the bandgap
forn — ro could then be obtained from the y-intercept; however,
this appreach can lead to values that may depart significantly
from the correct value for the polymeric chain. Hence, the
bandgaps for the limit pelymer chains were estimated using the
Meier's equation™
b= Bt (5 - Edep[ -1 ()
where E; and E. stand for the excitation energies for the
menomer and the infinite pelymer, respectively;  is the number
of repeat units; and @ 18 an emplirical parameter that describes
how fast E, saturates to E... Table 5 and Tables 38 and 48
(Supporh_ng [nfcnnatlcn) cellect band, gap values estimated for
the limit polymer chains {all fits show r* > 0.997). Figures 2 and
28 (Supporting Information) sketch the evelution of B, vsn — 1
calculated at the TD-B3LYP, TD-CAM-B3LYP, TD-PBEY, and
TD-M05-2X levels. As can be seen, the different bandgaps
become closer upen backbone elongation. Besides, all methods
agree that HOMO — LUMO transitien energies diminish with
the number of fused rings. Thus, for the couples PhE{T /PhELT,
and PhEtT,/PhEfT;, the addition of a central fused thiophene
ring implies a slight decrease of the bandgap of 0.05 and 0.03 eV,
respectively. However, the difference in bandgaps computed at
the TD-B3LYP/6-31G* level for the pair PhEtT;/PhEtT, is as
small as 0.0l eV. The PhEtT, polymer shows the smallest
bandgap, 2.03 eV, estimated at the TD-B3LYP/6-31G* level,
which is close to 2 eV, the thresheld value for a material to be
considered as potentially suitable in the field of solar cells*
3.3. Charge Injection, Anionic Species, and Charge Trans-
port. The ease to inject electrons (holes) into the material and
their mebility inside the material are two essential factors that
control the effectiveness of an organic n-type (p-type} semicon-
ductor. In a previous work, we assessed the impact of Chalge
(hole and electron) injectien by means of the reorganization
energies {A;F and A;7). [twas concluded that the a- type character
of PhEtT, | , enhances with the number of fused thiophene
rings. As mentioned above, an impertant focus of attentien in
moelecular electronics is the search for new and efficient n-type

Table 6. LUMO Energies Calculated at the BALYP/6-31G*
and TD-CAM-B3LYP/6-31G* for Different #-Mets

LUMO energy’/eV

=1 n=7 =15 HT
B3LYP/6-31G*
PhELT L5z 5 .57 2.57
PhELT: 2.02 257 261 261
PhELT; 2.08 2.59 261 261
PhEtT; 211 2.59 261 261
CAM-B3LYP/46-31G"
PhEtT 0.85 L34 1.58 1.57
* See also Supporting Information. * Caleulated according to a Meier like
equation.

organic semiconductors. ** So, in this work we have focused our
attention on the n-type character of the series PhEtT, | _,.

3.3.1. Charge infection. N-type organic semiconductors should
have a low-lying LUMO level and a high enough electron affinity
{EA} to allow an easy and efficient injection of electrons into the
empty LUMO? Rigorously speaking, Kougmans theorem is not
applicable to Kohn—8ham orbital energies, ? while Perdew, using
Janak’s theorem, has proven a connection between lenization
potentials/electmn affiniies and HOMO /LUMO energies, re-
spectively (see ref 36 and references therein}. Also, when using
full-exchange LR corrected functionals, DFT appreximately satis-
Ties Koepmans' theorem, and thus orbitals energles for HOMO and
LUMO correspond to -IP and -EA, respectlvely However, the
long-range corrected functional selected in this research, Le,, CAM-
B3LYP, does not mccrporate a full HF exchange at large mterelec—
tronic distances.®® Tables 6 and 8S (Supporting Information}
cellect the calculated LUMO energies as a function of the number
of repeat units, . These oligomers of different length were also
cbtained by replication, under periodic beundary cenditions, of a
previously optimized repeat unit. A Meier-like equation” was used
to fit the energy as a function of n — 1 and estimate the LUMO
energy for the limit polymer. LUMO energy levels become
stabilized as the number of fused thiophene rings rises and also
with backbone elongaﬁon. This stabllization quickly adopts an
asymptotic behavior when both factors are increased simulta-
neously. Thus, at the B3LYP/6-31G* level, PhEtT, 54 polymers
have a LUMO energy of —2.61 eV, and the differences betweenthe
n — oo predicted value and oligomers containing at least 9 repeat
units are <0.01 eV. As already reported for similar systems,™
LUMO energylevels {Tables 6 and 8S {Supporting Information)}
calculated both with B3LYP and PBEQ metheds are very close to
each other, whereas those calculated at the M05-2X level are ~0.8
€V higher than the first ones. Finally, CAM-B3LYP/6-31G" yields
the largest LUMO energies (~1eV larger if compared to B3LYP/
6-31G* values) for the PhEtT set whatever the cligomer size.

Electren injection is contrelled by the height of the petential
barrier at the interface, i.e, the difference between the LUMO
level and the metal electrode’s work function {@).***¢ For
the Sm (@ = —2.7 eV} and Ca (& = —2.9 eV} electrodes,
the difference Eyyngo — @ is <0.3 eV, and thus a nearly chmic
metal /polymer contact could be considered.***¢ Nevertheless,
LUMO energies of all the studied systems are far frem the work
function of other common electrodes such as Al (@ = —4.1 eV}
or Mg (D =—-37 eV).45_48

6926 dicdni.org10.1 021 /jp112165r |1 Phys. Chem © 2011, 115, 63226932

167



Gregorio Garcia Moreno

The Journal of Physical Chemistry C

Electron affinity (EA} is another factor to be considered in the
charge injection process. Vertical and adiabatic electron athnities
were calculated accerding to egs 7 and 8 They must be high
enough to allow an efhicient injection of electrons into the empty,
completely delocalized LUMO of the semiconductor melecule
(see Figure 3), and EAs were calculated at the B3LYP/6-31G*
level (Table 7} for different n-mers (n = 1—6). Vertical EA
(VEA) rises in a nenconstant manner with the number of fused
thiophene rings. For monemers, the differences in VEA values
along the series PhEtT/PhEtT;/PhEtT;/PhELT, are 0.18 eV/
0.13 eV/0.11 eV, respectively. These differences decrease upon
backbone elongation. Adiabatic EA (AEA) follows a similar patter.

As stated above, basis sets with diffuse functions are necessary to
handle charged species. * Since large oligemers would need large
cemputatienal costs, we have performed a single-point BALYP/6-
31+4-G*//B3LYP/6-31G* calculation of EA for 7(PhEtT),,,1)17
(see Table 7). As a result, the use of diffuse functions leads to an
increase of about 0.34 eV of EAs, which would mean an easier charge
injection.

From a practical standpeint, the EA needs te be at least 3.0 eV,
but it should net be much greater than 4.0 eV, the upper limit
where a too electrophilic melecule could be unstable in ambient
conditions.® However, the predicted values of EAfor PhELT, |4
in this work are somewhat distant from 3.0 eV (see Table 7). A
commen problem with a-type cenducting materials when they
are exposed te air is the oxygen quenching that can affect their
luminescence, electreluminescence, and electronic properties.
N-ype conducters sheuld be resistant te oxygen quenching
when the electron injection is produced. Hence, the electron
affinity can give an idea about the stability of the radical ion
molecule toward quenching caused by molecular oxygen.” The
calculated AEA for the molecular Dxygen is 0.59 eV at the
B3LYP/6-31+G* level of theory, while the experimental
electron affinity has been determined by photeelectron spectros-
copy as 0448 + 0.006 eV.*” EAs calculated for the whele set of
studied compounds are clearly higher than the values reported
for the melecular oxygen. So, these compounds seem to be
effective against exygen quenching.

3.32. Charge Transport. Twe main regimes of charge trans-
port in organic semiconducters exist, i.e., the band-like regime
and the hepping regime. In the latter the carriers are lecalized on
one molecule through the formation of a selftrapped state (a
polaren), and transpert occurs through a thermally activated
hoepping mechanism. * The band-like regime is generally ob-
served enly at low temperatures in highly ordered samples, so
that the hopping mechanism takes usually eﬁect at temperatures
relevant for practical technological apphcatlons In the context
of the semiclassical electron transfer theory,”*2* the electron-
transfer (hopping} rate, kgy, can be described to a good
approximation as

4 1 5

ket = £
I Ny ot

—(AGY + A
AT

(3)

where A and £, are the recrganization energy (inner and outer)
for the intramolecular electron transfer and the electronic
oy ]_i.ng between neighbori_ng molecules, respectively, and
AG" is the variation of Gibbs free energy. For a self-exchange

—
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Figure 3. BILYP/6-31G* caleulated LUMO eigenfunctions for the
trimer of each series.

Table 7. Adiabatic {AEA) and Vertical {VEA) Electron Affinities and Intramolecular Reorganization Energies {4, ) for Different

Oligomets at the BALYP /6-31G* Level”

monomer dimer trimer tetramer pentamer hemamer
AFA/eV
PhELT 076{1.12) 1.39{1.71) 167 184 1.95 2.03
PhEtT, 023 L34 1.80 195 2.05 213
PhEtT; 1.05 L6z 1.86 2.00 210 2.16
PhFEtT, 115 162 132 2.05 214 220
VEA/eV
FhELT 0.62.{0.98) 1.30{1.62) L61 179 L51 2.00
PhEtT, 0.80 L46 L75 152 2.03 2.09
PhEtT; 023 155 L.81 157 2.07 2.14
PhFEtT, 104 1.63 1.88 2.02 212 219
A /meV
PhELT 256 {263) 186 {187) 134 100 75 56
PhEtT, 246 164 111 74 55 S0
PhELT; 237 153 103 73 54 £
PhEtT, 228 130 78 51 35 21
“In parentheses, values for PhELT obtained at the BILYP/6-314-G*//B3LYP/6-31G* level.
6827 dhcdoiorg/10.1021p1121657 L Phys. Chem. € 2011, 115, 69226932
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electron transfer (ET) reaction, AG =
reorganization energy is on the order of a tenth of an electren-
valt, it follows that the intramolecular reorganization energy (4;)
and the electrenic ceupling between nmghbormg molecules (#,5)
are the two key parameters to monitor. >~

According to eq 3, A should be low to get a high electron
transfer rate. The intramolecular reorganization energy (4} for
self-exchange consists of two terms corresponding to the geo-
metry relaxation energies upon geing from the neutral-state
geometry to the charged-state geometry and vice versa® %

A=A+ {4)

Ay and A, can be calculated d.i_recﬂy from the adiabatic pctenﬁal
energy surface as

0, and as the outer

AL =E(GE)-E&) (s)

=E(@)-E(G) (6)

where E%(G") and E~ (G } are the ground-state energies of the
neutral and anionic states, respectively, and EYG Y and E(GY
are the ENEIgy of the neutral molecule at the Dpthal anionic
geemetry and the energy of the anionic molecule at the eptimal
geometry of the neutral molecule. Once A; is calaulated, it is
possible to calculate the vertical electron aflinity as

VEA = ABA 44,

(7)
where the adiabatic electron aflinity is defined as
AEA = E~(G™) — EYG") (8)

Table 7 shews the intramolecular electron reorganization en-
ergies calculated at the B3LYP/6-31G* level. The values obtained
for the hexamers are within the range 2136 meV and are
smaller than these reported for compounds propesed as candi-
dates to organic n-type semlccnductcrs such as fluoarene-oli-
gothiophenes (4; = 0.22—0.34 eV), and pentacene (4; = 0.13
eV).  For monomers, the decrease in the reorganization energy
ameunts te 10 meV/9 meV/8 meV when going through the
pattern PhEtT/PhEtT,/PhEtT,/PhEtT,. Also, differences in 4;
between cligemers of PhEtT, and PhEtT; decrease upen back-
bene elongation up te 1 meV for a-mers, n = 4. However, this
difference increases with the number or repeat units for the pair
PhEtT,/PhEtT,, in such a way that one can appreciate a marked
difference between hexamers of PhEtT, (4, = 21 meV) and the
other ones (A; = 49—56 meV}. Taking inte account the values of
EA and LUMO levels, as well as the potential for adepting
stacked structures and the low intramolecular reorganization
energies, we can conclude that these molecules may be useful
electron-transport materials.

The effect of diffuse functions has been assessed by estimating
A; for oligomers —(PhEtT),_,,— at the B3LYP/6-31+G*//
B3LYP/6-31G* level (see Table 7}. As can be seen, close values
are obtained with both 6-31-+G* and 6-31G* basis sets. [ndeed,
for n= 1, A; was obtained at B3LYP /6-31+G* on the geometries
optimized at the same level of theory,'® obtaining the same result.
This suggests that the use of diffuse functions scarcely affects the
calculated A; for this series of compounds.

The electronic coupling (or charge transfer integral), £,
reflects the strength of the electronic interaction between twe
adjacent melecules, and it should be maximized to get high kgy
values. [t can be estimated for the electron (hole)} transport as
half the splitting of the LUMO (HOMO} levels in a dimer made

PhEIT

PLE(T;

PIEIT,

PHE(T

Figure 4. Scheme of the two superimposed trimers for each system.

of two neutral molecules (e.g., oligemers). 333=33 Both chains can
be exactly superimposed to each other or laterally displaced >*
‘We have constructed a dimer of two neutral trimers, wherein S
atoms of both chains arein anti disposition (see Figure 4). Although
fully cofacial relative conformations are rarely encountered in
crystal structures, it is interesting to study such geemetries since
they provide a highly symmetric reference point and lead te the
largest electrenic couplings. The electronic ceupling depends on
the relative orientations between both meolecules. We have
meonitered the evolution of |£, | as a function of the displacement
along the cofacial intermelecular distance and along the x/y
molecular axis (see Figures 4 and 5). These translations along the
x/y axis, which bring en a deviation from the fully cofacial
configuration, imply a decrease in |f),| values. The increase in
the intermolecular distance also leads to a diminution of |i12|.
The largest |£12| values (0.10—0.16 V) are obtained for cofacial
cuﬁgluaﬁons, these values bei_ng larger than the values reported
Tor model compcu.nds such as fluoarene-cligothiophene deriva-
tives, Le., ~0.06 eV’ * Besides, the PhEtT,, 2,4 backbenes show
larger linearity than those of PhEtT,, ; (see Figure 1}; this fact
explains the different evolution of |5 | with respect to the lateral
and intermolecular displacements.

In general, |t,,| values decay exponentially with the increase of
the interchain distance.>* PhEtT, trimers show the largest |t1|
value {0.16 eV} since they are totally linear, and hence they can
adopt a fully cofacial dispesitien. In addition, PhEtT, shows the
lowest sensitivity on the intermolecular distance. PhEtT,, on the
other hand, is less linear than PhEtT,, showing |tu| values slightly
lower. PhEtT and PhEtT; exhibit a similar behavior since thelr
lower linearity provekes the thienc-acene units belenging to
different chains not to be superimposed along the oligomer
backbone. Thus, both systems yield the lowest |t,,] {(~ 0.10 eV).
An important result for PhEfT, 5 is that || decreases by a
factor of 2 for an increase in the intermolecular distance from 3.5
to 4.0 A, a range that corresponds to the typical intermolecular
distance in organic conjugated crystals.

‘When molecular chains are displaced aleng the molecular axis
from the cofacial cenfiguration, x = 0, |43| steadily decreases for
PhE(T,_, ; except when arriving at a configuration where the
thieno-acene and phenyl moleties appear as superimposed, Le.,
x = 6 A for PhEtT and x = 6 and 10 A for PhEtT;. Moreover,
PhEtT; also shows a high [£ .| value for x = 14 A probably due to

5928 didol.org/10.1021/jp112165¢ | Phys. Chem. € 2011, 115, 67226932
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Figure 5. Evolution of [t1] (eV) as a function of displacement along (a) intermolecular distance and (b) long and (¢} short molecular axes.

the fact that some thieno-acene and phenyl units are superimposed
upon C=C groups. PhEtT, and PhELT, show maximum vahues for
|£1] when the central units are superimposed upon phenyl moieties.
The larger size of the thienc-acene units in the case of PhEtT,
brings on a larger overlapping, and hence [f(;| shows a lower
sensitivity on lateral displacements.

In the case of translations aleng the y melecular axis, the linearity
of the cligomer backbone alse affects the electrenic ceupling.
Thus, PhEtT,_; ; shows a maximum value for a displacement of 4
A, for which the thieno-acene units are fully superimposed. For
PhEtT 24 |t12] 18 reughly constant for displacements up to 2 A,
and then its value sharply decays. This behavior can be related to
the linearity of the PhEtT, 5. backbene, which allows large
overlaps between thieno-acene units even after small displace-
ments (0—2 A} along the y melecular axis..

333 Impact of Charge Injection on Molecular Geometry.
The changes on geometrical parameters upen charge injection
were analyzed to cbtain additional infermation about the chalge
excess delocalization. In menomers, charge excess 1s mainly located
on sulfur atom (s} and, to a lesser extent, on Cypgy—C=C—Cy1y
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motifs. Thus, the increase of the size of the central unit
and consequently the number of S atoms brings on a less
cumulenic character for the Cypyy— C=C—Cyqy moiety. Figure 6
shows the bond length variations after charge injection fer
Cipny—C=C—Ciq) motifs and C—5 beonds calculated at the
B3LYP/6-31G" level for the corresponding trimers. These
variations were defined as the absolute value of the difference
between bond length in the neutral and anionic states. If we focus
ow attention on thienc-acene units, C—S bonds ate more
influenced than C—C bonds, due te the electron-withdrawing
effect and higher capacity of S atems te allocate an excess of
negative Chalge.E‘I3 The excess of charge is also delecalized on
the Cypry—C=C—Cyry molety due to the electron-withdrawing
character of the —C=C— group,8 although to a lesser extent. If
anionic and neutral states are compared, simple bonds become
shorter, while triple ones undergo an elongatton. This indicates
the Increment of a certaih aromatic character in the anionic state,
which decreases with the number of § atoms. Thus, for the
corresponding monomers it was found that torsional barrters
between phenyl and thieno-acene units decrease with the mumber of

dicdoi.arg/19.10214p11 21657 |1 Phys. Chem. © 2011, 115, 69225932
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Figure 6. B3LYP/6-31G* bond length differences (A} between the neutral and charged trimers. Bond labeling is shown at the bottom.

fused thiophene sings."® The arematic character can be assessed
by means of the BLA, as defined above (see eq 1). The BLA lies
between the values 0.0 (quinoid), 0.10 {atomatic), and 0.34 A
(nonaromatic} using as typical bond distances 1.54 (C—C), 1.34
(C=C), and 1.20 A (C=C).*® As shown in Table 8, BLA
increases with both the munber of repeat units and fused
thiophene rings. This is related to the aromacity loss of
Cipry— C=C—Cyqy motifs, due to the fact that the charge excess
is mainly located on § atoms, although the BLA of anfonic states
is always smaller than the BLA of neutral states, due to the above-
mentioned increase of aromaticity.

All compounds show low values for A;, which is related to the
energy needed to perform the changes in the molecular structure
after charge injectien. Thus, on the basis of the BLA values
calculated for anienic species, the smallest impact due to charge
injection was feund for PhEtT, eligemers which alse show the
highest electron affinity and smallest A; values. [n general, all
studied cligomers with n > 3 also show low and very dose 1,
values.

4. CONCLUSIONS

The geometries and electronic preperties of the series of
compounds —(PhEtT, ;_,},—, as candidates for electron-con-
ducting polymess, have been studied from a theoretical perspec-
tive. These properties have been analyzed as a function of both
the mumber of fused thiophene rings and the oligomeric chain

length.

6930

171

Table 8. Bond Length Alternation {A) for the Anionic States
of Different Oligomers (Central Unit) at the B3LYP/6-31G*
Level

MoNomer trimer pentamer
PhELT 0.157 0.168 0.178
PhELT; 0.160 0.170 0.17%
PhELT, 0.163 0.173 0.181
PhEtT, 0.186 0174 0181

The effects of these factors en the geometry and r-electrenic
delocalization /aromaticity were analyzed through the bond
length alternation of the Ph—C=C—C metif and the electronic
density and its Laplacian. All monitored properties agree that
cligemers with 1 > 3 reach their maximum of 7-electrenic
delocalization, while only in the case of the pair PhEtT /PhEtT,
the addition of a central fused thicphene ring means a slight
increase of fr-electronic delecalization.

The eptical bandgaps were estimated as HOMO — LUMO
excitation energies through TD-DET. The eptical bandgaps of
infinite peolymer chains were estimated fitting the values for
cligomers (# = 1—15} to a Meier equaticn. As a result, a
reduction of the bandgap frem 2.12 to 2.03 eV was estimated
between PhEtT and PhEtT, polymers at the TD-B3LYP/6-31G*
level. However, these values are close to 2 eV, which is the
threshold for a material to be considered as potentially suitable in
the field of sclar cells "

dicdoi.arg/19.10214p11 21657 |1 Phys. Chem. © 2011, 115, 69225932
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The LUMO energies for n-mers, n = 7, caleulated at B3ALYP
and PBEQ turn out to be of the same order as the work functions
of Sm and Ca electrades, and hence a nearly ohmic contact could
be considered. The EA values estimated for the limit polymers
{2.03—2.20 eV} seem to be somewhat distant fram the range of
energies needed in n-type semiconductors {3—4 eV}). Finally, the
maobility of charge carriers was assessed through estimation of the
charge transfer rate (kzy) for a hopping process. The internal
reorganization energy decreases upon backbone elongation and
the number of fused thiophene rings and gets a value of 21 meV
for —(PhEtT;}s—. It is noteworthy that all oligomers studied
show 4 close to ar lower than other reference campounds
such as pentacene or fluoroarene oligothiophenes. Thus, on
the basis of EA, LUMO energy, and A; values, we can conclude
that —(PhEtT,.,_;},— oligomers may be considered as n-type
semiconductors,

The maximum value for the electron coupling |t,,| was reached
for fully cofacial configurations in which thieno-acene/phenyl or
thieno-acene/thieno-acene units from different oligomers are
exactly superimposed.

Finally, the localization of the excess of negative charge after a
charge injection was analyzed. The excess of charge is mainly
located on S atoms and, in a lesser extent, on Cpy—C=0—Cppy
maotifs of the central region of each oligomer. Thus, PhEtT,
oligomers show the smallest aromatic character in the anionic
state due to its capacity to allocate the excess of negative charge
on § atoms. Hence, these compounds show a low sensitivity
upon charge injection and hence smaller 4; values.

A word of caution must be said here. The results above
exposed must be considered as in vacuo results; that is, no effect
due to the support and even the presence of any external
perturbation has been considered. However, in a real, molecular
device the active material may sustain a strong external, electric
field that may distort zero-field, electronic structure-related
properties such as BLA, HOMO/LUMO levels, optical bandgap,
etc.™

Thus, to obtain more realistic results for a meaningful, theovetical
design of molecular devices, it is advisible to perform in situ
caleulations that consider, as much as possible, the surounding
where the device will work.

We are starting to investigate such effects on a set of thienoacene-
related systems to get deeper insight into the performance of
these materials as the active part of optoelectronic, molecular
devices.
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Supplementary Material

Table 1S. Main geometric parameters of the central repeat unit from the periodic calculation of
PhEtTx=1.4, at the M05-2X/6-31G* and PBE0/6-31G* levels. Values in parentheses are corresponding to

monomers, taken from reference 13.

PhEtT PhEtT, PhELtT; PhELT,
PBEO M05-2X PBEO M05-2X PBEO M05-2X PBEO M05-2X
Bond lengths / A
Cry-S B 1.740 (1.740) 1.736 (1736 1759 (1.759) 1.755 (1.756) 1.760 (1.760) 1.756 (1.756) 1.760 (1.760)  1.756 (1.756)
CorCary* 138401383 1378(1377) 1381 (1 380) 13741374 1381 (1381) w 375 037 1311381 w 375 1374
ConCry? 1405(1405 141201413 1409(1410) 14160147 1408(1.409) 150416 1.408 (1.409) 15 (1.416)
Cry-Ceo 1.401 (1.402) 1411 (1.412) 1.400 (1.401) 141101412 1.400 (1.401) 1 410 (1411) 1.400 (1.401) 1 410 (1411)
c=C 120801217 121301219 121801218 121301212 121801218 121301219 121801218 121301212
CeeryCoppi 1.416 (1.420) 1.426 (1.429) 1.416 (1.420) 1.4261(1.429 1416 (1.419) 1.426 (1.429) 1.416 (1.419) 1.426 (1.429)
Angles /Degrees
CaorSr-Cany* 91 9920 91 6@l 6) 911 @) 08 @08 910 @1.1) 908 ©08) 911 @) 20808
Sery-Cory- Cﬂ") 7(1107) 2(111.2) 2(112.1 127 {1126) 12.0(1120) 1125 (125) 120 (120) 1251125
C(T> C@) C@) 1133(1133} 1130(1130) 1115(1116} 12113 M7 (117 M4 (1115 M7 (11.7) M4 114
SayC-Cecy RI0(210  1208(1207) 1201 (120.0) 1991199  1200(1200)  1198(1198  1200(1200)  119.9 (1198

* For PhEtT; and PhE(T, these parameters are referred to a side thiophene ring.

Table 2S. Bond length alternations (A), calculated at PBE0/6-31G* and M05-2X/6-31G* levels.

Monomer Trimer Pentamer PBC
PBE0O MO05-2X  PBE0 MO05-2X  PBE0 MO05-2X  PBE0  M05-2X
PhEtT 0.194 0.209 0.191 0.206 0.191 0.206 0.190 0.206
PhEIT, 0.193 0.209 0.180 0.200 0.190 0.200 0.190 0.200
PhEtT;  0.192 0.208 0.190 0.205 0.190 0.205 0.190 0.205

PhEtT,  0.192 0.208 0.190 0.205 0.199 0.205 0.190 0.205
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Table 38 HOMO — LUMO excitation energies calculated for different n-mers at the TD-B3LYP/6-

31G* level along with those estimated for the corresponding limit polymer.

Main compononent of transition

Compound n Energy/eV ¥ (MO / % contribution)
PhEtT 1 312 2.1259 HOMO — LUMO (99 %)
2 2.58 3.1036 HOMO — LUMO (98 %)
3 2.36 4.4113 HOMO — LUMO (96 %)
4 2.26 57241 HOMO — LUMO (92 %)
5 2.21 70719 HOMO — LUMO (87 %)
6 2.17 8.4557 HOMO — LUMO (81 %)
7 2.15 9.8603 HOMO — LUMO (75 %)
9 2.13 12.6967 HOMO — LUMO (64 %)
11 2.11 15.5368 HOMO — LUMO (55 %)
13 2.10 18.3664 HOMO — LUMO (48 %)
15 2.10 21.1865 HOMO — LUMO (43 %)
n—sx? 2.12
PhEtT; 1 2.98 1.9785 HOMO — LUMO (85%)
2 2.46 3.7934 HOMO — LUMO (86 %)
3 2.27 5.4469 HOMO — LUMO (85 %)
4 2.18 7.1155 HOMO — LUMO (84 %)
5 2.14 8.8341 HOMO — LUMO (79 %)
6 2.11 10.5901 HOMO — LUMO (73 %)
7 2.09 12.3643 HOMO — LUMO (68 %)
9 2.07 17.7070 HOMO — LUMO (53 %)
11 2.06 21.2531 HOMO — LUMO (46 %)
13 2.05 247772 HOMO — LUMO (40 %)
15 2.05 26.5310 HOMO — LUMO (38 %)
n—so? 2.07
PhEtT; 1 2.84 2.0086 HOMO — LUMO (99 %)
2 2.36 3.8910 HOMO — LUMO (97 %)
3 2.20 5.598% HOMO — LUMO (93 %)
4 2.13 73739 HOMO — LUMO (86 %)
5 2.09 9.1937 HOMO — LUMO (79 %)
6 2.07 11.0464 HOMO — LUMO (72 %)
7 2.06 12,9077 HOMO — LUMO {65 %)
9 2.04 16.6324 HOMO — LUMO (54 %)
11 2.03 20.3372 HOMO — LUMO (46 %)
13 2.03 24.0149 HOMO — LUMO (39 %)
15 2.02 27.6677 HOMO — LUMO (34 %)
n—x? 2.04
PhE(T, 1 273 2.2951 HOMO — LUMO (86 %)
2 2.30 44148 HOMO — LUMO (87 %)
3 2.16 6.4501 HOMO — LUMO (85 %)
4 2.10 8.5482 HOMO — LUMO (79 %)
5 2.07 10.6949 HOMO — LUMO (72 %)
6 2.05 12.8640 HOMO — LUMO (64 %)
7 2.04 15.0369 HOMO — LUMO (58 %)
9 2.02 19.3688 HOMO — LUMO (48 %)
11 2,01 23.6648 HOMO — LUMO {40 %)
13 2.01 27.9241 HOMO — LUMO (35 %)
15 2.01 32.1665 HOMO — LUMO (30 %)
n—sm? 2.03

* Calculated according to a Meier-like equation.
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Table 4S HOMO — LUMO ¢xcitation energies calculated for different n-mers of PhEtT at TD-CAM-

B3LYP/6-31G* level along with those estimated for the corresponding limit polymer.

Main compononent of transition

Compound n Energy/eV 7 {MO / % contribution)
PhEtT 1 3.45 1.5526 HOMO — LUMO (93 %)
2 3.05 3.3994 HOMO — LUMO (81 %)
3 2.90 5.1257 HOMO — LUMO (70 %)
4 2.82 6.4869 HOMO — LUMO (60 %)
5 2.78 8.5459 HOMO — LUMO (52 %)
6 2.76 10.2464 HOMO — LUMO (46 %)
7 2.74 11.9427 HOMO — LUMO (40 %)
9 2.72 15.2013 HOMO — LUMO (33 %)
11 2.71 18.5978 HOMO — LUMO (27 %)
13 2.70 21.8827 HOMO — LUMO (23 %)
15 2.69 251765 HOMO — LUMO (21 %)
n—ax’ 271
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Table 5S. HOMO — LUMO excitation energies calculated for different n-mers at the TD-PBE0/6-31G*

level along with those estimated for the corresponding limit polymer.

Main compononent of transition

Compound n Energy/ eV 7 (MO / % contribution)
PhEtT 1 325 1.6140 HOMO — LUMO (81 %)
2 271 3.2403 HOMO — LUMO (85 %)
3 2.51 4.6893 HOMO — LUMO (85 %)
4 2.42 6.1563 HOMO — LUMO (81 %)
5 236 7.6497 HOMO — LUMO (76 %)
6 233 9.1650 HOMO — LUMO (70 %)
7 231 10.6884 HOMO — LUMO (64 %)
9 229 13.7386 HOMO — LUMO (54 %)
11 227 16.7740 HOMO — LUMO (47 %)
13 2.26 19.7865 HOMO — LUMO (41 %)
15 2.25 227763 HOMO — LUMO (36 %)
n—ro® 2.28
PhEtT, 1 313 2.0016 HOMO — LUMO (82 %)
2 2.64 3.9372 HOMO — LUMO (86 %)
3 2.47 5.7565 HOMO — LUMO (83 %)
4 239 7.6034 HOMO — LUMO (78 %)
5 235 9.4811 HOMO — LUMO (71 %)
6 232 11.3743 HOMO — LUMO (65 %)
7 231 13.2708 HOMO — LUMO (59 %)
9 229 17.0510 HOMO — LUMO (49 %)
11 228 20.7989 HOMO — LUMO (41 %)
13 226 24.5136 HOMO — LUMO (35 %)
15 2.25 28.2058 HOMO — LUMO (31 %)
n—w’ 2.28
PhEtT; 1 297 2.0587 HOMO — LUMO (82 %)
2 2.52 4.1053 HOMO — LUMO (85 %)
3 237 6.0065 HOMO — LUMO (82 %)
4 2.30 7.9705 HOMO — LUMO (76 %)
5 226 9.9571 HOMO — LUMO (68 %)
6 2.24 11.9573 HOMO — LUMO (61 %)
7 223 13.9549 HOMO — LUMO (55 %)
9 221 17.9782 HOMO — LUMO (45 %)
11 2.20 21.8616 HOMO — LUMO (38 %)
13 2.20 257610 HOMO — LUMO (33 %)
15 2.19 20.6426 HOMO — LUMO (29 %)
n—o" 221
PhEtT, 1 2.87 2.3611 HOMO — LUMO (99 %)
2 2.47 3.1878 HOMO — LUMO (96 %)
3 2.36 4.6857 HOMO — LUMO (94 %)
4 231 6.9492 HOMO — LUMO (85 %)
5 2.28 9.2577 HOMO — LUMO (76 %)
6 225 11.5881 HOMO — LUMO (67 %)
7 222 13.9209 HOMO — LUMO (59 %)
9 2.21 16.2458 HOMO — LUMO (52 %)
11 2.19 24.4130 HOMO — LUMO (35 %)
13 2.18 29.9395 HOMO — LUMO (30 %)
15 2.18 34.4583 HOMO — LUMO (26 %)
n—x® 221

* Caleulated according to a Meier-like equation.
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Table 6S. HOMO — LUMO excitation energies calculated for different n-mers at the TD-M05-2X/6-

31G* level along with those estimated for the corresponding limit polymer.

Main compononent of transition

Compound n Energy/eV f (MO / % contribution)
PhEtT 1 3.68 1.6123 HOMO — LUMO (82 %)
2 3.27 3.4505 HOMO — LUMO (76 %)
3 311 5.1743 HOMO — LUMO (68 %)
4 3.04 6.8973 HOMO — LUMO (59 %)
5 3.00 8.6124 HOMO — LUMO (51 %)
6 2.98 10.3248 HOMO — LUMO (45 %)
7 2.96 12.0208 HOMO — LUMO (40 %)
9 2.94 15.4094 HOMO — LUMO (33 %)
11 2.93 18.7508 HOMO — LUMO (27 %)
13 292 22.0745 HOMO — LUMO (24 %)
15 2.92 25.4051 HOMO — LUMO (21 %)
n—ao? 2.94
PhEtT, 1 3.56 1.9945 HOMO — LUMO (94 %)
2 321 4.2725 HOMO — LUMO (80 %)
3 3.09 6.4307 HOMO — LUMO (67 %)
4 3.03 8.5334 HOMO — LUMO (57 %)
5 3.00 10.7043 HOMO — LUMO (48 %)
6 2.98 12.8149 HOMO — LUMO (42 %)
7 2.96 14.9337 HOMO — LUMO (37 %)
9 2.95 19.1074 HOMO — LUMO (29 %)
11 293 232528 HOMO — LUMO (24 %)
13 2.92 27.4128 HOMO — LUMO (21 %)
15 2.92 31.6533 HOMO — LUMO (18 %)
Nt 2.94
PhEtT; 1 3.42 2.0526 HOMO — LUMO (93 %)
2 3.09 4.4439 HOMO — LUMO (77 %)
3 2.98 6.6705 HOMO — LUMO (64 %)
4 2.92 8.9020 HOMO — LUMO (53 %)
5 2.90 11.1198 HOMO — LUMO (45 %)
6 2.88 13.3339 HOMO — LUMO (39 %)
7 2.87 15.5230 HOMO — LUMO (33 %)
9 2.86 19.8661 HOMO — LUMO (27 %)
11 285 242012 HOMO — LUMO (22 %)
13 2.84 28.5766 HOMO — LUMO (19 %)
15 2.84 33.0470 HOMO — LUMO (17 %)
n—o’ 2.86
PhE(T, 1 3.38 2.6123 HOMO — LUMO (85 %)
2 3.04 5.1395 HOMO — LUMO (69 %)
3 2.94 7.7603 HOMO — LUMO (57 %)
4 2.90 10.3645 HOMO — LUMO (47 %)
5 2.87 12.9387 HOMO — LUMO (40 %)
6 2.86 15.5143 HOMO — LUMO (34 %)
7 285 18.0567 HOMO — LUMO (30 %)
9 2.84 23.1087 HOMO — LUMO (24 %)
11 283 28.1794 HOMO — LUMO (19 %)
13 2.83 33.3451 HOMO — LUMO (17 %)
15 2.82 37.4193 HOMO — LUMO (15 %)
n—ao? 2.84

* Calculated according to a Meier-like equation.
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Table 7S. HOMO — LUMO excitation transition differences (eV) between optimized oligomers and

those modelled from a PBC calculation.

Monomer Dimer Trimer Tetramer  Pentamer  Hexamer

TD-B3LYP/6-31G*

PhEtT 0.05 0.01 0.01 0.00 0.00 0.00

PhEtT, 0.03 0.01 0.01 0.01 0.00 0.00

PhEtT; 0.03 0.02 0.00 0.01 0.00 0.00

PhEtT, 0.03 0.01 0.00 0.00 0.00 0.00
TD-PBE(/6-31G*

PhEtT 0.04 0.02 0.01 0.00 0.01 0.00

PhEtT, 0.03 0.01 0.01 0.01 0.00 0.00

PhEtT; 0.03 0.01 0.00 0.00 0.00 0.00

PhEtT, 0.04 0.03 0.00 0.03 0.00 0.00
TD-M05-2X/6-31G*

PhEtT 0.03 0.01 0.01 0.00 0.00 0.00

PhEtT, 0.02 0.03 0.01 0.02 0.01 0.00

PhEtT; 0.03 0.01 0.00 0.01 0.00 0.00

PhEtT, 0.02 0.01 0.00 0.00 0.00 0.00
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Table 8S. LUMO energies calculated at the B3LYP/6-31G*, PBE0/6-31G*, M035-2X/6-31G* and
CAM-B3LYP/6-31G* levels along with those estimated for the corresponding limit polymer.

n PhE(T _ PhE(I, PhEfT,  PhE(T,
B3LYP/6-31G*
1 -1.92 -2.02 -2.08 2211
2 -2.26 -2.34 -2.37 -2.40
3 -2.39 -2.46 -2.48 -2.50
4 -2.46 -2.52 -2.53 -2.54
5 -2.50 -2.55 -2.56 -2.56
6 -2.52 -2.57 -2.57 -2.58
7 -2.54 -2.58 -2.59 -2.59
9 -2.56 -2.60 -2.60 -2.60
11 -2.57 -2.61 -2.60 -2.60
13 -2.57 -2.61 -2.61 -2.61
15 -2.57 -2.61 -2.61 -2.61
n—at -2.57 -2.61 -2.61 -2.61
CAM-B3LYP/6-31G*
1 -0.85
2 -1.25
3 -1.39
4 -1.46
5 -1.50
6 -1.53
7 -1.54
9 -1.56
11 -1.57
13 -1.58
15 -1.58
n—xn’ -1.57
PBE0/6-31G*
1 -1.84 -1.93 -2.00 -2.05
2 -2.20 -2.26 -2.31 -2.34
3 -2.34 -2.38 -2.42 -2.44
4 -2.41 -2.44 -2.48 -2.48
5 -2.45 -2.47 -2.50 -2.51
6 -2.47 -2.49 -2.52 -2.52
7 -2.49 -2.51 -2.53 -2.53
9 -2.51 -2.52 -2.55 -2.54
11 -2.52 -2.53 -2.55 -2.55
13 -2.52 -2.54 -2.56 -2.56
15 -2.53 -2.54 -2.56 -2.56
n—am’ -2.53 -2.54 -2.56 -2.56
MO05-2X/6-31G*
1 -1.02 -1.12 -1.22 -1.27
2 -1.42 -1.49 -1.56 -1.59
3 -1.57 -1.62 -1.67 -1.70
4 -1.64 -1.68 -1.73 -1.74
5 -1.68 -1.71 -1.76 -1.77
6 -1.70 -1.73 -1.77 -1.78
7 -1.72 -1.74 -1.78 -1.79
9 -1.73 -1.76 -1.79 -1.80
11 -1.74 -1.76 -1.80 -1.80
13 -1.795 -1.77 -1.80 -1.81
15 -1.75 -1.77 -1.81 -1.81
n—o’ -1.75 -1.77 -1.81 -1.81

# Calculated according to a Meier-like equation.
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Figure 18. Representations of sy»n and anti conformations of PhEtT,., 4
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Figure 2S. Plots of the Meier’s functions calculated for the three studied polymers at the (a) TD-
PBE0/6-31G* and (b) TD-M05-2X/6-31G* levels of theory.
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The conducting properties of a series of poly(arylethynyl-thienoacenes) as precursors of ambipolar,
organic semiconductor materials have been theoretically estimated at density functional theory level.
Injection and charge transport properties for holes and electrons were assessed for a total of 16
compounds as a function of both the aryl and thieno-acene motifs. Some of selected compounds
show adequate values of charge carrier mobilities and injection parameters to be considered p- or #-
type organic semiconductors. However, all the compounds show LUMO energy levels high enough
to allow an easy electron injection from Au electrode, hindering this way an ambipolar character.
Additionally, those of the studied compounds exhibiting the highest hole and electron mobilities
have been functionalized with electron withdrawing moieties (F and CN). These functionalizations
have allowed us to obtain compounds with ambipolar character and both high hole and electron

mobilities.
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1. Introduction

Organic-based m-conjugated materials are a current hot topic of research due to their applications
in a new generation of optoelectronic devices, such as organic field effect transistors (OFETs),
organic light emitting diodes (OLEDs) and photovoltaic cells,® for which the efficiency of charge
mobility inside the material play a key role. An imbalance in availability between p-type and n-type
n-conjugated semiconductors is well known as due to different obstacles faced for the latter, mainly
the high barrier to electron injection and instability in air (generally due to high LUMO energies).
Interest has recently turned into the development of materials with both high electron and hole
mobilities (ambipolar semiconductors) due to their potential applications in organic electronics as,
for example, OFETs with ambipolar conduction and light emission capabilities, which are the basis
of OLED based displays driven by active matrix consisting of OFETs.>"

Ambipolar devices can be divided into two types according to the composition of the
semiconducting layer: 1) those which combine two separated p- and n-type organic semiconductors
into a device as the active layer. The number of devices obtained in this way is limited by the
shortage of n-type materials;> 2) those composed only by a semiconductor material which shows
high charge mobilities for both holes and electrons. It must be stressed out that not only high
mobilities are needed, but also a good injection of charge carriers. Hence, this kind of ambipolar
semiconductors needs appropriate HOMO and LUMO levels for the charge carriers to be injected
from the electrodes. Despite an ambipolar semiconductor character can always be inferred in terms
of theory, few single-component organic semiconductors have been found to exhibit p-type, n-type
as well as ambipolar character in practical OFET devices.*®” The main problem in searching for new
n-type and ambipolar semiconductors is the high electron injection barrier compared to the electrode
work function. The most common device structure for type 2 ambipolar materials uses gold
electrodes from which both electrons and holes are injected. The work function of gold is ca. 5 eV,
which, taking into account usual HOMO and LUMO levels, implies hole injection to be more

6,7

efficient than electron injection.4’ . It should be mentioned that the majority of organic
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semiconductors could show both n- and ambipolar character under adequate conditions, such as
suitable injection contacts and trapping free dielectrics.™®

In our previous works we have studied the electron charge transport properties of oligomers
containing phenylethynvlene (Ph-C=C-) moieties linked to thieno-acene aromatic heterocycles with
up to four fused thiophene rings, PhEtTX:1,4.8’9 It followed that PhEtTy-; 4 would show adequate
charge transport parameters to be considered as #-type organic semiconductors. There are also
several works that have demonstrated that thieno-acene units could be used as precursors of systems
with ambipolar character."”"* These conclusions aimed us to study systems composed of thieno-
acene units with up to four fused rings (Tx—;4) linked to arylethynylene (ArEt) moicties. Scheme 1
shows the chemical structure of the arylene (Ar) and thieno-acene (Tx) units which form the
repeating blocks for the poly(arylethynyl-thienoacenes), (PAEs), under study. Our goal is to
characterize the p-, n-, as well as ambipolar character of ArEtTy polymers and the effect of motif
sizes by means of density functional theory (DFT). Thus, charge transport properties (charge
injection, reorganization energy, electronic coupling and charge mobility) as well as the impact of
charge, holes and electrons, injection on the molecular geometry for holes and electrons have been
studied as a function of the nature and size of Ar and Ty units. Charge transport related properties
were compared to those obtained for regio-regular poly(3-hexylthiophene), P3HT (see Sheme 1),
which can be considered as a reference p-type material, for which experimental hole mobilities and
charge injection related parameters are known.'**? Furthermore, some PAEs which have shown high
hole and electron mobilities have been functionalized with electron withdrawing groups (F and CN)

80 as to improve their electron and hole injection features.

2. Theoretical Considerations
The charge mobility (i) is a crucial parameter for an organic semiconductor. Since the hopping
model has been demonstrated to be predominant in organic semiconductors at temperatures of

practical technological applications, we have selected it to study the charge mobilities." According
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to the hopping mechanism, the drift mobility (usep) and the diffusion coefficient (D) are related by
the Einstein relation:

el

o (1)

Jukop =

where 7' is the temperature, kp is the Boltzmann constant and D = ZZKET for a one-dimensional
system where only one neighbor is considered, being / the spacing between molecules and Kpr the
charge-transfer rate constant for charge (holes or electrons) transport between adjacent molecules.
Kgr can be studied within the framework of the semi-classical Marcus theory,l‘z where the charge
hopping process is described as a self-exchange electron-transfer (ET) reaction between neighboring

molecules:

k=¥ L exp{ 4 } @

h Jamdk,T 4k, T
where the reorganization energy () and the charge transfer integral (f) are the two key magnitudes.
Reorganization energy measures the strength of the so-called local electron-phonon coupling,l’2
which is determined by fast changes in molecular geometry (the inner contribution, ;) and by slow
variations in polarization of surrounding medium (the outer contribution, 4,), i.e. A =4, + 4. It is
generally obeyed that 4,<<;, and therefore, the outer contribution is often neglected.l’z’23 The inner
contribution (also called the intramolecular reorganization energy) needs to be minimized to obtain
high charge-transfer rates.

The charge transfer integral describes the probability of electron tunneling between two
neighboring molecules, so it depends on the relative arrangement of the molecules in the solid state.
The electronic coupling between two molecules is defined by the matrix element t = <y,|H[yp>,
where H is the electronic Hamiltonian of the system and w, and vy, are the wavefunctions of two
charge-localized states."? For cofacially stacking molecules, f can be approximated from a cluster
built of two stacked chaing with the same conformation as that in the crystal structure, wherein the

absolute value of hole/electron transfer integral is approximated as half the splitting of
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HOMO/LUMO orbitals.? The charge transfer rate should be maximized to obtain high charge-
transfer rates.
Details for calculating the intramolecular reorganization energy and charge transfer integral are

given in the Supplementary Material.

3. Computational details

The corresponding crystal structures where modeled optimizing each three-dimensional structure
with a density functional theory (DFT) method using the SIESTA code.® These calculations were
performed within the Generalized-Gradient Approximation (GGA), using the Perdew-Burke-

Ernzerhof (PBE) formulation for the exchange-correlation functional,”

with a numerical double-{ +
polarization atomic orbital basis set where the ions are described with norm-conserving Troullier-
Martins pseudopotentials. To obtain each optimized structure, all the atomic positions and lattice
parameters were relaxed using the conjugated gradient, CG, minimization method, with a force
tolerance of 0.04 e V/A.

Neutral and ionic states of isolated oligomers with increasing number of monomer units (n) were
optimized using Gaussian09.%¢ Since periodic calculations can not be carried out for charged
systems, values of electron affinities (EAs), ionization potentials (IPs), HOMO and LUMO energy
levels and intramolecular reorganization energies of an ideal polymer chain were estimated through
a Meier-like exponential function.””® As stated before, the absolute value of the charge transfer
integral (Jf|) between neighboring molecules was calculated as half the splitting of the
HOMO/LUMO levels? of two stacked and isolated infinite chains in the same conformation as the
corresponding three-dimensional structure. For this purpose, two stacked polymer chains were
extracted from the optimized crystal structure and band structure calculations were carried out on
them using Gaussian09. Then, |¢| was calculated as half the HOMO/LUMO splitting at T point.*

For all the calculations with Gaussian09, B3LYP,®* CAM-B3LYP* and M06-2X,** functionals
along with the 6-31G* basis set, were used. B3LYP/6-31G* was selected since it has been proven
that it yields reasonable conjugated polymer ground state structures.>**** M06-2X is recommended

5
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to study non covalent interactions such as m-stacking between aromatic molecules since it gives
accurate geometries and energies for a variety of dispersion-dominated systems such as DNA base
pair stacks and benzene aggregates.®® CAM-B3LYP was selected as a long range corrected (LR)
functional. LR functionals have a non constant fraction of HF exchange and they have shown some
improvements over conventional DFT functionals as they are expected to approximately satisfy
Koopmans® theorem for HOMO and LUMO orbitals *"*®

Basis sets containing diffuse functions should be employed in order to get a higher accuracy in the
calculation of energy-related properties such as electronic excitation energies, electron affinities and
intramolecular reorganization energies.”® The intramolecular reorganization energies and electron
affinities have been previously calculated for PhEtT, oligomers at the B3LYP/6-31+G* // B3LYP/6-
31G* level’ Taking into account that using diffuse functions would lead to an easier charge injection
and close values of intramolecular reorganization energies and an unaffordable computational cost

for studying large oligomers, in this work basis sets with diffuse functions have not been used.

4. Results and Discussions
4.1. Crystal structure

To the best of our knowledge, there are no reported crystal parameters of three-dimensional
structures of ArEtTy polymers, albeit it has been reported that thieno-acenes show m-stacked

structures instead of a herringbone packing mode.!%4*

Several crystal structures with different
cofacial and coplanar dispositions were generated and each of these structures was essayed as
starting point in the optimization process with the aim to obtain the lowest energy three-dimensional
structure of each polymer crystal. Figure 1 plots a unit cell of PhEtT;, which is characterized by a =
(a,0,0), b = (0,5,0) and ¢ = (0,0,¢) vectors lying down the backbone, m-stacking and coplanar
directions, respectively. Figure 1S shows a view of ArEtTy unit cells along the a-¢ axis. It can be
noted that for the same thieno-acene unit, a similar stacking between Ar and Ty can be found, being

ArEtTy=24 the ones that show the largest amount of superimposition between Ar and Tx units of

neighbor chains.
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Table 1 shows the optimized unit cell parameters. In all cases, an orthorhombic unit cell was
obtained, for which the angles o = p =y = 90°. We have focused on b axis, which are related to n-
stacking distances by b = 2d,... All compounds have a m-stacking distance within the 3.5 — 3.6 A
1,43

interval, which corresponds to the typical intermolecular distance in organic conjugated crystals.

In general, ArEtT, yields the largest n-stacking distances.

4.2. Charge transport properties
4.2.1. Intramolecular reorganization energies

Tables 1S and 28 collect A; for P3HT and ArEtTy oligomers of different lengths. As expected, i,
both for holes and electrons, decreases as a function of #. For small lengths (low #) the polaron
delocalizes over entire molecule chain, causing large geometric reorganization. However, with
longer oligomers, the localized polaron forces geometries to change only over a portion of the chain,
s0 the regions outside the polaron domain will not change the geometry at all, and hence this outer
region of the polaron will not contribute to 2. W values always follows the B3LYP/6-31G* <
MO06-2X/6-31G* < CAM-B3LYP/6-31G* sequence. However, the methods essayed show different
decays as n increases, with B3LYP/6-31G* rendering the steepest descent in reorganization energies
with elongation.

Table 2 gathers intramolecular hole and electron reorganization energies. As a result, 4" and %
also diminish with the size of Ty and Ar units, although following different patterns. M06-2X/6-
31G* predicts the highest decreases from Ph to Py in the case of T and T» units (~0.10 eV) and also
when increasing the acene moiety size from Ty to T, (a decrease of 0.15 to 0.06 eV). As a general
trend we can say that the increase in the number of fused thiophene-rings (due the presence of S

atoms) has a bigger effect on A; than the increase in the size of the arene units.

4.2.2. Charge transfer integrals
Table 3 shows the calculated ¢ as obtained for a cluster of two stacked and isolated infinite chains.
CAM-B3LYP/6-31G* and M06-2X/6-31G* provide similar values of |¢|, which are larger than those

7
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obtained at B3ILYP/6-31G* level. As expected, increasing the size of Tk, while Ar remains constant,
a relationship between the m-stacking distance and || can be seen, ArEtT, showing the lowest values
for |ftuomo| and |fLumol. The general trend is that values of charge transfer integrals for electrons are
similar to those for holes, with a few exceptions such as AnFtT; or PhEtTs, which display bigger
[fHomo| values. The maximum value of |¢] is reached for ArEtT; (Ar = Ph, Np). For both compounds,
at B3LYP level, &' = ;7 therefore, at a given temperature, obtaining high hole or electron mobilities

will be conditioned by getting high |fuomo| or [fLumo| values.

4.2.3. Hopping mobilities

With A and ¢ calculated, the charge transfer rate, Kzr, and hopping mobilities, fep, can be
estimated for holes and electrons according to Eqs. (1) and (2). Table 4 shows the results calculated
at T =298 K and %y = 0.0 eV. As can be seen, the reliance of yp,, on the selected systems shows a
pattern that matches that displayed by |1 either for HOMO or LUMO levels. Also, it is observed that
the ypgp values follow the sequence B3LYP/6-31G* > M06-2X/6-31G* > CAM-B3LYP/6-31G.

The lack of experimental data prevents us to know about the accuracy of the theoretical mobilities
herein presented. However, we do not expect to obtain quantitative results, due, in part, to the
neglect of the stacking chain dynamics, outer reorganization energy and the simplicity of the
formalism used to estimate the charge transfer integrals and hopping mobilities. Rather, we check
our methodology with a reference compound such as P3HT for which experimental data are known.
Experiments show that P3HT can reach high hole mobilities of 0.10 em® V' s in the crystalline
state.'*!® As expected, it is noted a large difference between the experimental and theoretical values
of ,u;,op+ for P3HT, which can be in part diminished by considering the outer reorganization
energy. ¥

Figures 2, 3S and 4S together with Table 3S gather the relative hopping mobilities (y,.;) as
compared to P3HT as reference compound. As concerns ', B3LYP and M06-2X predict better
mobilities for ArEtT, (Ar = Ph, Np, An, Py), ArEtT; (Ar = Ph, Np) and ArEtT, (Ar = Ph, Np, An)

compared to P3HT. CAM-B3LYP predicts a similar behavior, except for PyEtT;, ArEtT; (Ar = Ph,
8
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Np) and ArFtTy (Ar = Ph, Np). The high calculated i, values for P3HT (36.80-9.24 cm®V's™)
explain why u,.; <1 for the ArEtTy series. Taking into account that B3LYP/CAM-B3LYP/M06-2X
vields p,p" = 3.58/2.49/3.13 em® V! ¢! for P3HT, any value obtained at the same level larger than
this one could be labeled as a good value of mobility.

The ratio between hole and electron mobilities, ,Lthop+/yhop', has been also calculated. ,u;,o;/ﬂhop'
ratio larger/lower than 1.0 means a stronger hole/electron transport. Some systems such as AnEtTy,
PhEtT; and PhEtT, have a pronounced p-character due to small values of up,, in comparison with
#hop+. AnEtT; presents ratios lower than 1.0, which it is indicative of a stronger n-character. There
are also compounds (e.g. PyEtTy—; 4, AnEtT,) with ratios close to 1.0, which is indicative of a

balance between gy and gy -

4.2.4. Charge infection

The effectiveness of an organic semiconductor also depends on the ease to inject holes/electrons
on its HOMO/LUMO levels, which depends on the HOMO/LUMO energy and IPs/EAs. Charge
injection is controlled by the difference between HOMO/LUMO energy and the metal electrode’s
work function (@).**® Although Koopmans® theorem is not applicable to Kohn-Sham orbital
energies,49 Perdew, using Janak’s theorem, has proven a connection between IPs/EAs and
HOMO/LUMO energies, respectively.’® Table 88 shows the differences between HOMO/LUMO
levels and AIP/AEA for ideal polymer chains. As expected, the lowest differences are obtained with
CAM-B3LYP, since this LR functional was designed with the aim of obtaining HOMO and LUMO
energies close to [Ps and EAs (Koopmans’ theorem).

Tables 5 and 6 collect the calculated HOMO and LUMO energies/IPs and EAs for the ArEtTy
series. Tables 4S-7S (Table 1S for P3HT) gather these properties for oligomers of different lengths.
Orbital energies obtained at CAM-B3LYP/6-31G* and M06-2X/6-31G* levels are similar while
B3LYP/6-31G* leads to the highest/lowest HOMO/LUMO energies.

Also, HOMO/LUMO energies increase/decrease as Ar and Ty unit sizes enlarge although the
effect of the aryl unit is more noteworthy, except for Ar = Py, for which orbital energies close to

9
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those for Ph are obtained. As expected, the evolution of AEAs and AIPs as a function of the Ar and
Tx units and theory level is the same as that for HOMO and LUMO energies.

According to cyclic voltammetry data, the HOMO/LUMO levels of P3HT have been estimated to
range between -3.2 and -4.9 ¢V/-3.10 and -2.75 eV, respectively.! "™ The HOMO range of values is
close to anode work function such as [TO (0 =-4.8 eV)51 and Au (0 =-4.9 e:'\f),52'57 which allows an
easy hole injection. However, the LUMO range of values is higher than electrode work functions
frequently used as cathode such as Al (® = -4.1 ¢V) or Mg (O = -3.7 V), **%% and this is why
P3HT is commonly used as p-type material.'""**?" The herein presented ArEtTy series provides
HOMO energies which are somewhat lower than those obtained for P3HT, which points us to
conclude that these compounds are suitable for hole injection. On the other hand, ArEtT polymers
show LUMO energies lower than those for P3HT, which would ease the electron injection. The
difference between Ep o (at B3LYP/6-31G*) and the electrode work function, @, for Sm (@& =-2.7
eV)and Ca (@ =-2.9 eV) keeps < 0.3 eV and thus, a nearly ohmic metal/polymer contact could be
considered.”® However, LUMO energies of all the studied systems are still far from the work
function of other common electrodes such as AL (@ =-4.1 eV) or Mg (@ = -3.7 ¢V), 17455859

EA needs to be at least 3.0 eV, but it should not be much greater than 4.0 eV, the upper limit
where a too electrophilic molecule could be unstable in ambient conditions.* The predicted values
of EA for ArEtTys are somewhat distant from the 3.0 eV limit (see Table 6). According to the
aforementioned results, ArEtTy are more favorable to hole injection. On the other hand, P3HT
suffers unintentional doping due to its low IP, even though it has been demonstrated for P3HT that
the incorporation of electron withdrawing units could lead to a lower off-current.®"-*

It is known that electron-withdrawing substituents, such as E®% N, alkanoy,71
perﬂuorobenzene72 and fluoroalkyl groups73‘74 could decrease the LUMO energies, which would
ease the electron injection and allow the appearance of an ambipolar character in those compounds.
Besides functionalization with electron withdrawing groups can also decrease unintentional doping

since it leads to a rise of IPs.”
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4.2.5. Impact of charge injection on molecular geometry

Figure 58 plots the bond length variations after charge injection calculated at the B3LYP/6-31G*
level for ArEtTy monomers (similar results are obtammed with other essayed methods). These
variations were defined as the absolute difference between the bond lengths in the neutral and
charged states. If we focus our attention on thieno-acene units, for electron injection C-S bond are
more influenced than C-C bonds, due to the electron-withdrawing effect of sulphur atoms.” In the
case of hole injection C-C bonds are more sensitive. The excess of charge is also delocalized on the
C=C bond. In general, changes on this motif decrease as the size of Tx units increases. As to Ar
units, they equally accumulate both excesses of negative and positive charge.

The aromatic character in the charged state can be assessed by means of the bond length
alternation, BLA. The BLA lies between the values 0.00 (quinoid), 0.10 (aromatic) and 0.34 A (non
aromatic) using as typical bond distances 1.54 (C-C), 1.34 (C=C) and 1.20 A (C=C).”’ Table 7
gathers BLAs caleulated according to the definition given by Fu et a.”® for non classical conjugated
for neutral and charged species of ArEtTy monomers obtained at the B3LYP/6-31G* level. Charge
injection leads to a decrease of BLA which is related to an increase of the C¢an-C=C-Ci1yy motif
aromaticity. These changes of BLA are larger for electron injection, as this motif exhibits an
electron-withdrawing effect and thus it can allocate more easily an excess of negative charge.

BLA reliance on the size of thieno-acene motifs for hole injection is larger than that for electron
injection. Also, BLA changes with Ar size depend on the number of thiophene rings. Thus, for hole
injection and Tyx=.4, BLA decreases with the size of the Ar unit, except for Py, which shows values
close to Ph. A higher decrease in BLAs for cationic structures is also apparent when increasing the
thieno-acene moiety size following the sequence Ph to An, while BLA is fairly constant for ArEtT).
For electron injection, BLAs are also constant for ArEtTy=;.2. Again, BLA changes increase with the

number of thiophene rings, although these changes are lower than for hole injection.

4.3. Towards Ambipolar Semiconductors with high charge mobilities based on
Poly(aryleneethynylen-thieno-acene).

11
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According to the aforementioned results, ArEtT; (Ar = Ph and Np) shows the highest hole and
electron mobilities along with a balance between both (ﬂ;,op+/ thop ~ 1). However, both systems show
high LUMO energy levels, which could hinder an easy electron injection from the Au electrode.
Thus, with the aim to improve electron injection, the Ty and Ar motifs of ArEtT; (Ar = Ph, Np) have
been functionalized with F and CN for the first and only with F for the latter. Functionalization of Ar
units with CN was not proposed since there appear steric hindrances between ethynyl and CN motifs
(see Scheme 2).

The results show a similar trend regardless the method employed. Thus, both charge transport and
injection properties for functionalized ArEtT; (Ar = Ph, Np) were calculated just at the B3LYP/6-
31G* level (Tables 8 and 10S). The presence of F and CN does not imply significant changes in
intramolecular reorganization energy or charge transfer integral. As to ecrystal structures, F and CN
lead to an enlargement of the coplanar distances along the ¢ axis.

Functionalized compounds yield the same %; values as the pristine ones. However, the substituent
leads to a decrease of 0.01 — 0.02 eV on |fmomol, except for ArEtTi-F(Ar = Ph, Np). As concerns
[trumo| values, all functionalized compounds render similar values compared to pristine ones (around
0.8 ¢V), except for F-PhEtT; and F-PhEtTi-F, whose |fiumo| values are 0.11 and 0.10 &V,
respectively. Fluorination of both Ar and T, units leads to ,uho;/,uhop' = 1.00, while compounds such
as F-ArEtT1 (Ar = Ph, Np) and PhEtT1-CN have ,uh(,;/yhop' ~1.

As expected, charge injection related parameters are the most affected upon functionalization with
F and CN. These electron withdrawing units lead to a decrease of the energy of both HOMO and
LUMO levels, being, in general, the HOMO ones more affected. These changes increase as the
number of fluorine atoms rises up while cyanation provides the largest changes, i.e. the lowest
HOMO and LUMO energies are obtained for ArEtT;-CN (Ar = Ph, Np).

Gold work function has a value of - 4.9 eV, and thus hole injection would be favored for the
functionalized compounds since larger differences between LUMO energies and Au work function
appear. Tang et al. have recently demonstrated that compounds with LUMO energies more negative

than -3.15 eV could show ambipolar character,”® even though ambipolar character has been observed
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for compounds with LUMO energies up to -2.60 ¢V.5° Besides, other parameters such as
temperature, semiconductor thickness, dielectric layer, etc, affect the semiconductor features and
could lead to an ambipolar character.*®">™% The theoretical methodology employed in this
research, however, cannot give account of them.

Other factor which could help to obtain an ambipolar behavior would be an approximately
balanced hole and electron injection barrier heights relative to Au Fermi level.* Figure 3 plots
HOMO and LUMO energies of functionalized compounds along with the Fermi level of Au
electrode. Compounds with CN show a balanced injection barrier for hole and electrons, ca. 1.04
and 1.34 eV, respectively, thus both compounds would show easy hole and electron injection from
the Au electrode. On the other hand, Grobosch ef ¢l measured a work function of -4.3 ¢V for
contaminated Au, which would ease electron injection into an ambipolar device.® Therefore, F-
ArEtT;-F (Ar = Ph, Np) shows a balanced injection barrier from contaminated Au electrode allowing
easy hole and electron injections. In both cases, charge injection would be across an Schottky
barrier.*** We can then conclude that F-ArEtTy-F and ArEtT;-CN (Ar = Ph, Np) exhibit predicted
casy hole and electron injection from Au electrode and high hole and electron mobilities and thus
they can be considered candidates for ambipolar compounds.

As expected, EAs and [Ps show the same trend as LUMO and HOMO energies. Besides, the
increase of both IPs and EAs could improve the air stability of devices made from compounds based

on ArEtTx.

5. Conclusions

A series of Poly(arylethynyl-thieno-acenes), ArEtTx=1.4 (Ar = Ph, Np, An, Py), has been
investigated by means of DFT to elucidate their suitability as precursors of ambipolar organic
semiconducting materials. Injection and charge transport parameters were studied as a function of
aryl and thieno-acene sizes. Properties such us HOMO and LUMO energies, ionization potentials,
electron affinities and intramolecular reorganization energies show a progression with the size of
aryl and thieno-acene units.
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As to crystal structure, a similar stacking between Ar and Ty can be found for the same Ty and Ar
units, respectively. ArEtT, yields the largest m-staking distance, so it presents the lowest charge
transfer integral. For the remaining compounds, there is not a clear relationship between charge
transfer integral and both the nature and the size of aryl/thieno-acene units.

Hopping mobilities have been calculated through Marcus and Einstein’s equations. According to
,uhof/,uhop' ratio, most of ArEtTys exhibit a stronger p- or n-character. All properties derived from
isolated molecule keep a correlation with the size of aryl and thieno-acene units. However, when
several molecules are considered (i.e. two molecules per unit cell) the same behaviour is not
observed. This fact prevents us to obtain conclusions on the mobility as a function of aryl and
thieno-acene units.

ArEtTy show adequate values for HOMO and LUMO levels and easy hole and electron injection
separately. Unfortunately, these compounds display high LUMO energies to allow electron injection
from Au electrode, a necessary condition for an ambipolar character.

Compounds with largest hole and electron mobilities and #hof/yhop' ~ 1 have been selected and
functionalized with electron withdrawing substituents to ease electron injection. ArEtT; (Ar = Ph,
Np) were functionalized alternatively with fluorine and cyanide groups in thieno-acene units and
only with fluorine in the aryl motif. As expected, the presence of electron withdrawing groups
decreases HOMO and LUMO energies, which increases air stability. In general, derivatives with
fluorine and cyanide F and CN show high hole and electron mobilities and a balance between them.
Besides, ArEtT;-CN (Ar = Ph, Np) show balanced barrier height for hole and electron injection
relative to Au electrode; the same effect is observed for F-ArEtT;-F (Ar = Ph, Np) using
contaminated Au electrode. Thus, ArEtT;-CN and F-ArEtT;-F (Ar = Ph, Np) would show hole and
electron mjections from Au electrode and high hole and electron mobilities. Therefore, they could be

considered as precursors of ambipolar organic semiconductors.
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Tables

TABLE 1. Unit cell parameters® for ArEtT, and P3HT b crystals obtained with the PBE functional.

T, T, T, T,
al A
Ph 26.262 31.345 34.177 38.985
Np 26.333 31.321 34.200 38.742
An 26.353 31.355 34211 38.890
Py 34.621 30914 42.483 47.480
P3HT 7.819
b/ A
Ph 7.062 7.288 7.036 7.202
Np 7112 7.172 7.066 7.112
An 7.158 7.262 7.054 7.202
Py 7.278 7.170 7.126 7.222
P3HT 6.891
c/ A
Ph 6.229 8.092 11.103 8.064
Np 9.160 9.113 14.165 11.096
An 11.307 12.159 15.148 12.151
Py 10.087 9.104 14.202 10.093
P3HT 17.519
* All unit cells are orthorhombic, a = p =y =90°
® Taken from reference 28

TABLE 2. Intramolecular hole (3;") and electron (3;") reorganization energies obtained for ArEtT;

and P3HT polymers using Meier’s equation.

B3LYP/6-31G* CAM-B3LYP/6-31G* M0O6-2X/6-31G*
T, T, T, T, 1T, T, T, T, T, T, T, T.
Wi/ eV

Fh 0.04 004 003 003 021 020 020 020 019 018 007 0.05

Np 0.04 0.04 003 003 021 020 020 018 016 017 006 0.04

An 0.04 0.04 003 003 020 020 018 0.18 011 011 0056 0.04

Py 0.04 0.04 003 003 020 020 018 0.18 010 007 005 0.04
P3HT 0.20 031 0.29

W leV

Fh 0.05 005 003 003 027 021 021 020 021 020 007 0.05

Np 0.04 004 003 003 026 018 019 018 018 017 006 0.05

An 0.04 0.04 003 003 026 018 0.18 018 012 0.1l 008 0.05

Py 0.04 004 003 003 021 021 021 021 010 007 005 0.05
P3HT 0.18 0.28 0.26

TABLE 3. Charge transfer integral for holes (|tzonmo|) and electrons (|fLunmol)-

B3LYP/6-31G* CAM-B3LYP/6-31G* M06-2X/6-31G*
T, T, Ts T, T, T, Ty T, Ty T, Ty T,
Itroneo| / €V

Ph 0.10 001 006 004 011 001 006 004 011 0.01 006 005

Np 010 001 005 004 011 00l 006 005 011 001 006 005

An 0.07 001 001 005 009 00l 001 006 009 0.01 001 006

Py 0.06 001 002 001 006 001 002 00l 007 001 002 001
P3HT 0.12 0.13 0.13

[l / eV

Ph 008 001 003 001 010 0.01 003 00l 010 0.10 0.04 001

Np 0.08 002 006 003 009 002 007 004 010 0.10 007 004

An 0.01 0.01 0.03 007 001 0.0l 004 008 001 0.01 004 008

Py 0.05 002 004 001 006 002 004 001 007 0.07 004 001
P3HT 0.34 0.38 0.38
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TABLE 4. Charge transfer rate, Krr, and hopping mobilities, ypep, for holes and electrons motions.

Holes Electrons
T, T, T, T, T, T, T, T,
K10/ 57
Ph 5692 057 2608 1159 29356 046 6.52 0.74
Np 56.92 0.57 18.11 11.59 36.43 2.28 26.08 6.52
An 27.89 0.57 0.72 18.11 0.57 0.57 6.52 35.50

*
g Py 205 057 290 072 1423 228 116 0.72
& P3HT 7.72
; thrplem’ VT sT
= Ph 2764 030 1256 586 1436 024 314 036
2 Np 2802 028 880 570 1794 114 1268 320
An 1392 030 036 914 028 030 316 1792
Py 1056 028 144 036 734 L14 574 036
P3HT 3.58 36.80
Kor 10T/ 8T
Ph 574 0.05 193 0.86 233 0.05 0.43 0.05
5 Np 574 005 193 1.72 212 027 297 1.10
= An 434 005 007 247 003 007 110 439
¢ Py 193 005 027 007 28 019 076 0.05
& P3HT 2.49 30.03
= /O VT 5T
£ ph 278 0.02 094 044 1.14 002 020 0.02
5 Np 282 002 094 084 104 014 144 054
U An 216 002 004 124 002 004 054 222
Py 1.00 002 014  0.04 144 010 038 0.02
P3HT 1.18 13.86
Ker 10/ 5T
Ph 734 007 1157 1155 475 005 514 046
Np 1071 008 1377 1423 687 031 1874  7.39
5 An 1407 017 038 2049 015 017 612 2956
= Py 984 032 153 0.46 984 129 739 0.46
©  P3HT 3.13 39.88
E tpplom” VT g7
©  Ph 356 004 558 5.84 115 001 124 012
= Np 528 0.04 670 7.00 1.69 008 456 1.82

An 7.02 0.08 0.18 10.34 0.04 0.04 1.48 7.46
Py 5.08 0.16 0.76 0.24 2.54 0.32 1.83 0.12
P3HT 1.46 9.24
T =298K
Ao =00eV

TABLE 5. HOMO and LUMO energies obtained for ArEtTy and P3HT limit polymers using

Meier’s equation.

B3LYDP/6-31G* CAM-B3LYP/6-31G* M06-2506-31G*
T, T, T, T, T, T, T, T, T, T, T, T,
HOMO ENERGY LEVELS / eV
Ph 503 -501 -498 -496 -629 -627 -624 622 -629 -6.26 624 -620
Np  -490 -490 -489 -488 -6.13 -614 -613 -613 -614 -6.14 -612 -6.11
An -4.69 -469 -4.69 -4690 -584 -584 584 -584 -585 .585 -585 -5.85
Py  -512 -500 506 -503 -635 -632 -628 -626 -637 -631 -628 -6.23
P3HT -437 -5.61 -5.54
LUMO ENERGY LEVELS/eV
Ph 252 256 257 -2.57 -136 -142 -144 -145 -172 -1.78 =254 -1.80
Np  -2.66 -2.68 -2.68 -2.68 -154 -1.57 -157 -L61 -190 -1.94 -194 -1.94
An <290 -291 -291 -29]1 -185 -1.86 -18 -1.86 -221 -221 222 -2.22
Py  -230 236 -2.39 -240 -1.18 -125 -127 -l44 -157 -162 -164 -l.66
P3HT -2.04 -1.03 -1.30
HOMO-LUMO DIFFERENCE ENERGIES / eV
Ph 251 245 241 230 403 485 480 477 457 448 370 440
Np 224 222 221 220 450 437 456 452 424 420 418 417
An 179 178 178 178 399 398 398 398 364 364 363  3.63
Py 282 273 267 263 S17 507 501 48 480 469 464 457
P3HT 233 4.58 424
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TABLE 6. Ionization Potentials and Electron Affinities (vertical and adiabatic) obtained for ArEtTx

and P3HT limit polymers using Meier’s equation.

B3LYP/6-31G* CAM-B3LYP/6-31G™ M06-2X/6-31G*
T, T, T, T, 1, T, T, T, T, T, T, L.
AP /eV.

Ph 550 542 540 532 642 636 634 630 653 647 644 638
Np 534 520 525 521 622 620 619 617 635 634 631 628
An 508 506 503 502 58 585 583 581 603 602 601 599
Py 5.51 541 538 530 645 640 630 622 656 650 647 636
P3HT 5.04 5.79 5.62
VIP /eV
Ph 552 340 542 534 654 646 644 639 663 656 648 6.40
Np 536 531 527 523 632 630 629 626 643 642 634 630
An 510 508 505 504 59 595 592 590 608 608 604 601
Py 553 543 540 532 655 650 639 631 661 654 650 639
P3HT 5.14 5.74 577
AEA /eV
Ph 2,04 198 217 220 124 133 134 135 147 15 1.58 160
Np 219 212 230 231 147 158 160 171 1.68 176 1.78 185
An 247 253 255 255 184 184 19 19 202 204 223 229
Py 193 203 207 210 107 117 118 123 133 144 148 152
P3HT 1.54 1.06 1.20
VEA / eV
Ph 2.01 195 214 218 110 1.22 1.25 126 135 145 155 157
Np 217 210 228 229 133 148 151 161 1.57 169 1.75 182
An 245 251 252 252 170 174 180 1.8 1.95 197 220 226
Py 191 201 206 207 100 106 109 112 128 141 146 149
P3HT 1.45 092 1.07

TABLE 7. Bond length alternation (A) for neutral, and charged states of ArEtT, monomers at the

B3LYP/6-31G* level.

Neutral Cationic Anionic

T, T, T, T, T, T, T, T. T, T, T, T,

Ph  0.194 0.194 0.193 0.193 0160 0.165 0.168 0.172 0.158 0.159 0.163  0.166
Np 0192 0.191 0191 0.191 0.160  0.162 0.165 0.168 0.158 0.159 0.162 0.164
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Figures

Schemel. Chemical structures of the Ar and Tx units of the different ArEtTxs studied and chemical
structure of P3HT.

Scheme 2. Chemical structures of the fluorinated ArEtT; (Ar = Ph, Np) compounds studied with the

corresponding labelling.
Figure 1. Unit cell of the PhEtT; polymer.

Figure 2. Mobilities for holes (') and electrons (i) relative to P3HT as reference compound

and ratio ,uho;/,u;,op' obtained at the B3LYP/6-31G* level.

Figure 3. HOMO and LUMO energies for functionalized ArEtT; (Ar = Ph, Np). Grey lines
correspond to the Fermi level of Au (-4.9 eV) and contaminated Au (-4.3 eV) electrodes. Compound

labelling is shown in Scheme 2.
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Scheme 1.
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Fig 1.
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Supplementary Material
Poly(arylethynyl-thienoacenes) as Precursors of Ambipolar Organic
Semiconducting Materials
Gregorio Garcia, Monica Moral, Andrés Garzon, José M. Granadino-Roldan, Amparo Navarro,
Manuel Ferndndez-Gémez*
Department of Physical and Analytical Chemistry. University of Jaén. Campus Las Lagunillas s/n.
23071, Jaén, Spain.

*e-mail: mfgi@ujaen.es

Intramolecular Reorganization Energy
For self exchange reactions, }; essentially corresponds to the sum of geometry relaxation
energies upon going from the neutral-state geometry to the charged-state geometry and vice
versa:'AM
M=+ M
M and X, can be calculated directly from the adiabatic potential energy surface as:
M =EYG)-E'@) @
2 =E(G")-E(G) 3)
where EO(GO) and E*(G*) are the ground-state energies of the neutral and ionic states, respectively;
EO(G*) and E*(GO) are the energy of the neutral molecule at the optimal ionic geometry and the
energy of the ion state at the optimal geometry of the neutral molecule. Once calculated Jo, it is
possible to calculate the vertical electron affinity and vertical ionization potential as:
VEA=AEA -}k )
VIP = AIP + %, &)
where AEA and AIP are defined as:™
AEA = E"(GH - E(G) (6)

AIP =E"(G" - EXGY) )
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Electronic Coupling
For cofacially staking molecules, t can be approximated from a cluster built of two stacked
chains with the same conformation as that in the crystal structure, wherein the absolute value of

charge transfer integral is approximated as:'”

P o E HOMO(LUMOH1) EHOMO—I(LUM’O) 8
‘ HOMO(LUMO) ‘_ 3 (®)

where Epomo. Emomon, Erumo, Erumorn are the energies of the HOMO, HOMO-1, LUMO and
LUMO levels, taken from the closed-shell configuration of the neutral state of a cluster of two

chains for which the site energies become identical.
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Table 28. Intramolecular hole (4;") and electron (") reorganization energies for different oligomers.

B3LYP/6-31G* CAM-B3LYP/6-31G* M06-2X/6-31G*
n 1 2 3 5 1 2 3 5 1 2 3 5
A/ eV
PhEtT, 0.22 0.17 0.12 0.08 037 033 029 025 035 029 024 021
NpEtT, 0.20 0.15 0.11 0.07 037 032 027 024 034 029 024 020
AnEtT, 0.15 0.11 0.08 0.06 034 030 026 023 028 020 015 013
PyEtT, 0.19 0.12 0.08 0.05 036 025 022 021 033 018 015 013
PhEtT,  0.22 0.16 0.11 0.07 037 030 025 022 035 028 022 020
NpEtT,  0.20 0.15 0.11 0.07 037 029 024 022 034 027 023 020
AnEtT, 0.15 0.10 0.07 0.05 035 027 022 021 0.28 0.18 014 0.12
PyEtT,  0.20 0.12 0.08 0.05 037 025 022 021 034 018 012 0.08
PhEtT; 0.22 0.15 0.10 0.06 037 025 022 021 032 019 012 0.08
NpEtT;  0.20 0.14 0.09 0.06 037 024 022 021 031 019 012 0.08
AnEtT;  0.15 0.10 0.07 0.05 035 027 021 019 028 017 010 0.07
PyEtT; 0.20 0.11 0.06 0.04 037 025 021 0.19 034 016 010 0.07
PhEtT, 0.18 0.12 0.08 0.06 037 025 022 021 032 018 012 0.08
NpEtT, 0.16 0.11 0.08 0.06 037 025 021 019 032 017 010 0.07
AnEtT, 0.15 0.10 0.06 0.05 035 024 021 019 028 0.16 010 0.07
PyEtT,  0.20 0.10 0.06 0.04 037 024 020 018 034 015 009 0.06
A eV
PhEtT, 026" 0.19% 0.13° 0.08° 04l 034 031 028 038 031 028 0.23
NpEtT, 0.24 0.18 0.13 0.08 038 034 031 028 036 031 028 0.23
AnEtT, 0.18 0.13 0.09 0.06 034 031 029 027 032 027 022 017
PyEtT, 0.23 0.13 0.08 0.05 0.40 033 027 022 032 021 015 0.10
PhEtT, 025% 0.16% 0.11°% 0.06° 041 032 026 023 037 031 027 023
NpEtT, 021 0.16 0.11 0.07 039 033 027 023 034 029 024 020
AnEtT, 0.16 0.12 0.08 0.06 037 031 027 023 028 024 022 020
PyEtT,  0.24 0.12 0.08 0.05 040 030 025 022 035 020 014 0.08
PhEtT; 0.24* 0.15% 0.10% 0.05% 040 031 025 021 036 021 014 0.09
NpEtT, 0.22 0.15 0.10 0.05 038 031 026 023 035 020 014 008
AnEtT;  0.14 0.10 0.07 0.05 035 029 025 023 027 019 013 0.08
PyEtT, 0.21 0.12 0.06 0.04 039 029 025 022 035 022 013 007
PhEtT, 0.23*% 0.13% 0.08°% 0.04° 039 029 025 020 035 024 017 0.09
NpEtT, 0.20 0.13 0.09 0.04 038 030 025 020 033 024 016 0.09
AnEtT, 0.14 0.10 0.06 0.04 033 028 023 021 0.25 017 012 008
PyEtT,  0.22 0.11 0.06 0.04 038 026 023 021 034 017 011 0.07

a
Taken from reference 9

Table 3S. Relative mobilities for holes (,uref) and electrons (u,.; ) taking P3HT as reference

compound and ratio /zhop+/#hop'.

B3LYP/6-31G* CAM-B3LYP/6-31G* MO6-2X/6-31G*
T, T, T, T, T, T, T, T, T, T, T, T,
T
Hrel

Fh 772 0.08 351 l.o4 2.36 0.02 0.80 0.37 2.44 0.03 3.82 4.00

Np 7.83 0.08 246 1.59 2.39 0.02 0.80 0.71 3.02 0.03 4.59 4.79

An 3.89 0.08 0.10 2.55 1.83 0.02 0.03 1.05 4.81 0.05 0.12 7.08

Py 295 0.08 0.40 0.10 0.85 0.02 0.12 0.03 3.48 0.11 0.52 0.16
P3HT 1.00 1.00 1.00

Lrel

Ph 0.39 0.01 0.09 0.01 0.08 1.44e-3 0.01 1.44e-3 0.12 1.08e-3 0.13 0.01

Np 0.49 0.03 0.34 0.09 0.08 0.01 0.10 0.04 0.18 0.01 0.49 0.20

An 0.01 0.01 0.09 0.49 1.44e-3 2.8%¢-3 0.04 Q.16 4.33e-3 4.33e-3 0.16 0.81

Py 0.20 0.03 0.16 0.01 0.10 0.01 0.03 1.44e-3 0.27 0.03 0.20 0.01
P3HT 1.00 1.00 1.00

P g

Fh 1.92 1.23 400 16.26 2.45 1.39 4.65 21.66 1.55 1.78 225 2430

Np 1.56 0.25 0.69 1.78 2.72 0.19 0.65 1.56 1.56 0.24 0.73 1.92

An 4970 0.97 0.11 0.51 108.34 0.69 0.06 0.56 87.71 1.11 0.06 0.69

Py 1.44 0.25 0.25 1.02 0.69 0.27 0.36 1.74 1.00 0.25 0.21 0.98
P3HT 0.09 0.09 0.08
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Table 4S. HOMO energies for different ArEtTy oligomers.

HOMO ENERGY LEVELS / eV

B3LYP/6-31G* CAM-B3LYP/6-31G* M06-2X/6-31G*

n 1 2 3 5 1 2 3 5 1 2 3 5
PhE(T, -525 -512 -507 504 653 638 633 630 653 -638 633 630
NpEtT;  -5.12 -498 -493 -490 -637 622 617 -614 637 -623 618 615
AnEtT;  -484 -473 468 -466 -6.04 -590 -585 -583 604 -591 -586 -584
PyEtT, -522 -516 -5.14 513 -645 -640 -637 -636 648 -640 638 -637
PhE{T, -520 -507 -503 -501 -645 -633 -630 -627 -645 -632 -628 -6.26
NpEtT, -509 -496 -492 -490 -634 620 -616 -614 631 620 -616 -6.14
AnEtT, -484 -474 -470 -4068 -6.04 -590 -585 -583 -0.04 -592 -588 -5.80
PyEtT, -514 -511 -510 =509 -639 635 -633 632 -039 -635 -033 -6.32
PhEtT -512 503 -500 498 -639 620 -6.26 624 -637 -628 -6.25 -6.24
NpEtT; -503 -494 -4%0 -48% -629 -618 -615 -613 -629 -617 -614 -612
ANEfT;  -482 -475 471 -469 -6.04 592 -58 587 601 -592 -589 -588
PyEtT; -509 -507 -506 -506 -634 631 629 -629 -634 631 628 628
PhE{T, -506 -500 -498 -496 -637 626 -623 -622 631 -623 621 620
NpEtT, -501 -492 -489 -48 626 616 -614 -612 623 -615 612 611
AnET, -482 -474 472 -470 -6.04 -594 -591 .588 60l -593 -590 587
PyEtT, -506 -503 -503 -503 -629 -627 -626 -626 -628 -626 -624 623

Table 5S. LUMO energies for different ArEtTy oligomers.
LUMO ENERGY LEVELS/eV
B3LYP/6-31G* CAM-B3LYP/6-31G* M06-2X/6-31G*

n 1 2 3 5 1 2 3 5 1 2 3 5
PhEfT, -188% -225° 239% 250° -068 -1.09 -124 -134 -1.03 -145 -1.60 -1.71
NpEfT; 204 239 253 264 -0.87 -128 142 -153 125 165 -1.79 -189
ANEfT, 234 264 278 288 -1.22 -161 -1.74 -184 -161 -198 211 221
PyEtT, -193 215 -223 220 079 -103 -111 -117 -1.07 -135 -1.49 -155
PhEtT, -1.99% -2.33% -245% -255% -0.82 -1.19 -132 -141 -1.14 -154 168 -1.77
NpEtT, -2.12 -2.46 -2.59 -2.68 -095  -136  -148  -157 -133  -172  -184 -1.93
AnEtT, -2.37 -2.69 -2.81 -2.90 -1.28 -1.61 -1.74 -1.84 -1.63 -202 214 222
PyEtT,  -2.04 -222 -2.30 -2.35 -0.90  -1.11 -1.19 -1.24 125 148 156 -161
PhEtT; -2.04% -237% -2.48% -256* -0.90 -124 -135 -143 -122 -237 248 256
NpEfT; 215 249 260 267 -1.03 -139 150 -157 -139 -175 -1.86 -193
ANEfT; 237 270 280 -288 -1.28 -166 -1.77 -184 -166 -203 213 221
PyEtT; 210 -227 -233  -238 -095 ~-116 -1.22 -127 -131 -152 -1.59 -164
PhEtT, -2.10° -2.40* -2.49*% 256* -095 -128 -138 -145 -131 -163 -1.73 -180
NpEfT, 220 251 260 267 -1.06 -139 151 -1.60 -142 -177 -1.87 -193
AnEfT, 239 270 -2.80 287 -1.28 -166 -1.77 -184 -1.66 -2.04 213 219
PyEtT, 212 -230 -235 -240 -1.01 -118 -131 -13%9 -136 -155 -1.61 -1.66

2 Taken from reference O
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Table 6S. Ionization Potentials (adiabatic and vertical) for different ArEtTy oligomers.

B3LYP/6-31G*

CAM-B3LYP/6-31G*

M06-2X/6-31G*

n 1 2 3 5 1 2 3 5 1 2 3 5
AIP/ eV
PhEtT, 646 599 578 5357 6.73 649 643 643 6.97 6.68 660 654
NpEtT; 6.18 578 559 540 6.52 627 623 622 6.75 648 641 636
AnEtT, 580 543 5290 512 6.15 592 587 586 638 613 606 603
PyEtT; 6.48 600 581 558 6.52 649 647 646 6.67 662 659 657
PhEtT, 630 595 568 548 659 642 638 636 682 659 653 647
NpEtT, 0.08 570 552 535 644 024 0621 620 6.66 643 638 033
AnEtT, 574 544 523 512 6.13 589 58 385 6.34 6.10 6.05 6.03
PyEtT, 6.08 578 5.63 5.48 645 643 641 6.40 6.65 6.59 654 651
PhEtT; 6.18 575 549 542 649 637 634 634 6.80 6.55 647 645
NpEtT; 6.00 563 547 530 637 622 620 619 6.55 640 635 631
AnEtT; 570 538 524 509 6.12 587 584 582 629 607 604 602
PyEtT; 6.07 575 558 544 638 633 631 630 660 653 649 648
PhEtT, 6.11 570 553 536 641 634 631 630 662 647 642 638
NpEtT, 592 558 542 526 632 020 6018 .17 6.53 636 632 028
AnEtT, 566 536 522 35.07 6.11 585 58 381 6.26 6.05 6.01 599
PyEtT, 592 5.064 550 3536 637 625 623 622 6.51 648 644 639
VIP/ eV
PhEtT; 658 6.07 584 561 691 665 657 655 714 682 672 6.64
NpEtT, 628 585 564 544 6.70 644 637 632 692 662 653 646
AnEtT, 587 552 534 515 631 007 000 597 6.50 623 613 6.09
PyEtT, 6.57 6.06 3585 35.60 6.70 6.6l 638 6.56 683 6.71 6.66 6.63
PhEtT, 641 6.03 573 551 6.78 657 6351 647 7.00 6.73 6.64 657
NpEtT, 6.18 577 558 538 6.62 639 633 631 683 654 649 643
AnEtT, 581 549 526 514 629 602 597 596 648 619 612 6.09
PyEtT, 6.18 584 567 550 663 655 652 650 682 668 660 655
PhEtT; 629 582 554 545 668 651 646 645 696 665 653 649
NpEtT; 6.10 570 552 533 6.56 637 632 630 673 653 644 636
AnEtT; 577 544 528 512 628 601 59 592 641 623 612 607
PyEtT; 0617 580 561 546 6.56 045 041 639 6.77 6.6l 654 0651
PhEtT, 621 576 558 5.39 6.39 647 642 6.40 6.79 659 650 6.42
NpEtT, 6.02 5.64 547 35.29 650 633 629 6.27 6.69 647 641 632
AnEtT, 373 541 526 35.10 627 3598 594 390 6.40 6.13 6.06 6.02
PyEtT, 6.02 569 553 538 6.55 637 633 631 6.67 655 649 642
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Table 78. Electron Affinities (adiabatic and vertical) for different ArEtTx oligomers.

B3LYP/6-31G* CAM-B3LYP/6-31G* M06-2X/6-31G*
n 1 2 3 5 1 2 3 5 1 2 3 5
AEA/eV
PhEtT, 0.76% 139°%  1.67% 1957 052 099 1.15 1.23 0.63 1.14 133 146
NpEtT, 0.93 1.53 181 2.09 088 1.24 138 1.46 089 139 157 1.68
AnEtT, 1.35 1.85 2.11 2.36 .14 160 175 183 127 175 192 203
PyEtT, 1.04 1.45 1.65 1.85 077 092 102 1.05 061 1.03 117 131
PhEtT, 0.93* 1.54%  187% 205° 069 1.11 125 131 079 127 143 155
NpEtT, 1.17 1.72 1.97 2.09 095 1.53 157 1.60 100 149 163 173
AnEtT, 1.51 2.00 223 245 120 160 175 183 133 181 195 204
PyEtT, 1.32 1.71 1.90 2.00 088 1.00 111 1.14 102 123 132 14
PhEtT; 1.05% 1.62° 186*% 2107 080 116 128 133 090 132 145 157
NpEtT; 1.25 1.78 201 223 1.06 148 1.5 161 107 162 172 180
AnEtT5 1.55 1.96 224 245 132 1.77 184 1.89 155 203 214 222
PyEtT; 1.25 1.63 1.81 1.99 095 1.07 L15 117 108 127 136 145
PhEtT, 1.15°¢ 1.69°% 192% 214° 088 1.21 130 134 099 137 150 159
NpEtT, 1.33 1.84 205 226 1.21 160 166 1.72 123 166 176 184
AnEtT, 1.60 2.06 227 247 143  1.76 187 185 168 215 223 231
PyEtT, 1.32 1.69 1.87 2.04 1.00 1.08 1.18 1.20 1.14 131 139 148
VEA/eV
PhEtT, 0.62% 130 1e61* 10917 032 083 101 1.09 044 099 121 132
NpEtT, 0.82 1.44 1.75 2.05 070 1.08 123 132 073 125 144 154
AnEtT, 1.27 1.79 207 233 098 146 160 1.70 112 162 181 191
PyEtT, 0.93 1.39 161 1.83 057 076 090 099 047 093 110 125
PhEtT, 0.88° l46® 175% 203° 049 095 112 1.19 061 112 130 143
NpEtT, 1.06 1.64 1.92 2.06 076 138 144 1.49 084 135 152 167
AnEtT, 1.43 1.93 218 242 1.03 144 162 172 121 169 185 195
PyEtT, 1.20 1.61 1.86 1.98 068 085 09 1.03 084 113 125 138
PhEtT; 0.93° 1.55% 181% 207° 060 1.02 116 125 072 120 138 153
NpEtT; 1.15 1.71 1.96 221 088 132 143 152 089 152 165 176
AnEtTs 1.48 1.91 221 242 L.17 le4 173 18l 143 193 208 219
PyEtT5 1.15 1.57 1.78 1.98 076 093 1.03 107 091 116 130 142
PhEtT, 1.04% 1.63°  1.88* 212% 0.69 107 118 128 082 126 142 154
NpEtT, 1.23 1.77 2.00 2123 1.06 145 154 1.62 107 153 167 1.80
AnEtT, 1.53 2.02 224 2.44 1.38 163 176 1.85 1.56 207 118 227
PyEtT, 1.22 1.64 1.83 2.01 0.82 095 1.07 1.09 097 123 134 145

* Taken from reference 9

Table 8S. Differences between AEA / AIP and LUMO / HOMO energies. Units are in eV.

B3LYP/6-31G* CAM-B3LYP/6-31G* M06-2X/6-31G*
T, T, Ts T, T, T, Ts T, T, T, Ts T,
ATP+FHOMO differences

Ph 0.47 0.41 042 036 013 009 0.10 008 024 021 020 0.18
Np 0.44 039 03 033 009 006 006 004 021 020 019 0.17
An 0.44 038 034 033 002 001 001 003 018 017 016 0.14
Py 0.39 032 032 027 010 008 002 0.04 019 019 019 0.13
P3HT 0.67 0.18 0.08
ABEA-LUMO differences
Fh 0.48 045 040 037 012 009 010 0.10 025 022 09 0.20
Np 0.47 05 038 037 007 001 003 010 022 018 016 0.08
An 043 038 03 03 001 002 004 010 019 017 001 0.07
Py 0.37 033 032 030 011 008 009 021 024 018 016 0.14
P3HT 0.50 0.07 0.10
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Table 10S. Intramolecular hole (3;") and electron (i) reorganization energies, HOMO and LUMO
energies, ionization potentials and electron affinities (adiabatic and wvertical) for different

functionalized ArEtT; oligomers. Units are in eV

1 2 3 5 1 2 3 5 1 2 3 5
PhEIT-F (1) F-PhE(T, (2) F-PhET-F (3)
N 025 018 013 008 025 018 013 008 026 019 013 009
A 029 020 014  0.09 031 021 015  0.09 032 022 015 009
AP 663 619 600 580 703 651 628 605 719 670 639 628
VIP 675 628 606 584 715 659 634 6.00 732 680 646 632
AEA 094 162 192 220 138 198 224 250 156 218 247 272
VEA 080 152 184 216 123 1.8 217 245 140 207 240 267
HOMO -545 -533 -530 -5.28 583 -5.64 557 552 6.00 -58 -579 -5.76
LUMO 208 -247 263 -2.75 2249 281 293 -3.02 2271 -3.02 316 -3.26
NpETT - (4) F-NpEIT, (5) F-NpEtT,-F (6)
o 020 016 012 008 020 015 011 008 020 015 011 008
A 023 018 013  0.09 024 019 013 0.09 024 019 013 009
AP 631 594 577 559 669 623 601 582 682 639 614  6.00
VIP 641 602 583 563 679 631 607 586 692 648 620  6.04
AEA 120 181 209 235 170 220 244 267 184 238 269 287
VEA 108 172 202 231 158 211 237 263 172 220 262 282
HOMO 527 -516 -512 -5ll 564 -544 536 531 579 =561 555 -5.51
LUMO 223  -260 -275 -2.87 268 -2.98  -3.08 317 2282 315 -328 337
PhE(T,-CN (7) NpEFT-CN (8)
N 024 017 011 007 019 014 010 007
A 028 019 013 008 021 016 011  0.08
AP 702 646 633 625 667 641 624 615
VIP 714 684 658 649 677 648 629  6.19
AEA 177 234 277 296 175 247 274 306
VEA 163 224 271 292 164 239 269 302
HOMO -597 -595 -594 -504 598 596 -596  -5.95
LUMO -276 -318 -336 -3.51 2278 2322 340 354
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Figure 18. View of ArEt'Tx and P3HT unit cells along the a- ¢ axis.
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Figure 28. Isosurface contours of B3LYP/6-31G* calculated HOMO and LUMO eigenfunctions of

ATEtT; monomers.
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Figure 35. Relative mobilities for holes (i, ") and electrons (14,0 taking P3HT as reference

compound and ratio Ly 7, obtained at MOE-23H8E-31G* level.
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Figure 45. Relative mobilities for holes (,umfj and electrons (1447 taking PIHT as reference

compound and ratio L 7w, obtained at CAM-B3LYP/6-313% level.
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Figure 58. BALYP/6-31 G* bond length differences (A) between the neutral and charged monomers

of a) ArEtT, b) ArEtT, ¢) ArEtT; and d) ArEtTs. Bondlabelling iz shown at the bottom.
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Figure S5.
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Figure S5.
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Figure S5.
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Capitulo IV: Resultados

BLOQUE III: Sistemas Discoticos basados en Tiofeno

El articulo presentado en este ultimo bloque (G. Garcia, et al., enviado a
publicar, J. Am. Chem. Soc., ID: ja-20120-01429y, 2012) esta dedicado al estudio
de las propiedades de carga para una serie de sistemas discdticos con anillos de
tiofeno en su nucleo aromatico. Como se dijo en la introduccion, estos sistemas
presentan la capacidad de autoorganizarse en columnas debido a las interacciones
entre sus nucleos aromaticos, por lo que permiten un transporte de carga

unidireccional a lo largo del eje de apilamiento.

i Rotation aleng
""-.'“\ .
 __~ stacks axig
St | distance
C ——J}— _ | between discs

]

EE;;E Latoral

, te
S _displacoment

-3

Yetmmtayniett

Figura 3.3: Representacion de una columna de sistemas discoticos, donde las flechas verdes
indicarian el movimiento de los portadores de carga.
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ABSTRACT: Main parameters that control charge transport at the molecular level have been studied for a series of thiophene-
based discotic systems at semiempirical and DFT levels using three different approximations: cluster, dimer model and isolated
molecule calculations. Charge carmier mobility was estimated through the charge transfer constant evaluated according to the semi-
classical Marcus theory and compared to that obtained for a reference compound, i.e. triphenylene derivative. A set of different
density functionals has been essayed in order to search for general patterns for charge transport related properties. As summary,
only the compound with four thiophene rings, RO-TetraT shows a significant increase in p -character in comparison to the

triphenylene derivative.

1. Introduction

Organic n-conjugated materials are candidates to be used in
field-effect transistors (FETs), light-emitting diodes (LEDs)
and photovoltaic cells (PVCs) due to their semiconducting
properties. For such applications, the degree of structural order
and the efficiency of charge mobility inside the material play a
key role. Discotic liquid crystals have attracted much attention
due to their ability to self assemble into columnar structures
(discotic mesophase) which is interesting due to the high
conductivitly attained by the w-stacking of neighbouring
molecules.

Discotic mesophases typically consist on a central, disk-like
n-conjugated core to which saturated chains are linked. The
liquid crystallinity results from the microsegregation of both,
the orystalline character due to w-interactions between
conjugated cores and the liquid character from the melting of
side chains in the mesophase. The intercolumnar space is
occupied by the side chains, which act as insulators. Thus,
these systems might be good candidates for demonstrating
quasi one-dimensional conductivity along the stacks wherein
charge transport features are primarily determined by the
aroma;tligc character of the cores and m-interactions between
them. ™

In the case of m-conjugated oligomers and polymers,
thiophene based-materials have proven to be a good choice for
an assortment of applications (see for instance reference 7).
However in the case of discotic systems, most of the works
deal only with carbon-based molecules,g'm such as
triphenylene (TriPh, Figure la) related discotic systems (see
Refs. 5,6, 10-24 and references therein). However, very few
works on thiophene-based discotic systems and their
applications as organic semiconductors are known (see for
instance references 25, 26). Here we have selected a set of
compounds with a thiophene-based aromatic core (see Figure
1c). The synthesis of the aromatic core of RO-BiPhT and RO-
TetraT have already been reported "™ while for RO-THT,
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there is a recent work dealinjg with a related system with the
same aromatic core (Tn'T).2 To our kwnoledge, no study,
either theoretical or experimental, on their semiconducting
features has been performed on the selected systems.

a) b)
RO (R

OO O

RO OR
Triphenylene 2,3,6,7,10,11-Hexekis-
(TriPh) hexyloxy-triphenylene (R O-TriPt)
)
OR

RO. s
/ OR
w
OR

OR
2,3,5.7,8,10-Hexak is-hexyloxy-
anthra[1,9-b¢:5,10-b'c']
bisthiophene (RO-BiPhT)

2,3,5,6,8,9-Hexakis-hexyloxy-
1,4,7-trithia-trindene (RO-TriT)

S‘ S
RO /" OR
RO/‘\OR

S

1,4,5,8-Tetrakis-hexyloxy-
2,3,6, T-tetrathiadicyclopenta[ cd,ij]-s-
indacene (RO-TetraT)
Figure 1. Triphenylene (a) and selected compounds (b, ¢) formu-
las showing their corresponding labelling. R = Hexyl chain (-
CeHy).

This work is aimed at shedding some light on the electronic
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and charge transport properties at the molecular scale of the
mentioned discotic systems, using DFT and semiempirical
methodologies. All the studied properties were compared to
those for the alkoxy-triphenylene derivative (RO-TriPh, Figure
1b) for some of whose derivatives experimental values of
HOMO and LUMO energies, optical bandgap and hole
mobilities are known (see Refs. 4, 10-24 and references
therein). Although, we are only interested on the charge
transport related properties for the selected aromatic cores,
side chains should be also considered since they could affect
to m-interactions between different discs and, therefore, to
charge transport.>*'**

2. Theoretical methodology

In this work, three different approximations have been used
to assess charge ftransport related properties. Firstly,
semiempirical methods were applied to optimize a cluster of
six stacked molecules. From these calculations we obtained
the optimal m-stacking distance and the azimuthal angle for
each compound. In order to optimize a cluster of discotic
molecules, several stackings with different =-stacking
distances and azimuthal angles were generated and each of
these structures was essayed as starting point in the
optimizacion proccess. Then, at the optimized =n-stacking
distance, a restricted energy profile vs. inter-disc azimuthal
angle was obtained in steps of 5° for a cluster of two stacked
molecules. To obtain information about the effect of
azimuthal angle on charge transport properties, a Boltzmann
distribution was used to obtain the average value of the
calculated charge transfer integrals (7), wich were estimated
for the above mentioned dimers at each azimuthal angle
through the projective method using the code J-from-g03.2°
Finally, neutral and charged, anionic and cationic, species
were optimized within the isolated molecule approximation.
All these calculations have allowed us to evaluate hole and
electron mobilities through the charge transfer rate kzr
calculated according to Marcus theory.'”

All the calculations were performed with Gaussian 09
(revision A.02)" Cluster optimizations were carried out using
PM6™ semi-empirical method. This method was selected since
several works have proven that it performs well for non-
covalent interactions, such as 7-stacking. ™' For the remaining
calculations, different kinds of density functionals have been
selected, i.e. pure, global, range separated and double hybrids
functionals, along with the 6-31G** basis sct. PW91,%*
B3LYP™™ and M06-2X * were chosen as pure and hybrid
functionals. The B3LYP level provides theoretical
intramolecular reorganization energy values in  good
quantitative agreement with experimental values from gas-
phase ultraviolet  pohotoelectron  spectroscopy  (UPS)
measurements.” PW91 has been chosen because it vields
reliable electronic couplings.™" M06-2X is reccommended to
study non covalent interactions such as z-stacking between
aromatic molecules since it gives accurate geometries and
energies for a variety of dispersion-dominated systems such as
DNA base pair stacks and benzene aggregates.” Long range
corrected (LR) functionals, have shown to approximately
satisfy Koopmans' theorem for HOMO and LUMO orbitals
% providing this way accurate transition cnergies,”™ LC-
BLYP, * LC-0PBE," ™ and CAM-B3LYP," were our choice.
Differences between experimental and calculated HOMO and
LUMO energies (Table 15) for OR-TriPh amount to ca. 2 eV
and 3.5 eV, respectively, when using LC-BLYP and
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LC-wPBE, while for CAM-B3LYP they become 1.09 eV and
1.15 eV, respectively (see Table 3S). Thus, CAM-B3LYP was
our choice as LR functinal. Finally, B2-PLYP ***® was the
double-hybrid functional selected for this work as its accuracy
has been satisfactorily demonstrated in diverse fields of
chemistry and can be considered as a robust and efficient
quantum chemical method of general purpose.”™

To reduce computational cost, calculations at the molecular
level were carried out with R = methyl, since it has been
proven that the increase of the side chain length does not
influence charge transport related properties such as HOMO
and LUMO energies, electron affinities, ionization potential
and reorganization energies (see for example ref. 58,59).

Table 1. Calculated optimal 7-stacking distances and azimuthal
angles between discs along with the experimental value for RO-
TriPh.

n-stacking Azimuthal angle/Degrees
distance /A T PM6°  B3LYP®  MO6-2X°
RO-TriPh 3.65 421 45.0 40.0
RO-BiPhT 3.69 326 35.0 30.0
RO-TriT 3.74 40.2 45.0 40.0
RO-TetraT 3.88 64.6 65.0 60.0
Exp. * 37 45.0

*Taken from references 3,16,24,61-63 for RO-TriPh.

°Obtained from stack optimization at PM6 level, measured for the
central couple of the cluster.

‘Obtained from restricted energy profiles using dimer model.

3. Results and Discussion

3.1. Organization within the stacks: distance and
azimuthal angle along the stacking axis

Charge mobility parameters are sensitive to the local
ordering and relative disposition between molecules.'® In
general, charge transport is favored by face-to-face
configurations even though they do not match the most
favourable inter-disc interaction potential energy. Therefore, it
is important to get reliable intermolecular potential energy
curves. These are mostly influenced by the vertical and side
distances as well as the azimuthal angle (see Figure 2).
Temperature can also influence the relative disposition
between molecules, since it usually leads to an increase of the
stacking distance and translational mobility of discotic
molecules. Both effects cause a decrease of the charge
mobility. However, we stared here at the influence of the a-
stacking distance and azimuthal angles, since the strongest
effects on charge transport are due to both factors.”*'**%

i Rotation alu.ng
— stacking axis
e ¢ Distance

= = ' between dises

S [ ateral
e lisplacement

{

Figure 2. Diagram of the structural fluctuations between discs.

First, a cluster of several molecules was optimized using
PM6 method for each compound. From these calculations, we
obtained the optimal z-stacking distance and azimuthal angles
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{see Table 1). There are only reference data for RO-TnPh,
according to which the n-stacking distance and the azimuthal
angles are 3.7 A and 45°, respectively,™'****"*  Here, we
obtained a m-stacking distance of 3.65 A for RO-TriPh, while
for thiophene based systems the m-stacking distance increases
with the munber of thiophene rings, probably due to the larger
size of sulphur atoms.

MO6-2X/6-31G**

bl -4 4 ®  RO-TriPh
g v  RO-BIPWT
E * o ROSTHT
= 74 % RO-Tetral
ﬁ 04 & .

0 15 30 a5 :

Rotational Angle / Degree
Figure 3. Evolution of relative energy vs. azimuthal angles be-
tween dises along staking axis of a dimer at M06-2X/6-31G*>
level.

&0 =] w0

Second, we analyzed the effect of the azimuthal angle.
Figures 3 and 18 plot the evolution of the relative energy vs.
azimuthal angle, setting the 7-stacking distance at the optimal
value obtained for each compound. Table 1 also gathers the
calculated, optimal inter-disc dihedral angles (degrees) along
with the experimental value for RO-TriPh derivatives. As can
be seen, the aromatic core size plays a key role on the energy
profile. Face-to-face configuration emerges as the least stable
one regardless of the system and level of theory selected.
According to B3LYP (M06-2X) method, the relative energy
profile shows a minimum located at 45° ( 40°) for D,
symmetry compounds (RO-TriPh and RO-TriT), and at 35°
(30°) and 65° (60°) for RO-BiPhT and RO-TetraT,
respectively. Liquid corystal triphenylene derivatives show an
experimental azimuthal angle of ~45°*'%#¢%% 1 all the
cases, azimuthal angles obtained from cluster optimization lie
between those calculated from B3LYP and MO06-2X. The
difference in the azimuthal angles attained at after cluster
optimization and the restricted energy profile using the dimer
model could be due, in part, to the different environment in
each case. As regards the experimental value for RO-TriPh,
PW91/6-31G** exhibits the largest deviation (azimuthal angle
of 35°), while B3LYP yield the lowest one.

As stated before, in this work values around 40° are
predicted for the azimuthal angles, except for RO-TetraT, and
the n-stacking distance increases with the number of thiophene
rings. Thiophene rings also affect the relative energy of the
optimized azimuthal angle relative to face-to-face
configurations. These energy differences also increase with the
number of thiophene rings while M06-2X/6-31G** level
yields the smallest value at the optimal dihedral angles, with
values lying between ~ -8 kcal mol” and -12 keal mol™ for
RO-TriPh and RO-TetraT, respectively.

3.2. Charge Transport Properties
As known, the efficiency of an organic semiconductor
depends on both the ease to inject electrons/holes on its
LUMO/HOMO orbitals and the mobility of charge carriers.
Charge Injection. The LUMO/HOMO energy levels and
electron affinity (EA)fionization potential (IP) control the
efficiency of charge injection. Electron/hole injection is
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controlled by the resonance condition between the Fermi level
of the metal contact and the LUMOHOMO level. Thus,
electrons/holes can flow from the confacts infto the
LUMOHOMO Although Koopmans’ theorem is  not
applicable to Kohn-Sham orbital cncrgics,"; Perdew, using
Janak's theorem proved a connection between IPs/EAs and
HOMO/LUMO energies.”” Furthermore, long-range (LR)
comected functionals reproduce orbital energies quantitatively
and hence should render orbital energies close to EAs and IPs,
salisfying  approximately Koopmans® theorem.”’ Table 28
collects the differences between HOMC/LUMO energies and
the corresponding adiabatic (AJP/(AJEA. In general, CAM-
B3LYP, M06-2X and BZPLYP yield the lowest differences
while BALYP and PW91 provide the largest ones.

B3ILYP

LUMO

Energy [ eV

HOMD

RO-TriPh

RO-B{PhT
RO-TriT

R O-TetraT

Experimentall

M06-2X

LUMO

Ca
Mg

Energy / eV

HOMO

RO-TriPh
RO-BiPhT
RO-THT
RO-TetraT
Experimentall

Figure 4. HOMO and LUMO energy levels (eV) calculated at
B3LYP and M06-2X levels along with experimental values of
RO-TriPh (taken from reference 23).

Figures 4 and 28 and Table 3S show the calculated HOMO
and LUMO energies along with experimental values for RO-
TriPh as obtained from ultraviolet photoemision
spectroscopy.23 As can be seen, CAM-B3LYP, M06-2X and
B2ZPLYP render the lowest/highest HOMO/LUMO energies
and they predict a HOMO-LUMO energy gap significantly
wider than the observed one. It is mnoticeable that
B3LYP/PW91 gives the best estimate for the HOMO/LUMO
level while the latter performs better as the HOMO-LUMO
energy gap concerns.

Electron/hole injection is controlled by the difference
between LUMO/HOMO energy and the metal electrode’s
work function (@).7 Triphenylene derivatives are poor n-type
materials due, in part, to the high LUMO level as compared to
cathode work functions of commonly used electrodes such as
Mg (® = -3.66 eV), Ca (O =-2.87 eV) or Al (O =-4.26 V)
(see Figure 3 for RO-TriPh). RO-BiPhT shows the lowest
calculated LUMO energies and hence should undergo the
easiest electron injection. Nevertheless, calculated LUMO
levels are still distant from the above-mentioned cathodes. On
the other hand, HOMO energy for RO-TriPh * is close to the
anode work function for ITO (© = -4.8 eV, see Figure 3),
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which should allow an easy hole injection. Unfortunately, an
increase of both LUMO and HOMO is observed for
thiophene-based aromatic cores respect to TriPh ones, except
for RO-TriT which yields similar values to RO-TriPh. An
increase on LUMO energies means a less easy charge
injection. According to B3LYP/6-31G** level, energy
differences between ITO work function and HOMO levels are,
in eV, 0.56, 0.11 and 0.34 for RO-BiPhT, RO-TuiT and RO-
TetraT, respectively. To allow an ohmic contac these energy
differences should not be larger than 0.3 eV.” Thus, hole
injection from ITO anode would be only feasible for RO-TriT
and RO-TetraT.

AEA and AIP are defined as the energy released/needed by
the system when an electron is added/removed (see supporting
material for equations). EA/IP (see Figures 5 and 3S and Table
4S8) must be high/low enough to allow an efficient
electronhole injection into the LUMO/HOMO of the
molecule. As expected, the evolution of AEAs and AIPs as a
function of the theory level mimics that for HOMO and
LUMO energies. The highest/lowest AEAS/AIPs were
calculated for RO-BiPhT and RO-TetraT. As compared to RO-
TriPh, all the studied systems undergo a remarkable decrease
in the calculated AIP, specially at the BZLYP level, and
therefore we can think of a more favourable hole injection. In
general, both compounds RO-BiPhT and RO- TetraT also
show an increase of EAs, which would indicate an easier
electron injection than for RO-TriPh, although EAs need to be
within the range 3.0 eV — 4.0 eV.*
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Figure 5. AIP and AEA calculated at B3LYP and M06-2X levels.

Charge mobility. Charge transport within the discotic phase
mainly occurs by a hopping mechanism.*' The charge hopping
process is generally described as a self-exchange electron-
transfer reaction between two neighbouring molecules, for
which the charge transfer rate can be defined according to the
semi-classical Marcus theory as:'?
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k —4—”1 1 t? exp —4 1
Y b [Amik,T die,T

where } end t are the reorganization energy and electronic
coupling, respectively. The reorganization energy is
determined by fast changes in molecular geometry (the inner
contribution) and by slow variations in polarization of
surrounding medium (the outer contribution): A = Agyer + Aigger-
It can be expected that A, depends to a lesser extent on the
exact chemical structure than on their packing density, likely
similar for all the studied molecules. Besides, in the case of a
petfectly ordered system, Aoy << hipne, and therefore, the
outer contribution can be initially neglected.1’58’59 Expression
used to calculate intramolecular reorganization energies (A
from now on) are given as supporting material.

Tables 2 and 4S gather intramolecular hole and electron
reorganization energies (A, and A, respectively). In general,
all the compounds, except RO-TriPh, mainly show A~ > N
although a value of %~ smaller than " does not directly lead
to an stronger n-character, as it also depends on charge
injection and electronic coupling (see below). The lack of
expenimental data for A; prevents us to conclude about the
accuracy of our theoretical estimations, although it has been
established that B3LYP/6-31G** can provide quantitative
agreement with the corresponding experimental values from
gas-phase, ultraviolet photoelectron spectroscopy
measurements."’  Accordingly, based on intramolecular
reorganization energies, RO-TetraT and RO-BiPhT show the
largest increase on p-character in comparison to RO-TriPh.
Again, RO-TriT shows similar values than those of RO-TriPh
for 4", As to electron intramolecular reorganization energies,
all thiophene-based systems yield larger values than those of
RO-TriPh. Hence, the ability to transport charge of these
thiophene-based systems cannot be a priori assessed since it
also depends of charge injection and the charge transfer
integral.

The charge transfer integral (or electronic coupling), #, is a
measure of the strength of the electronic interactions between
two adjacent molecules. It is defined by the matrix element z,,
= <y, |H|y,>, where H is the electronic Hamiltonian of the
system and , and y, are the wavefunctions of two charge-
localized states.'” Table 58 gives the evolution of |4 as a
function of the inter-discs rotational angle. As expected, face-
to-face configurations yield the largest values of |f for which
[taonsel = ool while [tyene| becomes progressively larger
than [t; ;0| as the rotational angle increases.

The charge transfer integral is mainly influenced by the
azimuthal angle,’ so the thermodynamic average of ¢ was
calculated taking into account those configurations obtained
by rotation along the stacking axis (see supporting material),
which allow us to obtain a 7 value which takes into account all
possible hopping pathways between each couple of stacked
discs with different azimuthal angles according to their
thermodinamic probability. In this sense, Demenev et al.”
have recently reported on discotic systems where the
substituents lead to H-bonded stacks and, consequently,
relative orientations and distances between discs were well
defined. For the selected compounds, RO-TetraT could show
relative orientations and distances between discs well defined
in comparison to the remaining compounds, since it shows the
smallest relative enegy at the optimal azimuthal angle.
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Table 2. Intramolecular hole (") and electron (&) reorganization energies, average values of electronic coupling for holes {|fgono|)

and electrons (|#,yyo|), calculated mobilities (Using Ay, =

0 eV ) for hole and electron hopping motions, relative charge mobilities

values for hole and electrons (p,,;* and p.ml') taking the hole and electron mobilities of RO-T1iPh as reference and the ration between
hole and electron hopping mobilities (.. /| ) calculated at B3LYP and M06 ZX levels. Intramolecular reorganization energies
and charge transfer integrals are in eV, while hopping mobilities are in cm® V™' s

B M [tromol [trome| W w P Vel
B3LYP
RO-T1iPh 045 0.38 0.04 0.03 0.01 0.02 1.00 1.00
RO-BiPhT 0.56 0.86 0.09 0.07 0.02 0.00 159 0.03
RO-TriT 0.70 0.98 0.09 0.01 0.00 0.00 0.00 0.00
RO-TetraT 0.11 0.84 0.11 0.04 6.16 0.00 47334 0.00
M06-2X
RO-T1iPh 0.33 0.45 0.09 0.04 0.20 001 1.00 1.00
RO-BiPhT 0.45 0.99 0.09 0.06 0.07 0.00 0.34 0.01
RO-TriT 0.66 1.05 0.10 0.04 0.01 0.00 0.05 0.00
RO-TetraT 0.12 0.93 0.11 0.08 5.35 0.00 27.06 0.03

Tables 2 and 65 collect the average values of |1 obtained at each
essayed theoretical level. HOMO electronic couplings are
gystematically larger than LUMO ones. All the thiophene
denivatives display an increase of |[fgopo| regardless the method,
RO-TetraT showing the larguest one while RO-BiPhT and RO-
TnT yield similar values for |fzopol- In general, |fpmgg also
increases, except for RO-TnT, relative to RO-TriPh, irrespective
of the method. RO-BiPhT and RO-TetraT show the largest values
of [fimgol [tis known that electronic coupling decreases with the
distance between molecules. However, thiophene rings could
bring an increase on z. In the case of RO-TetraT, the largest values
of ¢ despite their inter-disc distance is obtained. As concerns the
influence of the density functional, all the methods provide
similar values for 3oyl while the largest differences between
methods are obtained for | ool

Once the reorganization energies and electronic couplings
are calculated, kz; can be estimated. Then, char;e mobility (u)
may be estimated through Einstein’s equation:

_eD _el’
kT kT

where for a one-dimensional system, D = Pligr, being / the
spacing between molecules and Ay, the charge-transfer rate
constant between adjacent molecules. Due to the neglect of the
stack dynamics and the simplicity of the formalism used to
estimate kzr only qualitative trends of charge mobilities are
expected. Thus, charge mobilities, p, relative to RO-TriPh,
the one for which experimental values are known, were also
estimated (see Table 2 and Table 63). In most cases, p+> w,
and therefore these compounds show a larger p-character.
Besides, in all cases, the negligible values for p indicate that
none if the compounds under study should be thought of as
suitable for electron transport materials.

For RO-TriPh, a noticeable difference between theoretical
and experimental values of p” is obtained, i.e. 0.10 cm® V!5~
12 This may be due to the neglect of A, and stack
dynamics, although the later was corrected in part through
electronic couplings estimated according to Boltzmann
distribution and the neglect of side chains. Also, the high
intramolecular reorganization energies obtained might lead to
low mobilities. All the density functionals essayed, except
M06-2X, underestimate hole mobilities. The neglect of A,
provides larger values of mobilities. Thus, in order to obtain
more realistic values of u*, we have also analyzed the effect of
Houter At MOG-2X/6-31G** level. This can be considered as a
tuning parameter varying in a range from 0.0 to 0.4 ev M7
Figure 48 plots the evolution of " with Ay, As expected, u*

@
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diminishes as A, increases and thereby values of A, ...~ 0.12
eV are needed in order to get theoretical values close to the
experimental ones.

According to our results, only RO-TetraT provides a
remarkable increase of 11" respect to RO-TriPh, mainly due to
the fact that this compound yields the lowest A; and the largest
|| values. Both effects are capable to balance the inter-disc
distance, /, whose increase would lead to a decrease of
hopping mobilities according to Eq. 2. Thus, we would
conclude that RO-TetraT could behave as p-type
semiconductor material with improved features relative to RO-
TriPh.

The stacks dynamic (mainly rotation along the stacking axis)
also influences the low mobilities obtained for all compounds.
In this sense, an experimental work using TiT as aromatic
core, wherein the stack positions are fixed by intramolecular
H-bonds demostrated that this compound is adequate as a
precursor or semiconducting material ** However in our work,
wherein rotation along the stacking axis has an important
effect, RO-TriT yields negligible hole and electron mobilites
at M06-2X level. Moreover, RO-TetraT yields the largest
energy change with the azimuthal angles as well as the largest
mobilites.

4. Conclusions

In the present work, a theoretical analysis on the magnitudes
which govern the charge injection and transport in a series of
thiophene-based discotic compounds has been performed.
Hole and electron mobilities relative to RO-TriPh have been
calculated. Intramolecular reorganization energies and
electronic couplings were also evaluated both for hole and
electron transport. Electronic coupling was calculated
according to a Boltzmann distribution in order to consider all
charge transfer paths between two discs with different
azimuthal angles. Charge injection was evaluated through
LUMO/HOMO energy levels and EAs/ IPs.

As to the organization within the stacks, the presence of
thiophene rings increase the optimal distance between discs;
however, RO-TetraT shows the largest charge transfer
integral, which seems to increase with the number of
thiophene rings. RO-TetraT is the only one with hole
intramolecular reorganization energies lower than RO-TriPh.
Both effects lead to a remarkable improvement of hole
mobilites (at M06-2X/6-31G** level). Besides, this compound
also provides the most efficient hole injection. However, all
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the compounds show low electron mobilities and high electron
injection barriers so that electron transport should not be
favoured.

As summary, RO-TetraT discotic system entails an
improvement in the electronic and charge transport properties
relative to typical discotic compounds such as TriPh
derivatives. We hope these results may drive the appearance of
new research devoted to this promising area of thiophene-
based semiconducting discotic materials.
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Opto-Electronic properties: Optical bandgap. Opto-Electronic properties are related to the optical
bandgap, which controls the nature of the electroluminescence signal in light-emitting diodes and the
efficiency of light absorption in solar cells.™ Experimentally, the optical bandgap is obtained from
UV/Vis spectra as the lowest excitation energy from the ground state to the first dipole-allowed excited
state. Optical bandgaps (sec Table 7S) were estimated only for RO-TriPh by the energy of the
HOMO—LUMO transition using TD-DFT. This is to be compared to the lowest, high-oscillator strength
transitions involving fully delocalized frontier orbitals as obtained by TD-DFT.™"® Note that the TD-
DFT approach only involves properties of the ground state, i.e. the Kohn-Sham orbitals and their corre-
sponding orbital energies obtained in a ground state calculation. Hence, HOMO — LUMO excitation
energies are expressed in terms of ground state propertie:s.74

Table 58S collects the optical bandgap along with the experimental value reported for the TriPh de-
rivative in (BuO)s thin film.?* As seen in Table 5S, TD-CAM-B3LYP/6-31G** and TD-B2PLYP/6-

31G** give the smallest deviation respect to the experimental value for RO-TriPh (g ~ 2.7%), while

TD-B3LYP/6-31G** and TD-PW91/6-31G** provide the highest relative errors.
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IPs, EAs and Intramolecular Reorganization Energy: Neglecting dyypr, the intramolecular reorgani-
zation energy consists of two terms corresponding to the geometry relaxation energies upon going from
the neutral-state geometry to the charged-state geometry and vice versa:'?
A=At (13)

Jq and %, can be caleculated directly from the adiabatic potential energy surface as:

1 =E%GH -E"GYH (28)

%=EGY-E@G" (39)
where E%(G% and E*(G*) arc the ground-state energies of the necutral and ionic states, respectively;
EO(G*) and E*(GO) are the energies of the neutral molecule at the optimal ionic geometry and the energy

of the ion state at the optimal geometry of the ncutral molecule. Once 7, is calculated, it is possible to

obtain the value of the vertical electron affinity (VEA) and vertical ionization potential (VIP) as:

VEA = AEA - 2 4s)
VIP = AIP + %" (59)
where AEA and AIP are defined as:”°
AEA =EGYH-EW@) (65)
AIP =E*G" -E%G% (78)

The thermodynamic average of £ was obtained through a Boltzmann distribution:

thz exp(- £, / kT')
<t >=ntl =

— 8S
Zcxp(—El 1kT) (59

#; is the thermodynamic probability of configuration i at room temperature (300K), with £; being the
relative energy of the rotamer with respect to the global minimum. Eq. (8S) hence allows us to obtain a ¢
value which takes into account all possible hopping pathways between each couple of two stacked dises

with different azimutal angles according to their thermodynamic probability.
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Table 18. HOMO and LUMO levels and HOMO — LUMO excitation energies for RO-TriPh calculated

using LR functionals along 6-31G** basis set. Units are in eV.

CAM-B3LYP LC-BLYP 1L.C-oPBE Experimental”
HOMO -6.49 -7.41 -7.37 -5.4
LUMO 0.45 1.8 1.62 -1.7
Bandgap (TD) 3.67 4.58 4.44 3.72

* Taken from reference 23

Table 28. Differences between AEA/AIP and LUMO/HOMO energies (eV).

B3LYP M06-2X  CAM-B3LYP Pwol B2PLYP
AIP + HOMO diferences

RO-TriPh 0.97 -0.63 -0.04 2.01 0.63
RO-BiPhT 1.02 -0.31 0.06 1.63 0.64
RO-TdT 0.96 -0.62 -0.04 1.77 0.55
RO-TetraT 1.33 -0.23 0.23 1.92 0.74
AEA+LUMO differences
RO-TriPh -1.00 -0.22 -0.22 -2.17 0.04
RO-BiPhT -0.63 0.08 0.20 -1.43 0.44
RO-TdT -1.01 -0.28 -0.23 -1.88 -0.02
RO-TetraT -0.23 0.53 0.27 -1.05 0.63

Table 38. HOMO and LUMO energy (eV) levels along with experimental values of RO-TriPh.? Units

are in eV.

B3LYP MO06-2X CAM-B3LYP PWol B2PLYP Exp.*
Compound __ HOMO LUMO _HOMO LUMO HOMO LUMO HOMO LUMO HOMO LUMO HOMO LUMO
RO-TriPh 519 047  -6.51 0.13 -6.49 0.45 449 099  -6.05 0.38 5.4 1.7
RO-BiPhT 424 -059 539 0.03 -5.40 0.33 356 -1.03 -5.02 0.41
RO-THT 491 -0.25 6.21 035 -6.24 0.62 417 -0.73 -5.85 0.78
RO-TetraT 446 <021 571 0.50 573 0.68 376 -072 -5.40 0.82

* Taken from reference 23.

Table 48. Intramolecular hole (4;") and electron (X7) reorganization energies, Ionization Potentials (IP)

and Electron Affinities (EA). Units are in eV.

% AP VIP ) ABEA _VEA
CAM-B3LYP 052 645 68 047 067 -0.90

RO-TriPh PWol 0.57 588 624 0.45 -0.35 -0.80
B2PLYP 0.58 650 683 038 -1.18 -1.38

CAM-B3LYP 0.60 546 575 09  -0.13 -0.62

RO-BiPhT PWol 0.45 5.08 531 0.85 0.05 -0.40
B2PLYP 0.62 518  5.49 092  -039 -0.89

CAM-B3LYP 073 6.19 657 1.04  -0.85 -1.36

RO-TdT PWol 0.66 556 594 0.85 -0.63 -1.08

B2PLYP 0.74 594 632 1.11 -1.15 -1.69

CAM-B3LYP 033 596 613 0.93 -0.41 -0.90

RO-TetraT PWol1 012 548 554 0.85 0.03 -0.42
B2PLYP 0.10 5.67 573 087  -0.33 -0.77
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Table 5S. Evolution of the clectronic coupling for holes (|taomol|) and electrons (|f.umol) as a function of

the rotational angle (degrees) between neighbouring dises. Electronic couplings are in eV.

B3LYP M06-2X CAM-B3LYP PWo1 B2PLYP

Angle  |twomo|  [fumol  [fuomdl [t umol [tuomol  ltLumol  Itwowol  Mumd  ltwomol [t umol
0 037 0.38 0.41 0.43 0.41 0.41 0.34 034 0.42 0.44

5 036 0.36 0.40 0.41 0.40 0.40 0.33 032 0.42 0.42
10 033 032 037 036 0.37 035 0.30 028 038 0.37
15 029 0.25 033 028 0.32 0.28 0.26 022 034 0.29
20 025 0.15 0.28 0.18 0.28 0.18 0.23 0.14 030 0.18
25 0.19 0.09 022 0.11 0.22 0.11 0.17 0.08 023 0.11
30 0.14 0.03 0.16 0.04 0.16 0.04 0.13 0.03 0.17 0.04
35 0.09 0.01 0.11 0.01 0.11 0.00 0.08 0.01 0.12 0.01
40 0.05 0.03 0.07 0.04 0.07 0.03 0.04 0.03 0.07 0.04
0.03 0.04 0.03 0.04 0.04 0.04 0.02 0.03 0.04 0.04
50 0.01 0.03 0.02 0.03 0.01 0.03 0.00 0.02 0.02 0.03
55 0.01 0.03 0.02 0.03 0.01 0.03 0.00 0.02 0.02 0.03
60 0.00 0.00 0.01 0.00 0.01 0.00 0.00 0.00 0.01 0.00
65 0.01 0.03 0.02 0.03 0.01 0.03 0.00 0.02 0.02 0.03
70 0.01 0.03 0.02 0.03 0.01 0.03 0.00 0.02 0.02 0.03
75 0.03 0.04 0.03 0.04 0.04 0.04 0.02 0.03 0.04 0.04
80 0.05 0.03 0.07 0.04 0.04 0.04 0.04 0.03 0.07 0.04
85 0.09 0.01 0.11 0.01 0.04 0.04 0.08 0.01 0.12 0.01
90 0.14 0.03 0.16 0.04 0.07 0.03 0.13 0.03 0.17 0.04
0 0.39 0.38 0.43 0.43 0.43 0.42 0.37 036 0.45 0.44
5 038 0.37 0.41 0.41 0.41 0.40 0.35 034 0.43 0.42
10 032 031 036 036 0.36 035 0.30 029 038 0.37
15 025 0.24 0.27 027 0.27 0.26 0.23 021 028 0.28
20 0.15 0.15 0.17 0.17 0.17 0.16 0.14 0.13 0.18 0.18
25 0.05 0.06 0.06 0.08 0.06 0.07 0.04 0.05 0.06 0.08
30 0.04 0.01 0.04 0.00 0.05 0.00 0.04 0.01 0.04 0.00
35 0.13 0.05 0.13 0.05 0.14 0.05 0.12 0.05 0.14 0.05
40 0.19 0.06 0.20 0.06 0.20 0.06 0.17 0.06 021 0.06
022 0.04 0.24 0.04 0.24 0.04 0.20 0.04 025 0.04
50 0.23 0.00 025 0.01 0.25 0.01 0.21 0.00 026 0.01
55 022 0.05 0.24 0.07 0.24 0.06 0.20 0.04 024 0.07
60 0.18 0.11 0.20 0.13 0.20 0.12 0.17 0.09 021 0.13
65 0.14 0.15 0.15 0.17 0.15 0.16 0.12 0.13 0.15 0.16
70 0.08 0.16 0.10 0.19 0.10 0.18 0.08 0.15 0.10 0.19
75 0.03 0.15 0.04 0.17 0.04 0.17 0.03 0.14 0.05 0.18
80 0.01 0.12 0.00 0.13 0.00 0.13 0.01 0.11 0.00 0.14
85 0.03 0.06 0.03 0.07 0.03 0.07 0.03 0.06 0.03 0.08
90 0.04 0.00 0.04 0.00 0.04 0.00 0.04 0.00 0.04 0.00
0 041 0.39 0.45 0.49 0.44 0.49 0.39 0.43 0.44 045
5 0.39 035 0.41 0.40 0.40 0.40 0.34 032 039 0.39
10 0.36 0.32 0.37 036 0.37 0.38 0.32 029 036 0.37
15 032 0.23 034 030 0.33 031 0.28 021 033 0.30
20 028 0.15 0.30 0.19 0.30 0.20 0.25 0.12 031 0.19
25 0.20 0.10 021 0.11 0.20 0.11 0.17 0.08 020 0.10
30 0.12 0.05 0.15 0.06 0.15 0.07 0.10 0.04 0.14 0.07
35 0.07 0.02 0.08 0.04 0.09 0.04 0.06 0.00 0.07 0.03
40 0.07 0.00 0.06 0.01 0.06 0.01 0.07 0.01 0.08 0.01
0.08 0.00 0.04 0.01 0.05 0.01 0.07 0.01 0.09 0.01
50 0.07 0.00 0.02 0.00 0.02 0.01 0.07 0.01 0.08 0.01

55 0.07 0.00 0.01 0.00 0.01 0.00 0.07 0.00 0.08 0.00

60 0.07 0.00 0.01 0.00 0.01 0.00 0.07 0.00 0.08 0.00

65 0.07 0.00 0.01 0.00 0.01 0.00 0.07 0.00 0.08 0.00

70 0.07 0.00 0.02 0.00 0.02 0.01 0.07 0.01 0.08 0.01

75 0.08 0.00 0.04 0.01 0.05 0.01 0.07 0.01 0.09 0.01

80 0.07 0.00 0.06 0.01 0.06 0.01 0.07 0.01 0.08 0.01

85 0.07 0.02 0.08 0.04 0.09 0.04 0.06 0.00 0.07 0.03

90 0.12 0.05 0.15 0.06 0.15 0.07 0.10 0.04 0.14 0.07

, 0 0.43 0.39 0.47 0.44 0.48 0.43 0.40 036 0.49 0.46
5 0.43 0.39 0.47 0.44 0.47 0.42 0.39 033 0.48 0.45

RO-TriPh
F
b

RO-BiPhT
-
&

RO-TiiT
=
o
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20
25
30
35
40
45
50
55
60
65
70
75
80
85
90

0.41
0.38
034
031

0.20
0.15
0.09
0.04

0.07
0.11
0.15
0.19

024
0.25

0.37
0.35
032
0.30

022
0.18
0.14
0.11

0.04
0.02
0.00
0.01

0.01
0.00

0.45
0.42
038
033

023
0.17
0.11
0.05

0.07
0.12
0.16
0.20

026
0.27

0.42
0.40
037
033

026
021
0.17
0.13

0.06
0.04
0.01
0.00

0.00
0.01

0.45
0.42
0.38
0.33

023
0.16
0.10
0.04

0.07
0.12
0.17
021

0.26
0.28

0.41
0.39
036
032

0.25
0.21
0.16
0.12

0.06
0.03
0.01
0.00

0.00
0.00

0.37
0.35
0.31
0.28

0.19
0.14
0.08
0.03

0.06
0.10
0.14
0.17

0.22
0.23

034
032
0.30
027

020
0.16
0.12
0.09

0.03
0.01
0.01
0.02

0.02
0.01

0.46
0.43
039
034

023
0.17
0.11
0.05

0.07
0.12
0.17
021

026
0.28

0.44
0.41
0.38
0.34

0.27
0.22
0.18
0.14

0.07
0.04
0.02
0.01

0.00
0.01

Table 6S. Average values of electronic coupling for holes (|fuonol) and electrons ([fLumol), calculated

mobilities (using Aguer = 0 €V ) for hole and electron hopping motions, relative charge mobilities values

for hole and electrons (Prel+ and pg ') taking the hole and electron mobilities of RO-TriPh as reference

and the ration between hole and electron hopping mobilities (pref/ wrel ) calculated at CAM-B3LYP,

PWO1 and B2PLYP levels. Charge transfer integrals arc in ¢V, and hopping mobilities are in em? V! s,

[fronol 0] u oo Moot
CAM-B3LYP

RO-T1iPh 0.06 0.03 0.01 0.01 1.00 1.00
RO-BiPhT 0.09 0.07 0.01 0.00 0.98 0.03
RO-TuT 0.09 0.04 0.00 0.00 0.26 0.03

RO-TetraT 0.13 0.06 0.58 0.00 4234 0.04

PWol

RO-T1iPh 0.07 0.03 0.01 0.01 1.00 1.00
RO-BiPhT 0.08 0.06 0.05 0.00 4.83 0.06
RO-TiT 0.08 0.02 0.01 0.00 0.53 0.01

RO-TetraT 0.12 0.04 6.37 0.00 578.35 0.03

B2PLYP

RO-TriPh 0.08 0.03 0.01 0.02 1.00 1.00
RO-BiPhT 0.10 0.07 0.01 0.00 1.05 0.02
RO-TiT 0.10 0.02 0.00 0.00 0.31 0.00

RO-TetraT 0.15 0.07 13.24 0.00 1023.84 0.03

Table 78. HOMO — LUMO excitation energies (eV) calculated within the isolated molecule approxi-

mation along with experimental value for RO-TriPh.

Bandgap/ eV

TD- CAM-B3LYP/6-31G**

TD-B3LYP/6-31G**
TD-M06-2X/6-31G**

TD-PW91/6-31G**
TD-B2PLYP/6-31G**
Experimental *

3.28
3.49
3.68
2.98
3.64
3.7

 Taken from reference 23
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Figure 18. Evolution of relative energy vs. rotational angles between discs along staking axis of a dimer
at each essayed level.
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cls along with experimental values of RO-TriPh (taken from reference 23)
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Figure 38. AIP and AEA levels calculated at CAM-B3LYP, PW91 and B2PLYP levels.
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Figure 48. Evolution of ;f with Aguter for RO-TriPh at M06-2X/6-31G** level.
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Capitulo IV: Resultados

4.1. Discusion general de resultados

En la presente Tesis Doctoral se ha abordado el estudio tedrico de las
propiedades electronicas, estructurales y de transporte de carga para una serie de
semiconductores organicos m-conjugados, los cuales contienen anillos de tiofeno
como uno de los elementos principales de su estructura quimica. En este capitulo se
han mostrado los resultados obtenidos (en forma de articulos) en esta Tesis. A
continuacion, también agrupados en tres bloques, se recoge una breve discusion de

resultados.

BLOQUE I: Derivados del Politiofeno

Los sistemas basados en politiofeno presentan multitud de posibilidades a la
hora de obtener derivados con unas propiedades concretas. En el desarrollo de este
tipo de materiales, la incorporacion de grupos laterales (en la posicion 3 del anillo
de tiofeno) conlleva una mejora considerable de sus propiedades, entre las que cabe
destacar un aumento de su procesabilidad. Ademas, la incorporacion de estos
grupos laterales con propiedades estructurales y electronicas adecuadas podria
ayudarnos en la obtencion de semiconductores con propiedades mejoradas. Asi, el
principal objetivo de este primer bloque ha sido evaluar el efecto de las cadenas
laterales (concretamente alquilicas y alcoxilicas) sobre las propiedades de

transporte de carga (concretamente caracter tipo p) del politiofeno.

2,2’-Bitiofeno y sus derivados

Como una primera aproximacion (articulo I), centramos nuestra atencion
sobre el 2,2’-bitiofeno (BT) junto con sus derivados alquilicos y alcoxilicos
sustituidos en posicion 3 y 4’ (3,4°’ABT y 3,4’0OABT, respectivamente) donde la
variacion en la longitud de la cadena alquilica (-(CH,),-CH3)), con n entre 0 y 5,
permitié evaluar el efecto de la misma sobre las propiedades de interés. Todos los
célculos realizados se llevaron dentro de la aproximacion de la molécula aislada,

monitorizando la evaluacion de las propiedades tales como cambios en la
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geometria molecular, deslocalizacion electronica, bandgap Optico, inyeccion de

cargas positivas y energias de reorganizacion intramolecular.

Geometria molecular y barreras de rotacion. Los métodos usados para
optimizar la geometria del BT fueron MP2 y los funcionales B3LYP,
mPW91PW91, M05-2X y PBEO en combinacion con las bases 6-31G*, 6-31+G*,
6-311G** y 6-311+G**. La barrera rotacional se estudié usando éstos mismos
métodos junto con la base 6-31G*. Los derivados alquilicos y alcoxilicos so6lo se

optimizaron a nivel B3LYP usando las bases 6-31G* y 6-31+G*.

En el caso del BT, la geometria molecular optimizada a los distintos niveles
de calculo fue comparada con la experimental (difraccion de electrones en fase gas
y difraccion de rayos X). La molécula de BT muestra dos conférmeros en fase gas,
cis y trans. Las mayores diferencias entre los distintos métodos tedricos respecto a
los valores experimentales se obtienen en los angulos diedros inter-anillo para
ambos conférmeros, los cuales toman un valor medio alrededor de 36° y 154° para
las conformaciones cis y trans, respectivamente. Respecto a la barrera rotacional
entre anillos, ésta muestra la presencia de estos dos conférmeros, siendo el trans
mas estable con una diferencia de energia respecto al cis de ~2.9 KJ mol™ para los
métodos DFT y 2.1 KJ mol™ para MP2. La mayor estabilidad del conformero trans
es atribuida a un impedimento estérico entre atomos de azufre en la conformacion

cis.

Antes de optimizar la estructura de los derivados alquilicos y alcoxilicos, se
analiz6 la influencia de cada sustituyente sobre la orientacién relativa del otro,
obteniéndose diferentes barreras rotacionales entre los distintos sustituyentes. Los
principales cambios geométricos entre el BT y los derivados 3,4’ABT y 3,4’A0OBT
se observan en la planaridad entre anillos. Los derivados alquilicos/alcoxilicos
conllevan un aumento/disminucién de la planaridad entre anillos, lo cual esta en
concordancia con el incremento/disminucion del caracter de doble enlace para el

enlace entre anillos (evaluado a través de la distancia de enlace). Los derivados
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alcoxilicos presentan angulos diedros inter-anillo proximos a 180°. Esta
disminucion de planaridad para los derivados alquilicos se debe, en parte, a un
impedimento estérico entre la cadena alquilica en posicion 3 y el atomo de azufre.
Sin embargo, en el caso de los derivados alcoxilicos, el efecto inductivo del grupo
alcoxi favorece la deslocalizacion electronica del sistema, aumentando la
planaridad del mismo a pesar del impedimento estérico. Respecto a la influencia de
la longitud de la cadena lateral sobre la geometria molecular, todos los parametros
permanecen constantes (o con pequefas variaciones) a partir de n=1. Referente a la
barrera rotacional entre anillos, la diferencia de energia entre conférmeros

aumenta/disminuye para los derivados alquilicos/alcoxilicos.

El efecto de los distintos sustituyentes sobre la planaridad de la molécula se
estudi6 mediante la variacion de la distancia del enlace entre anillos (distancia
enlace simple C-C 1.54 A, y distancia enlace doble C=C 1.33 A), la variacion en su
densidad electronica (a partir de calculos AIM) y la transferencia de carga entre
anillos (mediante la teoria NBO), obteniéndose que los derivados
alquilicos/alcoxilicos muestran un aumento/disminucion en la distancia del enlace
inter-anillo, una disminucién/aumento de la densidad electronica y transferencia de
carga entre anillos respecto al BT. Todo ello seria coherente con el aumento de
planaridad obtenido para los derivados alcoxilicos. Este aumento de planaridad
también podria atribuirse a la interaccion entre el oxigeno de la cadena en posicion
3 y el atomo de S. Dicha interaccion se evalué a través de la teoria AIM,
obteniéndose nuevamente que la longitud de la cadena lateral no afecta de forma

considerable a las propiedades analizadas.

Bandgap Optico. Mediante calculos TD-DFT utilizando los funcionales
anteriormente mencionados (B3LYP para los compuestos sustituidos) en
combinacion con las bases 6-31G* y 6-31+G*, se obtuvo el bandgap Ooptico,
observandose diferencias entre 0.05 y 0.12 eV entre ambas bases. La presencia de
las cadenas alquilicas/alcoxilicas conlleva un aumento/disminucion de 0.21/0.46

eV (a nivel B3LYP-6-31+G*) en el bandgap, lo cual podria relacionarse con la
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disminucidon/aumento en la planaridad del sistema. Al igual que los parametros
moleculares, los valores calculados de bandgaps permanecen constantes a partir de

n=1y n=0 para los derivados alquilico y alcoxilico, respectivamente.

Inyeccidn de carga: potenciales de ionizacion y energias de reorganizacion
intramolecular. Las geometrias cationicas se optimizaron empleando los
funcionales anteriormente indicados con la base 6-31+G*. Los principales cambios
en la geometria molecular debidos al impacto de la inyeccidon de carga se observan
en la planaridad de los compuestos. Asi, las formas catidonicas para el BT y el
3,4’ABT presentan angulos diedros entre anillos proximos a 180°. En todos los
casos se produce un aumento del caracter de doble enlace entre anillos (disminuye
su distancia inter-enlace). En los derivados alcoxilicos también se observa una
disminucion en la distancia del enlace C-O para la cadena alquilica en posicion 3,
lo cual estaria relacionado con el caracter electron-donador del oxigeno,
concediéndole cierto caracter de doble enlace. Este efecto electron-donador del
atomo de oxigeno se hace mas notable en el forma cationica del derivado

alcoxilico, para compensar la pérdida de un electron.

Las cadenas alcoxilicas reducen el potencial de ionizaciéon (IP) en mayor
medida que las cadenas alquilicas. En el caso de los derivados alquilicos, la
disminucion del IP es debida solamente al efecto inductivo del sustituyente, el cual
tiene efecto a lo largo de 2-3 enlaces, asi el metil derivado presenta valores mas
cercanos al BT. En el caso de los derivados alcoxilicos, estos presentan una mayor
disminucion del IP debido al efecto electron-donador del 4tomo de oxigeno y el
efecto inductivo de la cadena hidrocarbonada. En las referente a las energias de
reorganizacion, los mayores cambios se obtienen para los compuestos alquilicos,
los cuales conllevan un aumento en la energia de reorganizacion respecto al BT.
Este efecto podria relacionarse con un mayor cambio en el angulo diedro entre las
especias neutras y catidnicas para los derivados alquilicos. Una vez mas, la
longitud de la cadena lateral ejerce poca influencia sobre las propiedades

analizadas.
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Transporte de carga y propiedades electrénicas en derivados del politiofeno
Puesto que las propiedades mas importantes dependen, en parte, de las
conformaciones individuales de las cadenas poliméricas y de su estructura
tridimensional, el siguiente paso en este estudio fue caracterizar los efectos de las
cadenas alquilicas y alcoxilicas en los derivados del politiofeno sobre la estructura
cristalina, la estructura electronica y las propiedades de transporte de carga
(articulo II). Para ellos, se han seleccionado los polimeros regio-regulares cabeza-
cola poli(3-hexil-tiofeno) (P3HT) y poli(3-oxihexil-tiofeno) (P3OHT). En este
caso, todos los calculos se realizaron mediante el programa SIESTA, empleando el

funcional PBE junto con la base DZP.

Estructura cristalina. El primer paso fue la optimizacion de las estructuras
cristalinas para ambos polimeros. Hasta donde sabemos, solo existen datos
experimentales para el P3HT, el cual presenta una celdilla unidad ortorréombica
caracterizada por tres vectores coincidentes con las direcciones interplanares, 7-
stacking y del backbone (ejes a, b y ¢, respectivamente). Para el P3OHT se adoptd
una configuracion de partida similar. Las mayores diferencias entre los parametros
de celdilla unidad experimentales y teodricos se obtuvieron para el eje b,
relacionado con la distancia m-stacking entre cadenas, lo cual puede deberse en
parte a que los calculos DFT no consideran el sustrato sobre el que se deposita el
sistema, el cual puede influir en la orientacion de las distintas cadenas poliméricas.
Esta distancia m-stacking esta relacionada con el diedro formado entre la cadena
lateral y el backbone. Por lo tanto, los mayores valores para esta distancia se
obtendrian para angulos diedros de 90°, que es el valor experimental encontrado
para otros derivados alquilicos del politiofeno. En este trabajo, obtenemos un
angulo diedro de ~102° para el P3HT, asi la diferencia entre los valores
experimentales y tedricos para el eje b, también podria deberse a la diferencia entre
el angulo diedro experimental y el calculado. Para el P3OHT, se produce un
incremento en el eje a. Dicho eje es mayor para el caso del P3OHT, ya que la

cadena lateral (paralela al eje a) presenta un atomo mas. Ademas, las cadenas
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alcoxilicas son coplanares con el backbone, lo cual permite un acercamiento entre
las distintas cadenas (una disminucién del eje b). Al igual que en articulo I, hemos
analizado el angulo diedro y la distancia entre anillos. En estado so6lido, ambos
backbones son practicamente planos, permitiendo que la deslocalizacion
electronica supere los impedimentos estéricos entre las cadenas laterales y el
azufre. Respecto a la distancia inter-anillo, este presenta un mayor caracter de
doble enlace (menor longitud de enlace), lo cual explica que para el P3OHT el eje ¢
sea menor. Al igual que en el caso de los derivados del bitiofeno, el enlace entre el
anillo de tiofeno y la cadena alcoxilica (enlace C-O) tiene cierto caracter de doble

enlace, debido al efecto electron donador del oxigeno.

Estructura electrénica. Los cambios en la estructura electronica se
analizaron a través de la estructura de bandas (anchura de bandas, masas efectivas,
bandgap), densidad de estados y poblaciones de solapamiento cristal orbital. La
menor distancia entre cadenas en el P3OHT, hace que este presente mayores
anchuras de banda (para ambas bandas, de valencia y de conduccion) respecto al
P3HT a lo largo de la direccion /'—.X (coincidente con la direccion w-stacking).
Estas mayores anchuras de banda para el P3OHT provocan que también presente
un menor bandgap (calculado como la diferencia de energia HOMO-LUMO en el
punto I'). En el caso del P3HT, tras aplicar un factor de correccion, se obtuvieron
valores cercanos a los valores experimentales. Gracias a las densidades de estado
parciales, pudimos observar que la disminucion en el bandgap para el P3OHT se
debia a que los orbitales p de los atomos de oxigeno contribuian a la energia de los
niveles HOMO/LUMO provocando su desestabilizacidon/estabilizacion. Las COOP
nos permitieron analizar el caracter enlazante o antienlazante de las distintas
bandas. A partir de las estructuras de bandas, obtuvimos las masas efectivas, que
se emplearon como un indicador de la movilidad mediante hopping. Puesto que se
trata de semiconductores tipo p, y la conduccion de la carga es intra-cadena, la
masa efectiva se calculd para la banda de valencia (HOMO) a lo largo de la

direccion /'—X. El derivado alquilico presenta mayores masas efectivas, lo cual
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indica que la movilidad por hopping estd mas favorecida para el derivado

alcoxilico.

Propiedades de transporte de carga. Como era de esperar, tanto el IP como
la A; mejoran al aumentar el tamafo del backbone. Al igual que en el articulo I, el
derivado alcoxilico (P30OHT) presenta menores IPs, debido al caracter electron-
donor del grupo alcoxi. Sin embargo, IPs muy bajos podrian originar un dopado no
intencionado, provocando radios ON/OFF muy bajos e inestabilidad ambiental. Por
ello, es conveniente evitar este efecto, lo cual se puede hacer disminuyendo la
anchura de la capa activa de material en el dispositivo o incorporando grupos con

caracter electron atrayente, lo que aumentaria el IP.

Para las A; se obtuvieron valores similares para ambos compuestos. La
integral de transferencia de carga se calculd mediante la aproximacion del splitting
para un cluster de dos cadenas extraidas de la estructura cristalina. Como era de
esperar, el P3OHT presenta mayores integrales de transferencia de carga, debido a
su menor distancia entre cadenas. A continuacion, se calculé la movilidad para los
huecos. Para obtener valores de movilidad cercanos a los experimentales (0.10 cm?
V! s') para el P3HT, fue necesario considerar el efecto de la energia de
reorganizacion del medio. Asi se calcularon valores de movilidad de 0.15 cm® V!
s (valor experimental 0.10 cm”> V' s)y 0.49 cm® V' ! para el P3HT y P3OHT,

respectivamente.

En resumen, el derivado alcoxilico del politiofeno, P3OHT, presenta unas
propiedades electrénicas y de transporte de carga mejoradas respecto al derivado
alquilico, lo cual podria ser de interés en el desarrollo de nuevos dispositivos

electronicos basados en poli(alcoxi-tiofeno).

BLOQUE II: Poli(Ariletinil-tienoacenos)

Como se dijo en la introduccion, la mayoria de las moléculas organicas n-

conjugadas tradicionalmente se han utilizado como semiconductores tipo p,
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mientras que en el desarrollo de materiales tipo n podemos encontrar diversos
problemas, entre los que cabe destacar bajos niveles de energia LUMO y bajas
afinidades electronicas, lo cual dificulta el proceso de inyeccion de carga desde el
electrodo de trabajo y aumenta su inestabilidad ambiental. En este segundo bloque,
nosotros hemos centrado nuestro interés en los poliariletinilenos (PAE).
Concretamente se han estudiado aquellos PAE formados por diferentes unidades
arilo (Ar: benceno=Ph, naftaleno=Np, antraceno=An y pireno=Py) unidos mediante
un grupo etinilo a unidades de tienoaceno, que contenian entre uno y cuatro anillos
de tiofeno fusionados: ArEtTs-;4. Concretamente, los sistemas PhEtT,-;4 se
estudiaron como precursores de materiales semiconductores tipo » (articulos III y
IV, dedicados a los monémeros y oligdmeros, respectivamente) y la familia

completa ArEtTy-; 4 como precursores de sistemas ambipolares (articulo V).

Todos los célculos se realizaron con Gaussian y SIESTA. El codigo SIESTA
se empled para las optimizaciones de las estructuras tridimensionales de los
diversos polimeros ArEtT,-;.4, empleando el funcional PBE junto con la base DZP.
El programa Gaussian se usé para los restantes calculos, en los que se emplearon
diversos métodos: MP2 (articulo III), B3LYP (articulos III, IV y V), PBEO y M05-
2X (articulos Il y IV), CAM-B3LYP (articulos IV y V) y M06-2X (articulo V).

Geometria molecular y bandgap 6ptico para fenil(etinil-tienoacenos)
Geometria molecular. De los diversos sistemas estudiados en este bloque,
solo se conocia la geometria experimental (a partir de datos de difraccion de rayos
X) para el mondémero de PhEtT;, cuyas geometrias se optimizaron combinando los
métodos empleados anteriormente con las bases 6-31G*, 6-31+G*, 6-311G** y 6-
31+G**, Comparando dichas geometrias tedricas con la experimental, se observa
que los calculos DFT predicen los peores resultados. Debido al elevado coste
computacional asociado al tamafio de los sistemas, solo fue posible el uso de bases
con funciones difusas (concretamente 6-31+G*) para el calculo de propiedades
como bandgap Optico, energia del orbital LUMO, afinidades electronicas o

energias de reorganizacion en el articulo III, si bien en el articulo IV pudimos
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comprobar que la influencia de la base (6-31+G* o 6-31G*) en el valor de estas
propiedades era insignificante, y que ademas disminuia al aumentar el tamafio de la

cadena polimérica. Asi, la base 6-31G* fue la empleada en los articulos IV y V.

Para los monomeros PhEtTy-;4 (articulo III) se analizaron las barreras
rotacionales entre las subunidades Ph y tienoaceno a nivel B3LYP/6-31G*; para
PhEtT, también se emple6 MP2/6-31G*. A nivel B3LYP/6-31G* se obtuvieron
barreras torsionales alrededor de 1.0 kcal mol™', mientras que MP2/6-31G* predijo
valores alrededor de 0.7 kcal mol™. Las diferencias entre ambos métodos podrian
deberse a una sobreestimacion de la aromaticidad en los métodos DFT. Estos
perfiles rotacionales se analizaron también mediante calculos AIM y NBO. La
teoria AIM también se empled en el articulo IV para estudiar el efecto del tamafio
del backbone sobre la aromaticidad del sistema. Para ello a nivel B3LYP/6-31G*,
se analizaron los puntos criticos de enlace (concretamente se calcularon las
densidades electronicas de enlace y sus laplacianas) para los enlaces entre el grupo
etinilo y las subunidades Ph y Ty-;4 y para el triple enlace el grupo etinilo. Ademas
se recurrio al calculo de la alternancia en la longitud de enlace, (BLA, Bond Lenght
Alternation), definida como la diferencia entre la media aritmética de los enlaces
sencillos (enlaces entre el grupo etinilo y las subunidades Ph y Ty-14) y el triple
enlace, como un parametro mas para la evaluacion de la aromaticidad del sistema.
Como era de esperar, del estudio de los perfiles rotacionales se obtuvo que las
formas totalmente planas son las que permiten una mayor deslocalizacion
electronica a lo largo del sistema. Para los oligobmeros de distinta longitud y
polimeros infinitos, la deslocalizacion electronica aumenta con la longitud de la
cadena, aunque dichas propiedades se encuentran saturadas a partir de los
pentameros. El niimero de anillos de tiofeno no afectaba de forma significativa a la
aromaticidad, aunque como veremos a continuacion, éste si influye en aquellas

propiedades relacionadas con el transporte de carga.

Bandgap optico. El bandgap oOptico se obtuvo mediante la teoria TD-DFT
(sistemas PhEtTy- 4, articulos Il y IV). Como se dijo, la base 6-31+G* solo se
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empleo en el caso de los mondmeros, si bien apenas se obtienen diferencias cuando
los resultados se comparan con los obtenidos con la base 6-31G*. Hasta donde
sabemos, solo se conocen valores experimentales de bandgap para el mondémero
del PhEtT, (3.54 eV en CHCI;). Para dicho compuesto, el valor experimental del
bandgap se sitiia entre los valores teoricos obtenidos por B3LYP y PBEO (limite
inferior) y M05-2X y CAM-B3LYP (limite superior), siendo CAM-B3LYP el que
proporciona un mejor acuerdo con el valor experimental con un error relativo del
3% aproximadamente. El valor del bandgap para el polimero infinito mediante la
ecuacion de Meier. Como era de esperar, el valor del bandgap disminuye al
aumentar el tamafio del backbone. Para un mismo método, el valor del bandgap
entre los distintos compuestos llega a ser similar para el polimero infinito. El
incremento en el nimero de anillos de tiofeno en la unidad de tienoaceno produce
leves disminuciones del bandgap. Asi, por ejemplo, a nivel B3LYP/6-31G*, para
las parejas PhEtT;/PhEtT, y PhEtT,/PhEtT; se obtienen disminuciones en el valor
del bandgap de 0.05 eV y 0.03 eV, mientras que para la pareja PhEtT;/PhEtT, solo

se obtiene una disminucion de 0.01 eV.

Propiedades transporte de carga en poli(aril-etiniltienoacenos)

Como ya se dijo, para los compuestos PhEtT,—;4 se evaluaron aquellas
propiedades relacionadas con el transporte de carga (inyeccion de carga y
movilidad de los portadores de carga) relacionadas con el transporte de electrones,
mientras que para el conjunto total ArEtT,-;4 se evaluaron dichas propiedades
para huecos y electrones, para obtener informacion acerca de su idoneidad como
precursores de materiales ambipolares. En ambos casos, las energias de
reorganizacion intramoleculares, EAs e IPs de los polimeros de cadena infinita se
obtuvieron ajustando el valor de dichas propiedades para los n-meros a la ecuacion
de Meier. Como ocurria en el bloque I, el valor de dichas propiedades mejora con
la longitud de la cadena. En el articulo III, todos los célculos se realizaron dentro
de la aproximacion de la molécula aislada, asi que no pudimos obtener informacion

acerca de la integral de transferencia de carga. En los articulos IV y V, las
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integrales de transferencia de carga se evaluaron a través del splitting. En el
articulo IV se construyeron clisteres moleculares para los distintos sistemas
PhEtT,-,4 formados por dos oligdmeros neutros (concretamente dos trimeros) y se
estudio el efecto del desplazamiento a lo largo de los ejes moleculares y de la
distancia m-stacking entre ambas cadenas. Para ArEtT,-,4, se obtuvieron clisteres
moleculares de dos cadenas infinitas y apiladas con la misma conformacion que en

la estructura cristalina (previamente optimizada con el cédigo SIESTA).

Fenil(etiniltienoacenos) como semiconductores tipo n. Respecto al caracter
tipo n para PhEtT,- 4 (articulos III y IV), se obtuvo que este aumentaba con el
numero de anillos de tiofeno de la unidad de tienoaceno. Para los oligébmeros, las
especies cargadas solo se optimizaron a nivel B3LYP/6-31G*. En todos los casos
(a nivel B3LYP/6-31G*) la diferencia de energia entre el nivel LUMO vy la funcién
de trabajo para electrodos como el Sm o el Ca fue menor a 0.3 eV, lo cual hace
posible un contacto 6hmico permitiendo la inyeccion de electrones desde éstos. Las
EAs presentan una tendencia similar a la energia de los orbitales LUMO.
Desafortunadamente, los valores de EA estan lejos de 3.0 eV. El nimero de anillos
de tiofeno provoca una disminucion/aumento en la energia de los orbitales
LUMOV/EAs, facilitando asi la inyeccion de electrones. Para los polimeros infinitos,
se observa que los efectos debido al numero de anillos de tiofeno fusionados son
menores a medida que aumenta la longitud del backbone, y el nimero de los

mismos.

Respecto a A;, se obtuvieron valores entre 21-56 meV, que son menores que
las encontradas en literatura para otros compuestos tipo » como fluoro-derivados
del oligotiofeno (A; = 0.22 — 0.34 eV) y derivados del pentaceno (A; = 0.13 eV).
Como ya se dijo, en el articulo IV se construyeron clusteres moleculares formados
por dos trimeros y se analiz6 el efecto de la distancia entre ambas cadenas y de los
desplazamientos a lo largo de los ejes moleculares sobre |¢| para un caracter tipo 7.
Los mayores |f| se obtienen para configuraciones totalmente cofaciales (poco

frecuentes en las estructuras cristalinas). Estos valores maximos para [f| oscilan
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entre 0.10 eV y 0.16 ¢V y son mayores que los obtenidos para compuestos modelo
como fluoro-derivados del oligotiofeno (|¢| = 0.06 eV). Los compuestos con mayor
linealidad (PhEtT,—,4) muestran mayores |f| y presentan una evolucion distinta a
PhEtT- ; El aumento de la distancia entre cadenas y cualquier desplazamiento a lo
largo de los ejes moleculares (lo cual supone una desviacion de la situacion
cofacial) provoca que se obtengan menores |f. De forma general, para
configuraciones no cofaciales, se obtienen mayores valores de |f| en aquellos casos

donde las unidades de tienoaceno se encuentran solapadas.

En resumen los compuestos PhEtT,-;4, han proporcionado valores para la
inyeccion de carga, energias de reorganizacion intramolecular e integrales de
transferencia de carga para electrones, que los hacen adecuados para considerarlos

como precursores de semiconductores tipo 7.

Aril(etiniltienoacenos) como  semiconductores  ambipolares. Los
compuestos ArEtT,-;4 fueron estudiados como precursores de materiales
ambipolares, para lo cual se emplearon los funcionales B3LYP, CAM-B3LYP y
MO06-2X en combinacion con la base 6-31G* y donde las estructuras de los
cristales tridimensionales se optimizaron a nivel a nivel PBE/DZP (mediante el
codigo SIESTA). En este caso, todas las propiedades de transporte de carga se
compararon con las obtenidas para el P3HT empleando los mismos niveles de
calculo. Respecto al efecto de las unidades de Ty y Ar, las energias HOMO/LUMO
aumentan/disminuyen con el tamafio de ambas subunidades, estando, en general,
las energias LUMO mas afectadas por el tamafo de la unidad Ar. Las EAs e IPs
presentan una evolucion similar a la energia de los orbitales LUMO y HOMO. El
P3HT presenta valores de energia HOMO iddéneos para permitir una inyeccion de
huecos a través de un contacto 6hmico de anodos como el ITO. La mayoria de los
compuestos ArEtTs-;4 tienen energias HOMO similares a la del P3HT, por lo que
también permitirian la inyeccion de huecos desde un anodo de ITO. Respecto a la
inyeccion de electrones, el P3HT presenta valores de energia LUMO muy elevados

para cualquier catodo de los comiinmente empleados. Los polimeros ArEtTy-4
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muestran valores de energias LUMO menores que el P3HT, facilitando asi la
inyeccion de electrones. Para electrodos como el Sm o el Ca, los polimeros
ArEtT,-|4 presentan diferencias de energia menores a 0.3 eV entre la energia del
orbital LUMO vy la funcién de trabajo de dichos electrodos, permitiéndose asi un
contacto 6hmico. Sin embargo para que un compuesto presente comportamiento
ambipolar, debe permitir la inyeccidén de huecos y electrones desde un electrodo de
oro. Desafortunadamente ningun de los polimeros ArEtT,-;4 posee valores de
energia LUMO para permitir la inyeccidon de electrones desde un electro de oro.
Ademas, estos compuestos presentan EAs lejanas a 3.0 e IPs elevados, lo cual

podria originar inestabilidad ambiental.

Los valores de A; disminuyen con el tamaiio de la cadena, y con el tamafio de
las unidades de tienoaceno (ésta tendencia ya se observo en los articulos Il y IV) y
Ar, aunque el nimero de anillos de tiofeno muestra un mayor efecto sobre los
valores de A; A pesar del efecto de ambas unidades, dentro de un mismo método,
todos los sistemas tienden a proporcionar valores de energias de reorganizacion
intramolecular muy préximas entre si. Respecto a |¢, la tendencia general es que los
valores obtenidos para electrones y huecos son similares con algunas excepciones
como por ejemplo AnEtT; o PhEtT;, los cuales presentan mayores valores para
huecos. Los mayores valores de |¢| se obtienen para ArEtT; (Ar = Ph and Np). A
continuacion se calcularon los valores de movilidad mediante hopping, los cuales
se compararon con los obtenidos para el P3HT (cuyo valor experimental de
movilidad para huecos es conocido). En general, ArEtT, (Ar = Ph, Np, An, Py),
ArEtT; (Ar = Ph, Np) y ArEtT, (Ar = Ph, Np, An) presentan mejores movilidades
para huecos en comparacion con el P3HT. El P3HT proporciona movilidades para
electrones muy elevadas (aunque se utiliza como material tipo p debido su elevada
energia del nivel LUMO), lo cual hace que todos los polimeros ArEtTy-;4
presenten valores de movilidad para electrones muy pequefios en comparacion con
el P3HT. Ademas, también hemos evaluado la ratio entre movilidades para huecos

y electrones. Asi por ejemplo, compuestos como PyEtT,—;4 y AnEtT, presentan
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ratios entre huecos y electrones proximos a 1.0, lo cual es indicativo de un buen

balance entre movilidades para huecos y electrones.

Hacia la obtencion de semiconductores ambipolares con altas movilidades
de carga basados en Poli(ariletinil-tienoacenos). De entre los polimeros ArEtT,-;.
4 podemos encontrar sistemas que podrian comportarse como semiconductores tipo
p y/o tipo n, pero no un comportamiento ambipolar, ya que la elevada energia de
sus orbitales LUMO imposibilita la inyeccion de electrones desde un electrodo de
Au. Con el fin de obtener compuestos ambipolares, los sistemas con mayores
movilidades de carga y ratios entre movilidades proximos a 1.0, ArEtT; (Ar = Ph,
Np), se funcionalizaron con grupos electron-atrayentes (F y CN), lo cual
disminuiria la energia del orbital LUMO facilitando asi la inyeccion de electrones
desde un electrodo de Au. Puesto que para los compuestos ArEtT,-;.4 se obtuvieron
resultados similares independientemente del método, los compuestos resultantes
solo se estudiaron a nivel B3LYP/6-31G*. Dichas funcionalizaciones produjeron
pequetios cambios en los valores de A; y |¢, por lo que todos los nuevos compuestos
seguian presentando ratios entre movilidades proximas a la unidad. Como era de
esperar, los mayores cambios se obtuvieron en las energias de los orbitales HOMO
y LUMO y EAs e IPs. En la mayoria de los compuestos funcionalizados, las
diferencias de energia entre los orbitales HOMO y LUMO vy el nivel de Fermi del
electrodo de Au resultaron ser similares. Esto permitiria la inyeccion de huecos y
electrones desde el mismo electrodo (Au) mediante un mecanismo tipo Schotty.
Ademas, la incorporacion de estos grupos electron-atrayente permite que los
valores de EAs se acerquen mas a 3.0 eV y que no se obtengan IPs tan elevados
con respecto a los compuestos originales, lo que aumentaria la estabilidad

ambiental.

Cuando estudiamos propiedades relacionadas con el impacto de la inyeccion
de carga sobre la geometria molecular (A;, IP, EAs, HOMO, LUMO), se observa
que todas ellas mejoran conforme aumenta el nimero de anillos de tiofeno. En los

articulos IIl y IV, se mostraron las diferencias en las longitudes de enlace entre las
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especies anidnicas y neutras para los monomeros y trimeros, respectivamente,
mientras que el articulo V presentaba dichas diferencias para las especies neutras y
cargadas (catidnicas y anionicas) para los monomeros de ArEtTy—;4. En el articulo
111, ademaés se calcularon las barreras rotacionales entre las unidades Ph y T para
las especies anionicas y la diferencias en las cargas NBO. Todo ello se abordd a
nivel B3LYP/6-31G*. En todos los casos podemos concluir que la mejora en las
propiedades de transporte de carga con el nimero de anillos de tiofeno, podria
deberse, en parte, a que los atomos de azufre tienden a acumular la mayor parte del
exceso de carga en el sistema (positiva o negativa). Hay que indicar que, en menor
medida, este exceso de carga también se localiza en los alrededores del grupo

etinilo.

BLOQUE IlI: Sistemas Discéticos basados en Tiofeno

Los sistemas discoticos tienen la propiedad de autoensamblarse mediante
interacciones m-stacking entre sus nucleos aromaticos, mientras que las cadenas
laterales ocupan el espacio intercolumna, actuando como aislantes entre las
distintas columnas. Por ello, estos sistemas presentan un transporte de carga
unidireccional a lo largo del eje de apilamiento, el cual depende principalmente de

las interacciones 7 entre moléculas.

En este ultimo bloque (articulo VI), los principales parametros que controlan
las propiedades de transporte de carga (para huecos y electrones) a nivel molecular
han sido estudiados para una serie de sistemas discoticos con 2, 3 6 4 anillos de
tiofeno en su mnucleo aromatico (RO-BiPhT, RO-TritT y RO-TetraT,
respectivamente) mediante calculos semiempiricos y DFT. Todas las propiedades
estudiadas fueron comparadas con las obtenidas para el derivado alcoxilico del
trifenileno (RO-TriPh), el cual puede considerarse como un sistema de referencia,
y para el cual se conocen experimentalmente gran niimero de las propiedades
estudiadas. Aunque solo estamos interesados en el efecto de los distintos nicleos

aromaticos seleccionados, las cadenas laterales también han sido consideradas en
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este estudio, ya que éstas pueden influir en las interacciones m-entre anillos y, por

tanto, en el transporte de carga.

Respecto a la metodologia teodrica, el método semiempirico PM6 fue
seleccionado para la optimizacion de los clusteres de sistemas discoticos, puesto
que este método describe adecuadamente las interacciones no covalentes. El resto
de los calculos se realizaron a nivel DFT junto con la base 6-31G**. Los
funcionales empleados fueron: i) B3LYP, puesto que este método junto con la base
6-31G** proporciona valores teoéricos de energia de reorganizacion en
concordancia con los valores experimentales; ii) PW91, que aporta valores
aceptables para las integrales de transferencia de carga; iii) M06-2X que es
recomendado para estudiar interacciones tipo 7-stacking entre moléculas
aromaticas; por ultimo iv) CAM-B3LYP y v) B2-PLYP se emplearon como
funcionales de largo rango y doble-hibrido, respectivamente. De todos los
funcionales empleados, solo M06-2X proporciond valores de movilidad para el
RO-TriPh en concordancia con los valores experimentales. Todos los calculos se

realizaron con la suite Gaussian09 Revision A02.

Organizacion dentro de las columnas. Puesto que la organizacion dentro de
las columnas puede influir en las propiedades de transporte de carga, el primer paso
fue obtener informacion sobre dicha organizacion (principalmente sobre distancia
de apilamiento y angulo azimutal entre discos). A partir de la optimizacion de un
cluster de seis moléculas, se obtuvieron los valores 6ptimos para la distancia 7-
stacking y el angulo azimutal entre discos. En el caso del derivado del RO-TriPh,
se obtuvieron valores tedricos en concordancia con los experimentales. Para el
resto de compuestos, las distancias m-stacking aumentan con el nimero de anillos
de tiofeno. A continuacion, fijando la distancia n-stacking al valor previamente
optimizado, se estudi6 la evolucion de la energia en funcion del angulo azimutal
para clasteres formados por dos moléculas. Nuevamente, para el RO-TriPh se
obtuvieron valores tedricos en concordancia con los experimentales, es decir,

angulos azimutales tedricos proximos al valor experimental eran los que menor
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energia proporcionaban. En todos los casos las configuraciones cara-cara son las
menos estables, aumentando la diferencia de energia entre la disposicion Optima y

la configuracion cara-cara con el nimero de anillos de tiofeno.

Inyeccion de carga. En lo concerniente a la inyeccion de carga, es conocido
que los derivados del trifenileno no son buenos conductores tipo n ya que presentan
niveles de energia LUMO muy elevados respecto a las funciones de trabajo de los
electrodos convencionales para inyectar electrones (Mg, Ca o Al). Para el resto de
los compuestos, también se obtuvieron niveles de energia LUMO muy altos para
permitir una facil inyeccion de electrones. Por otro lado, RO-TriPh presenta una
energia HOMO cercana a la funcion de trabajo del anodo ITO, permitiendo la
inyeccion de huecos. Puesto que para permitir un contacto 6hmico las diferencias
de energia entre el nivel HOMO vy la funcién de trabajo deben ser > 0.3 eV, la
inyeccion de electrones solo seria posible para el RO-TriT (AE = 0.1 eV) y el RO-
TetraT (AE = 0.3 eV). Respecto a EAs/IPs, todos los sistemas con anillos de
tiofeno presentan mayores/menores valores respecto a aquellas obtenidas para el
RO-TriPh, lo cual podria hacernos pensar en una inyeccion de electrones/huecos
mas favorecida. Sin embargo, las EAs estan muy alejadas del rango necesario para
permitir una facil inyeccion de electrones y estabilidad ambiental (3.0 eV — 4.0

eV).

Movilidad de la carga. En general, todos los compuestos presentaban
mayores energias de reorganizacion intramoleculares para electrones. Los menores
valores de A; para huecos se obtuvieron para RO-TetraT y el RO-BiPhT. La integral
de transferencia de carga, se evalud para dimeros formados por dos moléculas
teniendo en cuenta la influencia del éangulo azimutal. Los acoplamientos
electronicos para los huecos resultaron ser siempre mayores que los obtenidos para
los electrones. Ademas, en el caso del transporte de huecos, ¢ aumenta con el
numero de anillos de tiofeno, siendo RO-TetraT el que mayor ¢ presenta. Una vez

conocidos ambos parametros, se calculd la constante de transferencia de carga y la
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movilidad de los portadores de carga para todos los compuestos. Al igual que en el
bloque I, fue necesario tener en cuenta la energia de reorganizacion del medio para
obtener valores de movilidad en concordancia con los datos experimentales. En
todos los casos las movilidades para electrones fueron mucho menores (cercanas a
cero) que la movilidad para huecos. Entre los compuestos estudiados, s6lo RO-
TetraT mostré un aumento considerable en la movilidad de huecos respecto al RO-

TriPh.

Segun todos estos resultados, el aumento en la movilidad de huecos para el
RO-TetraT se debe, en parte, a que este compuesto presenta los menores/mayores
valores de energia de reorganizacion intramolecular/integral de acoplamiento
electronico para huecos. Ambos efectos son capaces de compensar que este

compuesto tuviera una mayor distancia inter-disco.
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*“La ciencia no es mas que un refinamiento del pensamiento cotidiano™
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Capitulo V: Conclusiones

En la presente Tesis Doctoral se ha abordado el estudio tedrico de las

propiedades electronicas, estructurales y de transporte de carga para una serie de

semiconductores organicos m-conjugados, los cuales contienen anillos de tiofeno

como uno de los elementos principales de su estructura quimica. La aplicacion de

los métodos tedricos nos ha permitido racionalizar, en parte, las propiedades

estructurales y de transporte de carga de las distintas familias de compuestos

estudiadas. A continuacion se sefialan algunos de los resultados més relevantes

obtenidos para los diversos sistemas.

BLOQUE I: Derivados del Politiofeno

En el articulo I se estudiaron diversas propiedades en funcion de la
longitud de la cadena lateral, observandose que los parametros estudiados
permanecen constantes para cadenas alquilicas a partir de longitudes
superiores a dos (etil) o tres (propil) atomos de carbono, siendo las
diferencias entre metilo y etilo muy pequenas. Esto es debido al efecto
inductivo que solo tiene alcance a lo largo de dos o tres enlaces C-C. Sin
embargo, en el caso de las cadenas alcoxilicas, debido al efecto electron-
donante del oxigeno, se observaba una saturacion en las propiedades ya
desde el oximetil derivado.

Los derivados con cadenas alquilicas y alcoxilicas presentan energias de
reorganizacion similares, sin embargo estos Ultimos muestran mayores
acoplamientos electronicos, lo cual permite obtener mayores movilidades
para el P3OHT. Ademas el P3OHT también presenta menores potenciales
de ionizacion con respecto al P3HT.

A partir de los trabajos presentados en este bloque, podemos concluir que
las cadenas alcoxilicas mejoran las propiedades electronicas y de
transporte de carga con respecto a las cadenas alquilicas. Asi, los
resultados obtenidos podrian motivar a los experimentalistas a ensayar el
P3OHT como semiconductor para obtener una mejora en las propiedades

de transporte de carga con respecto al P3HT.
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BLOQUE II: Poli(Ariletinil-tienoacenos)

Los articulos III y IV estan dedicados al estudio de Poli(Feniletinil-
tienoacenos) como precursores de semiconductores tipo n. A partir de
ambos trabajos, podemos observar que el numero de anillos de tiofeno no
afecta a propiedades tales como la aromaticidad o barreras rotacionales
entre distintas unidades. Sin embargo, al aumentar el niimero de anillos de
tiofeno si se produce una mejora en la inyeccion de electrones y en el
caracter tipo n (ya que se produce una disminucion de la energia de
reorganizacion). Todas estas propiedades mejoran a medida que aumenta la
longitud de la cadena oligomérica. Asi, los oligdbmeros basados en
PhEtT,-,4 presentan valores adecuados de afinidades electronicas, energias
del nivel LUMO vy energias de reorganizacion para ser considerados
candidatos a semiconductores tipo N.

A partir del estudio del impacto de la inyeccion de electrones en la
geometria molecular (cambios en la geometria molecular cuando se afnade
un electron), se observa que la mejora en la energia de reorganizacion se
debe a un menor impacto por la inyeccion de carga, ya que los atomos de
azufre acumulan gran parte del exceso de carga negativa.

También se ha estudiado una serie de Poli(Ariletinil-tienoacenos), ArEtT,,
como precursores de materiales ambipolares. En este trabajo, se han
optimizado las estructuras cristalinas mediante el cédigo SIESTA, mientras
que propiedades tales como energia de los niveles HOMO y LUMO,
potencial de ionizacion, afinidad electronica, energia de reorganizacion y
acoplamiento electronico se han calculado haciendo uso del paquete
Gaussian. Todos los compuestos estudiados muestran valores de energia
para los niveles HOMO y LUMO adecuados para ser considerados
semiconductores tipo p o tipo N, pero por separado. Sin embargo todos
muestran niveles LUMO muy altos como para permitir una inyeccion de

huecos y electrones desde un electrodo de Au.
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Por ello, en el articulo V los sistemas ArEtTy con altas movilidades para
huecos y electrones y un balance entre ambas han sido funcionalizados con
grupos electron-atrayentes, con el fin de disminuir la energia de los niveles
LUMO. Esto nos ha permitido obtener compuestos que podrian
considerarse como candidatos a materiales ambipolares y con altas
movilidades de huecos y electrones. Nuevamente se observo una mejora de
las propiedades con el aumento de la longitud de la cadena y el nimero de
anillos de tiofeno, como la energia de reorganizacion. Esto puede ser
debido principalmente a que los atomos de S acumulan el exceso de carga

(tanto positiva como negativa).

BLOQUE IlI: Sistemas Discéticos basados en Tiofeno

En este trabajo se han seleccionado diversos funcionales para estudiar las
propiedades de transporte de carga para una serie de sistemas discoticos
basados en anillos de tiofeno. De todos estos funcionales, s6lo M06-2X
proporciond valores tedricos de movilidad en concordancia con los
experimentales.

En lo que concierne a la organizacion dentro de las columnas, la distancia
inter-anillo aumenta con el nimero de anillos de tiofeno. Sin embargo, el
sistema RO-TetraT proporciona los mayores valores para las integrales de
transferencia de carga para huecos. Ademas, este es el unico compuesto
con energias de reorganizacion intramoleculares para huecos menores que
el RO-TriPh. Ambos factores contribuyen a que el RO-TetraT presente un
aumento considerable en la movilidad de huecos respecto al RO-TriPh.
Ademas, RO-TetraT permitia una inyeccion de huecos favorable respecto
al electrodo ITO. Estos resultados podrian ser fttiles para futuras
investigaciones sobre sistemas discoticos basados en anillos de tiofeno

como semiconductores organicos.
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English Summary

1. Introduction

Since the discovery in 1977 '? of the increase in conducting properties of
polyacetylene upon doping by Alan G. Heeger, Alan G. MacDiarmid and Hideki
Shirakawa, a large amount of m-conjugated organic semiconductors (based in small
molecules and polymers) has been developed aimed at their use instead of silicon
based semiconductors in applications such as field effect transistors (FETs), light
emitting diodes (LEDs) and photovoltaic cells.>* This thrust is supported, at least
in part, by some advantages that organic semiconducting materials offer:>”

- Low cost: In these devices, the active layers are used like thin films.
Inorganic semiconductors are deposited from vapor phases, increasing the
cost. However, organic materials are deposited by a dissolution process,
which allows a decrease of production costs.

- Interesting mechanical properties, wherein flexibility does not imply loss
of performance.

- Ease tailoring of properties for specific applications. For example,
electronic properties can be tuned by chemical functionalization with

aromatic rings, double bonds, some functional groups, etc.

However, they also show some drawbacks, such as air instability, which
requires a device encapsulation. Also, organic compounds sometimes yield lower
performance than the inorganic devices.”” "

Optimizing the performance of organic semiconductor based devices requires
a deep understanding of the physical and chemical properties of the materials. So,

physics, chemists, engineers, etc., take part in this multidisciplinary research field.

In the next sections, we show a short survey of organic semiconductors, main

applications and some notions of charge transport properties.
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1.1. Classification of organic semiconductors

Organic semiconductors can be classified as a function of their properties,

applications, size, etc. Here, organic semiconductors have been grouped in: small

molecules, polymers, discotic systems, charge transfer complex, and fullerenes,

nanotubes and graphenes.

Oligoacenes

Small
molecules.
oligomers,

and
polyvmers

Discotic
Systems

ated organic semiconductors

T-conju

Charge
Transfer
Complex

Fullerenes,
Nanotubes y
Graphenes

5,7-12

] JJ\//
Oligoacenes )
Rubrene
= HOF ot 1O
O
Some of the most studied oligomers (polvmers):
oligo(poly)paraphenylene, oligo(poly)tiophene,
Triphenylamine oligo(poly)paraphenylvinylene

Triphenylene Perylene  Hexabencenecoronene Ftalocianine

N=C, .C=N

Fullerene Nanotube Graphene

Figure 1. Organic semiconductor classification along with some examples.
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Compounds such as oligoacenes and oligomers can also be considered as
small molecules; however, they are accounted independently due to the great

interest which they have received.

a) Oligoacenes: Molecules such as pentacene (n = 5, being n the number of
repeat units) and tetracene (n = 4), and their derivatives are the most important
systems within this family. In these systems, m-interactions influence the charge
transport properties. For example, pentacene show several crystals structures with
different m-interactions which can be useful to analyze the relationship between
structure and charge transport.'*

b) Oligomers and polymers, which are built from repeating units
(monomers), being the number of these ones very large in the case of polymers. In
these systems, their properties depend on the backbone aromaticity. Oligomer
properties tend towards saturation upon backbone elongation, so we can study
polymer properties through their oligomers. Oligothiophenes and polythiophenes
are the most studied oligomers and polymers. These systems offer great versatility
since their physical and chemical properties can be easily modified. Thus,
polythiophene derivatives yield high mobilities (up to 0.1 cm? / V s) due to their
highly ordered crystal structure.”

A special kind of oligothiophenes would be thieno-acenes (o thio-acenes),
made of several fused thiophene rings, and they can be considered the thiophene
oligoacene derivatives. These systems show an enhanced n-electronic
delocalization respect to oligothiphenes, increased n-stacking interactions and
mobilities.””**

The so-called Poly(Arylethynylenes), PAE, whose general structure is —(Ar-
C=C-Ar’- C=C), where Ar and Ar’ are (equal or different) aromatic units, have
also received interest due to their transport, energy transfer and luminescence

properties. Among other, their properties are due to the axial symmetry of triple
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bond, which allows keeping the m-conjugation between adjacent aryl groups in
29-33

varying degrees.
¢) Small molecules. Within this group, oligomers and oligoacenes could also
be included. Here, we could mention systems such as triphenylene derivatives,

which have been widely used in organic light emitting diodes.**

d) Discotic systems, which are made of aromatic core functionalized with
several side chains and they can self-assemble in columns. Such columns allow a
quasi one-dimensional charge transport along the columnar axis and it is so
influenced by m-stacking interactions between neighbor molecules. Some typical
examples of discotic systems would be triphenylene, perylene, ftalocianine, etc.'®

e) Charge Transfer Complexes, wherein partial charge transfers between
donor and acceptor molecules occur. The best known charge transfer complex is
TTFE-TCNQ. In these complexes, both units are disposed into separated stacks of
donor and acceptor molecules. The n-overlapping between adjacent molecules lead
to a high delocalization which allows high electron mobility across the stacks.*®>’

f) Fullerenes, Nanotubes and Graphenes. Fullerenes are the third allotropic
form of carbon, along with the graphite and diamond. The most popular is the
fullerene Cgq, with 60 sp2 hybridized carbon atoms over a spherical surface. C¢y and
their derivatives are considered good electron semiconductors.*” Nanotubes show
excellent electric and mechanical properties, so they are good candidates to take
part in nanomeric devices.” Graphenes are single layers of carbon atoms forming a
hexagonal tessellation plane (similar to a honeycomb), in which each carbon atom
shows sp” hybridization, which allows each carbon atom to keep an electron in a &
orbital. Therefore, these structures have a high aromaticity, wherein 7 electrons are
delocalized throughout the graphene layer. This m conjugation in graphene yields

extraordinary thermal, mechanical and electrical properties.***

276



English Summary

Traditionally, organic semiconductors are classified as p- or n-type
depending on they conduct across their HOMO (Highest Occupied Molecular
Orbital) or their LUMO (Lowest Unoccupied Molecular Orbital),”'%4*
respectively. Most of the non substituted organic semiconductors are p-type, since
they show low HOMO energy levels allowing an easy hole injection. However, the
main problem in the search for new n-type organic semiconductors is getting
LUMO levels as low as possible as well as an electron affinity high enough in
order to allow an easy electron injection without threatening their air stability. In
this sense, electron acceptor functional groups (F, Cl, CN, CF;, etc.) could lead to
n-character, since they provoke a decrease of LUMO energy.*”’ Finally,
ambipolar materials are those with an efficient charge injection and high mobilities

7,8,10,44-46
for hole and electrons.”™ ™™

1.2. Electronic structure of n-conjugated organic semiconductors

The basic structure of aromatic backbone is constituted by ¢ and & bonds,
resulting from the overlapping between sp” and p, orbitals of carbon aromatic
backbone atoms (see Figure 2). This overlap between p, orbitals leads to both ©
bonding orbital (with lower energy) and =n* antibonding orbital (with higher
energy), which brings about the origin of the valence (HOMO) and the conduction
(LUMO) bands.

Figure 2. Schematic representation of atom carbon with sp® hybridization, which shows the formation
of o and m bonds, resulting from overlapping of sp® and p,. orbitals respectively.

Figure 3 plots the evolution of both HOMO and LUMO orbitals as a function
of the system size (backbone length) for a m-conjugated polymer. Overlapping
between molecular orbitals increases with the backbone length, giving rise to

energy bands.

277



Gregorio Garcia Moreno

I
LUMO

HOMO s
|

1111

Energy
es}
aNnvd
NOILONANOD

anvd
AONATVA

I
I
2

Polymer
Repeat units

Figure 3. Formation of energy bands in a m-conjugated polymer.

1.3. Main applications
1.3.1. Organic field-effect transistors (OFETSs)

Organic field-effect transistors (which are the most common) are constituted
by three electrodes (gate, source and drain), an insulating (or dielectric layer) and
the organic semiconductor layer.” Organic layer connects both source and drain
electrodes (see Figure 4). When no voltage is applied between gate and source
electrodes, there is no current between them and the transistor is in OFF state. The
application of a voltage between the gate and source electrodes (Vsg) leads to a
polarization of the organic layers which provokes a charge injection. Then, a
voltage between source and drain electrodes (Vsp) implies the charge to move
between the source and drain electrodes. Now, the transistor is in ON state. For
negative/positive Vs y Vsp, the HOMO/LUMO levels gets in resonance with the
Fermi level of the source electrode and holes/electrons fill the region between the
source and drain electrodes.”® OFETs can be constructed in two different

geometries (see Figure 4):

278



English Summary

a) Top contact geometry: The source and drain electrodes are deposited on
top of the organic layer. This geometry allows a more efficient contact
between organic layer and electrodes without obstacles.

b) Bottom contact geometry: The organic layer is over the electrodes, which
are directly deposited on the dielectric layer. This geometry is the most

appropriated for dissolution processed organic semiconductors.

a) b)

Source

Drain

Figure 4. Schematic representation of OFET in a) top contact and b) bottom contact geometries.

Most devices only have one organic layer with p- or n-character. Ambipolar
devices are those with two organic semiconductors with p- and n-type character
combined within the same device. Also, ambipolar devices can be based on only

one organic semiconductor material, which shows ambipolar character.*

1.3.2. Organic light emitting diodes (OLEDs)

OLEDs are built from an organic layer sandwiched between two electrodes,
the cathode (Ca, Al, Mg) capable to inject negative charges and the anode (ITO)
that inject holes (see Figure 5a).”” When electrons and holes are spatially close,
they are able to form an exciton and they recombine to emit a photon (see Figure
5b). The external quantum efficiency characterizes the efficiency of the OLEDS
and it is defined as the ratio between the number of photons produced and the
number of charge injected. So, a balance between positive and negative charges is

a crucial key.” %
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Figure 5. Representation of a) OLEDs architecture and b) the charge recombination process in LEDs.

1.3.3. Photovoltaic Cells (PVCs)

PVCs show a similar, but opposite, process that OLEDs. PVCs absorb solar
light, to convert into an electric current (see Figure 6.a). Now, the organic layer is
sandwiched between two electrodes (see Figure 6.b). The anode (e.g. ITO) and
cathode (e.g. Al) collect holes and electrons, respectively, resulting from the
dissociation of the excitons created by photon absorption. The photovoltaic
efficiency is given by the ratio between the number of charges collected at the

electrodes and the number of photons absorbed.””®

a) b)

Anode (ITO)
‘ Substrate

thu

Figure 6. Schematic representation of a) the photon-induced charge generation process responsible of
the creation of an electric current and b) PVCs structure (bulk heterojunction).

The largest efficiencies are achieved when both electron donor and acceptor
components are combined together within the active layer. This can be carried out
using bilayer devices or bulk heterojunctions devices, where donor and acceptor

are blended together.””%
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1.3.4. Common aspects

From the previous considerations, it is obvious that the charge injection and
charge carrier mobility are the two key parameters. In OFETs, the mobility will
determine the electric current between electrodes and charge injections allow the
existence of sufficient charge carriers. In OLEDs/PVCs, the recombination
/separation efficiency is maximized when the charge carrier mobilities for hole and
electrons are similar. Besides, high mobilities allow that both charges
meet/separate quickly at the active layer, which also increase the efficiency. Thus,
a deep understanding of charge injection and charge transport mechanism are two

main goals, between others, to develop new organic semiconductor materials.

1.4. What factors affect charge mobility?

An efficient charge transport needs that charge carriers can move quickly
between molecules. Recent works demonstrate that charge mobility is influenced
by structural defects, since there are large differences between theoretical (without
defects) and experimental mobilities.®’ The most important factors which affect to

charge transport are described below."

1.4.1. Molecular Packing and disorder, impurities and traps

Organic molecules mostly interact through van der Waals interactions
(mainly m-stacking) and coulombic interactions due to the presence of small
molecular dipole moments. There are two types of molecular packing, i.e.
herringbone and m-stacked structures (Figure 7). The first one is typical in small
molecules and oligomers (e. g. pentacene and oligothiophenes), while the second
one is common in polymers and discotic systems. All the systems selected for this
Ph.D. Thesis show n-stacked structures. In both structures, electronic coupling (see
below) between neighbor molecules, which is a key parameter of the mobility, is
dependent on the relative disposition between molecules.'’ Organic semiconductors
show hopping conduction (see below), and thus for m-stacked systems it is

convenient that n-stacking direction is aligned between electrodes.*
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Figure 7. Different types of molecular packing for the antracene molecule a) herringbone and b) n-
stacking.

Molecular disorder (due to impurities, structural defects, traps, etc.) could
lead to the presence of regions with different HOMO and LUMO energies,

different pathway with higher or lower mobilities, trapped charges, etc.

Impurities and traps could lead to the disorder. For holes/electrons, traps are
defined as regions with high/low HOMO/LUMO energy levels. These states are
thermodynamically more stable, thus traps are often occupied. Normally,
impurities come from no desired reaction products. Impurities can affect the
molecular order and originate regions with different HOMO and/or LUMO energy

levels.

1.4.2. Electric field

The dependence upon the electric field is a function of the order of our
systems. At low temperatures, in single crystals, the mobility decreases with the
electric field. However, in disordered systems the mobility increases with high

electric fields.

1.4.3. Temperature
Dependence between mobility and temperature is more common in systems
which show band conduction mechanism. However, for a hopping mechanism,

high temperature is needed to hope the energetic barrier.
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1.4.4. Charge carrier Density
Charge injection is the previous step to charge transport. Thus, non efficient
charge injection process leads to few charge carriers within the organic layer,

which gives rise to low mobilities.

2. Objectives

This Ph.D. Thesis presents a predictive study of charge transport related
properties at molecular scale for different thiophene-based organic semiconductor
materials by means of theoretical methodology (ab initio, DFT and semiempirical
calculations) as a previous step to design organic semiconductor devices. This
allows us to propose structural and chemical modifications, which produce new
materials with improved features. We have selected three families of compounds:

Polythiophene derivatives, Poly(Arylethynyl-thienoacenes) and discotic systems.

It is known that oligo- and polythiophenes are a focus of interest since they
are used in a large variety of electronic devices.”** Besides, these compounds offer
wide possibilities to fine-tune their properties. The major development of
polythiophenes is based on the processability achieved with the incorporation of
substituents at position 3 of the thiophene rings. It has been established that the
incorporation of pendant substituents with appropriate structural and electronic
properties could make easier the obtainment of compounds with improved
features.” Poly(3-alkilthiophene) (see Figure 8. a) is a typical p-type organic
semiconductors.® It is known that alkoxy chains could facilitate hole injection due
to their electron-donating character.”’ So, poly(3-alkoxythiophene) was also
selected (see Figure 8. b). Firstly, the effect of side chain length was analyzed in
the case of bithiophene. Then, the effect of alkyl and alkoxy chains on the crystal
structure, electronic structure and charge transport properties was studied by means

of periodic calculations.
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a) b)
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Figure 8. Chemical structure of a) Poly(3-alkylthiophene) and b) Poly(3-alkoxythiophene). R = Alkyl
chain.

As to polythiophene derivatives, most of the organic semiconductors show p-
character, while the development of n-type materials has faced different obstacles,
mainly air instability due to high electron affinity. Poly(Arilethynylenes) PAE were
selected as precursors of n-type organic semiconductors. PAEs show the general
structure —(Ar-C=C-Ar’-C=C)-, where Ar and Ar’ are aromatic, equal or different,
units. Thienoacene aromatic heterocycles with up to four fused thiophene rings and
several arenes were selected as central (Ar’) and Ar units, respectively (see Figure
9). Among others, thienoacenes ease multiple S---S contacts and interactions
between molecules, which improves charge transport.®®” Firstly, some systems
(those with Ar = Ph) were studied as precursors of n-type materials. Taking into
account that 1) most of organic semiconductors are prone to show p-character, ii)
these poly(phenyl-thienoacenes) had yielded adequate properties to be considered
as n-type materials, iii) the search for ambipolar materials is an attention focus, iv)
several works have demonstrated that thienoacene units could be used as
precursors of ambipolar materials,”’ so the study was extended over all compounds
gathered in Figure 9, which were studied as precursors of ambipolar

semiconducting materials.
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Figure 9. Chemical structure of different Ar and Ar’ motifs.

Finally, a set of thiophene-based discotic systems was selected (see Figure
10). These systems show liquid crystallinity, which results from the crystalline
character due to m-interactions between conjugated cores and the liquid character
from the melting of alkyl chains in the mesophase, where the intercolumnar space
is occupied by the side chains, which act as insulators. Thus, these systems might
be good candidates for demonstrating quasi one-dimensional conductivity along
the stacks wherein charge transport features are primarily determined by the
aromatic character of the cores and m-interactions between them.”>*** To our
knowledge, there are few works on thiophene-based discotic systems as organic
semiconductors, so we have selected a set of compounds with a thiophene-based
aromatic core (see Figure 10), The synthesis of the aromatic core of RO-BiPhT and
RO-TetraT have already been reported®’®”" while for RO-TriT, there is a recent

work dealing with a related system with the same aromatic core.”
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Figure 10. Chemical structure of thiophene-based aromatic cores.

Our general goals would be the theoretical study by means of theoretical, ab
initio, DFT and semiempirical methodology of the molecular and crystal structure
and charge transport related-properties such as hole/electron injection
(HOMO/LUMO energies and ionization potentials/electron affinities) and charge
mobility, which are related to the charge transfer rate, reorganization energy and

electronic coupling.

3. Charge transport properties: Basic concepts about

charge injection and charge mobility

3.1. Charge injection
3.1.1. Charge injection barrier

Hole/electron injection barrier is defined as the energy difference between
metal Fermi level (Er) and HOMO/LUMO level of the organic semiconductor.
Thus, the ideal situation for charge injection is that where HOMO/LUMO levels

are resonant with metal Ey (see Figure 11).>!226737¢
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Figure 11. Resonance condition for a) hole and b) electron injection.

Figure 12 plots the position of HOMO and LUMO levels relative to Er when
no potential between source and drain electrodes exists (Vsp = 0) (Figure 12. a).
Application of negative /positive voltage between the gate and the source
electrodes (Vsg) gives rise to an electric field in the metal-semiconductor interface,
which leads to the alignment between HOMO / LUMO energy levels (Figure 12. b-
c¢). Finally, a Vsp will produce an electrical current between source and drain

electrodes (Figure 12. d-¢).*

a)
Vis=0
LuMg y. =0
Organic 52
semiconductor
[HOMO)]
Source Drain
Charge injection Charge mobility
b) Holes ¢) Electrons d) Holes e) Electrons
Vgs=Y Vep<0 Electron
Vp=0 Vs> 0 V=0 % TIT VoS0
il I < o>
Electron 5D
Hole storage
storage ﬁ Drain \
S - Hole Source
ource Drain Source Bram Transport
Source V<0 Ves> 0 Drain

Figure 12. a) Energy levels in a OFET for VSG = 0. b-c) Charge Storage. d-e) Charge Transport.

There are several models to explain charge injection, which are classified as
a function of barrier height.*”> An ohmic contact is expected for lower barriers.”®
This contact could provide as many charges as the organic material could transport.

Thus, device features would be conditioned by charge mobility. However, if the
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injection barrier is high, device features will be dominated by charge injection
process. In this case, there are two models: /) Fowler-Nordheim model, according
to which charge injection is explained by tunneling effect; and i7) Richardson-
Schottky model, which describes the injection process as a thermally activated hop

over the barrier.

3.1.2. Electrodes

From Figure 12, one could infer that any material would be able to transport
hole or electrons as a function of the applied potential. However, some materials
are more appropriate for hole injection, while other materials are more susceptible
for electron injection. Table 2.1 gathers the main metals used as electrodes for hole

(anode) and electron (cathode) injection.”"

Table 1. Main metals used as electrodes along their work function, @ (eV).

p-type (anode) n-type (cathode)
ITO, ® ~4.7 eV Cs,0~2.1eV
Pt,®~5.7eV Na, ® ~2.6 eV

Au, ®~50¢eV Sm,®~2.7eV
Ca, ®~2.8¢eV

Mg, ®~32¢eV

Ag, ®~42eV

Metals used as anode show Er near the typical HOMO energies of organic
semiconductors (between ~ -4.9 and -5.6 eV), while LUMO energies (between ~ -
2.0 and -3.5 eV) are far from cathode E».”*"®"" Au electrodes are also used to inject
holes in p-materials and they are the most common in ambipolar devices, wherein

holes and electrons are injected from the same electrode.”®’®"”’

3.1.3. Ionization potentials and Electron affinities

An efficient hole/electron injection also requires low/high ionization
potentials (IPs)/electron affinities (EAs).'**®  IP/EA are defined as the
necessary/released energy when one electron is eliminated/added. According to

Koopmans theorem, IP/EA and HOMO/LUMO energies are related since absolute
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value of HOMO/LUMO energies should be equal to IPs/EAs.” Besides IPs and
EAs are related with air stability. For hole injection, low IPs are desired. However,
very low IPs would lead to unintentional doping.®*” EAs between 3.0 eV and 4.0

eV are needed.

3.1.4. Charge injection assessment

Charge injection assessment is a non easy process, so in this Ph. D. Thesis,
charge injection was assessed by means of £r and HOMO or LUMO energy
difference and IPs and EAs.

3.2. Charge mobility

Mobility can be defined as the ratio between charge carriers velocity and the
driving electric field.* There are two main mechanisms to explain charge carrier
transport: the standard band theory is usually suitable for highly ordered systems
and thinks the charge as delocalized throughout the crystal, and the hopping model,
where the charge is localized and hops between adjacent molecules by a thermally
activated process. Accordingly, the total mobility () can be expressed

5,7,10,44,80,81
as:

/J = /’ltun + /’lhop (1)

where the first term is due to electron tunneling, which dominates transport at low
temperatures, and the second term is related to hopping motion, being dominant at
room temperature. Since in organic semiconductors the interactions between
molecules are weak, e. g. Van der Waals forces, and they hinder the charge
delocalization along the band (band width < 1 eV), this leads the hopping
mechanism to become predominant at relevant temperatures for practical
technological applications. Thus, it has been established that, in a m-conjugated
organic semiconductors, the charge transport mainly occurs through the hopping

mechanism,>7-10:4480.81
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3.2.1. Hopping mechanism: Marcus Theory

Charge transport is characterized by a diffusive process, wherein the charges
hop between adjacent molecules. Within the hopping mechanism in the low field
limit, the drift mobility (u,,) and diffusion coefficient (D) are related by the

Einstein relation:>’-10:4480:81

eD

— 2
7 )

luhop =

where D is related to the system dimensionality. All the studied systems in this Ph.
D. Thesis only show charge transport along the m-stacking direction, so only one

neighbor molecule is considered. Thus, D is defined as:
D=k;l* 3)

In this equation / is the distance between molecules and kgzr the charge
transfer rate constant between adjacent molecules. At the molecular level, kzr can
be studied within the framework of Marcus Theory, where the hopping process is
generally described as a self-exchange electron-transfer reaction between
neighboring molecules. According to Marcus theory, at high-temperature regimes

5,8,10,44,81-84
kgr becomes:™

Ar’ 1 , | =(AG* +2)°
= et eXp— )
h |4k, T 42k, T

where the reorganization energy (1), and the charge transfer integral (¢, or
electronic coupling) are the two key magnitudes. 4G is the variation of Gibbs free
energy, which would be equal to zero for a self-exchange electron transfer

reaction:
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47

kyr = 1% exp| —
TTh 4k, T kaBT}

)

Other models such as Marcus-Levich-Jorner takes into account tunneling
effects.®™* However, for these models Kgr mainly depends on the reorganization
energy and the charge transfer integral. Thus, Marcus Theory can be used as a first

approximation to study charge transport properties.”

3.2.2. Reorganization energy and charge transfer integral

Reorganization energy is determined by fast changes in molecular geometry
(intramolecular reorganization energy, 4;) and by slow variations in the polarization
of the surrounding medium (the outer contribution, 4,), i.e. 1 = 4; + 4,. In the case
of a perfectly ordered systems 4; >>> 4, and therefore, the outer contribution can be
neglected.”'“***'* Intramolecular reorganization energy needs to be minimized in
order to obtain high charge-transfer rates and it is defined as the sum of geometry
relaxation energies upon going from the neutral state geometry to the charged-state

. 5,10,44,80,82,83
geometry and vice versa:

A=A (6)
A =E"(G")-E'(G") (7)
Ay =E(G")-E'(G’) (8)

where E°(G’) and E*(G*) are the ground-state energies of the neutral and charge
states with optimal geometries, G’ and G*, respectively; E/(G*) and E*(G') are the
energy of the natural molecule at the optimal charged geometry, G*, and the
energy of the polaronic state at the optimal geometry of the neutral molecular, G’,
respectively. Equations 6 and 7 are a consequence of Frank-Condon principle,
whereby nuclear configurations before and after charge transfer must be the same
(see Figure 13). Adiabatic ionization potentials (AIP) and electron affinities (AEA)

can be calculated as:
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AEA =E'(G’) - E(G)
AIP = E*(G") - E"(G")

©)
(10)

Now, we can calculate verticals ionization potentials (VIP) and electron

affinities (VEA):

Energy

VEA = AEA - ).y
VIP = AIP + 1,"

\

Cationic State

N\

G —a— T

................ 2
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(11
(12)

ViP

Figure 13. Representation of potential energy surface for neutral and charge molecules.

Charge transfer integral describes the strength of the interactions between

adjacent molecules, so it is spatially dependent. Charge transfer integral between

two neighbor molecules is defined by the matrix element:

H is the Electronic Hamiltonian of the system, ¥,

t = <¥,|H|¥>

5,10,44,80,82,83

(13)

and ¥, are the

wavefunctions of two charge-localized states, in the hypothetical situation where

there is not interaction between molecules.
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], 10448082 5 o " a cluster built of two molecules

According to the dimer mode
between which the self-exchange electron reaction occurs, the charge excess in the

transition state is delocalized between both molecules, and thus ¢ is defined as:

- EHOMO[LUMOH] - EHOMO—I[LUMO] 14
|tHOM0[LUMO] |— B (14)

where Epovoromo; and Ewxono-irumo+; are the HOMO [LUMO] and HOMO-1
[LUMO+1] orbital energies for a dimer. This method needs the use of charged
geometry of transition state. However, this process is simplified using the geometry
of a non charged dimer.* If both molecules have different positions in the crystal,

they will show different energy sites (e; y e,) due to the different environments.

Thus, the splitting becomes \/ (el —e, )2 +4V? | where V is the correct charge

transfer integral. In the case of n-stacked systems e; = ¢,,*" so V would be equal to

the splitting.

Charge transfer integral could also be evaluated by means of the projective

86,87
d,”™

metho which is based in the Zerner Independent Neglect of Differential

86,87

Orbital (ZINDO) approximation. J-from-g03 program was used to calculate ¢

according to the projective method.

3.2.3. Charge mobility assessment

Prior to calculate the hopping mobility, the charge transfer rate (kzr) should
be calculated. Thus, intramolecular reorganization energy could be calculated from
geometry optimization of neutral and charged states. Charge transfer integral can
be analyzed as a function of the relative disposition between two molecules as well

as from a cluster of two molecules directly obtained from the crystal structure.
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4. Results

The results (as papers) shown in this Ph.D. Thesis are grouped in three

blocks, each one corresponding to each family of compounds indicated above:

BLOCK I: PolyThiophene Derivatives
Paper I: “The Role of Linear Alkyl and Alkoxy Side Chains in the
Modulation of the Structure and Electrical Properties of Bithiophene: a
Theoretical Study”. Aust. J. Chem., 2010, 63, 1297.
Paper 11: “Influence of the alkyl and alkoxy side chains on the Electronic
Structure and Charge-Transport Properties of Polythiophene
derivatives”. Phys. Chem. Chem. Phys., 2011, 13, 10091.

BLOCK II: Poly(ArylEthynyl-thienoacenes)
Paper I11: “Theoretical Study of Bis(Phenylethynyl)thienoacenes as
Precursors of Molecular Wires for Molecular Electronics”. J. Phys.
Chem. C, 2010, 314, 12325.
Paper IV: “Optoelectronic and Charge Transport Properties of
Oligomers Base don Phenylethynylene Units linked to Thienoacenes: A
DFT Study”. J. Phys. Chem. C, 2011, 115, 6922,
Paper V: “Poly(Arylethynyl-thienoacenes) as Precursors of Ambipolar
Organic Semiconducting Materials”. Manuscript sent for publication. J.

Phys. Chem. C, ID: jp-2012-022369 2012.

BLOCK III: Thiophene-Based Discotic Systems
Paper VI: “Charge Transport in Discotic Systems: The case of
Thiophene-based Aromatic Cores”. Manuscript sent for publication.

J. Am. Chem. Soc., ID: ja-2012-01429y, 2012.
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5. Conclusions

Polythiophene derivatives

In Paper I, the role of the nature and length of the side chain on several
properties such as molecular geometry, optical bandgap, intramolecular
reorganization energies and ionization potential has been studied. The
monitored properties become invariable just from #» = 0 and from n = 1 for
alkyl and alkoxy bithiophene derivatives, respectively. This is explained on
the basis that the inductive effect is only effective for a hydrocarbon chain
along two or three C—C bond lengths. However, in the case of alkoxy
derivatives, the electron-donor effect of the oxygen atom must be also
considered.

Both alkyl and alkoxy derivatives yield similar intramolecular
reorganization energies. However, alkoxy derivative show the largest
electronic coupling, which allows to obtain the largest hole mobilities.
Besides, the alkoxy derivative yields lower ionization potentials than the
alkyl one.

From both papers shown in this block, we could conclude that alkoxy
chains improve charge transport and electronic properties respect to alky
ones. Thus, obtained results could motivate experimentalist to try out

alkoxy polythiophene derivative for an improved behaviour.

Poly(Arylethynyl-thienoacenes)

Papers III and IV are focussed on the study of Poly(phenylethynyl-
thienoacenes) as precursors of n-type semiconducting materials. The
number of fused thiophene rings does not affect properties such as
aromaticity or rotational barriers between phenyl and thieno-acene motifs.
However, the increase of thiophene rings leads to an enhancement of the -
character. Besides, charge transport related properties improve upon

backbone elongation. Thus, Phenylethynyl-thienoacenes oligomers show
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adequate values of electron affinities, LUMO energies and electron
intramolecular reorganization energies to be considered as precursors of
electron transport materials.

Then, a series of poly(arylethynyl-thienoacenes), ArEtTy, was assessed as
precursors of ambipolar, organic semiconductor materials. Studied
compounds show adequate values of HOMO/LUMO energies, ionization
potentials/electron affinities, hole/electron intramolecular reorganization
energies and charge transfer integral to be considered hole or electrons
transport materials separately. However, all compounds yield high LUMO
energies to allow electron injection from gold electrode.

Therefore, those compounds with high hole and electron mobilities and
ratios between both near to 1.0 between both mobilities have been
functionalizated with electron withdrawing substituents to ease electron
injection from gold electrode In general, functionalizated compounds
would show suitable hole and electron injections from Au electrode and
high hole and electron mobilities. Therefore, they could be considered as

precursors of ambipolar organic semiconductors.

Thiophene-based discotic systems

As to the organization within the stacks, the presence of thiophene rings
increases the optimal distance between discs; however, RO-TetraT shows
the largest charge transfer integral, which seems to increase with the
number of thiophene rings. RO-TetraT is the only one with hole
intramolecular reorganization energies lower than RO-TriPh. Both effects
lead to a remarkable improvement of hole mobilites (at M06-2X/6-31G**
level). We hope these results may drive the appearance of new research
devoted to this promising area of thiophene-based semiconducting discotic

materials.
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Glosario

AIM Atomos en moléculas (Atoms in Molecules)

AM1 Austin Method 1

BCP Punto critico de enlace (Bond Critical Point)

BLA Alternancia en la longitud de enlace (Bond lenght alternation)

BZ Zona de Brillouin (Brillouin Zone)

CAM Método de atenuacién coulombiana ( Coulomb Attenuation
Method)

CCP Punto critico de caja (Cage critical point)

CGTO  Orbitales gaussianos Contraidos (Contracted Gaussian Type
Orbitals)

Cl Interaccion de configuraciones (Configuration Interaction)

CLOA  Combinacion lineal de orbitales atdmicos

CNDO  Aproximacion del desprecio completo del solapamiento orbital
(Complet neglect of differential overlpap approach)

COHP  Poblaciones de solapamiento hamiltoniano orbital (Crystal
Orbital Hamiltonian Populations)

COOP  Poblaciones de solapamiento cristal orbital (Crystal Orbital
Overlap Populations)

DFT Teoria del funcional de la densidad (Density Functional Theory)

DH Doble hibrido (Double hybrids)

DOS Densidad de estados (Density of States)

EA Afinidad electronica (Electron Affinity)

(O)FET  Transistor (organico) de efecto campo

FCI Interaccion de Configuraciones Completa (Full Configuration
Interaction)

GGA Aproximacion del gradiente generalizado (Generalized Gradient
approximation)

GTO Orbitales gaussianos (Gaussian Type Orbitals)

HF Hartree-Fock

HOMO  Orbital molecular més alto ocupado (Highest occuppied
molecular orbital)

IP Potencial de ionizacién (lonization Potential)

IR Infrarrojo

ITO Anodo de 6xido de indio y estafio

KS Kohn-Sham

LC Corregido de largo rango (Long range corrected)

LDA Aproximacion de la densidad local (Local density approximation)

(O)LED Diodo (organico) emisor de luz

LSDA  Aproximacion de la densidad local de espin (Local density spin
approximation)

LUMO  Orbital molecular més bajo desocupado (Lowest unoccupied
molecular orbital)

MP Moller-Pleset
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MNDO

NAO
NBO
NCP
PA
PM3
PM6
PDOS
PVvC
RCP
RHF

ROSHF

SCF
SR
STO
TD-
DFT
TCNQ
TTF
UHF

ZDO

Aproximacion del desprecio modificado del solapamiento orbital
(Modified neglect of differential overlap approach)

Orbitales atomicos numéricos (Numerical atomic orbital)

Orbital natural de rnlace (Natural Bond Orbital)

Puntos criticos de nucleo (Nuclear Critical Point)

Poliacetileno

Parametric Method 3

Parametric Method 6

Densidad de estados parcial (Partial Density of States)

Célula fotovoltaica

Punto critico de anillo (Ring Critical Point)

Hartree Fock restringido de capa cerrada (Restricted Closed-Shell
Hartree-Fock)

Hartree Fock restringido de capa abierta (Restricted Open-Sheell
Hartree-Fock)

Campo autonsistente (Self Consistent Field)

Corto Rango (Short Range)

Orbitales Tipo Slater, (Slater Type Orbitals)

Teoria del functional de la densidad dependiente del tiempo (7ime
Dependent Density Functional Theory)
Tetraciano-p-quinodimetano

Tetratiofulvaleno

Hartree Fock de capa abierta no restringido (Unrestricted Open-
Shell Hartree-Fock)

Aproximacion del solapamiento orbital cero (Zero differential
overlap approach)
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Coste computacional aproximado

La siguiente tabla recoge el nimero aproximado de céalculos para cada uno de

los articulos presentados en esta tesis:

Trabajo (Articulo) Numero de célculos necesarios

I: Derivados del Bitiofeno ~160
I Derivados del Politiofeno ~110
I11: Bis(feniletinil-tienoacenos) ~180
IV: Poli(feniletinil-tienoacenos) ~560
V: Poli(ariletinil-tienoacenos) ~1850
VI: Sistemas discoticos basados en tiofeno ~1310

Total: ~ 4170

Todos estos célculos resultaron en un tiempo de coste computacional
aproximadamente de 43335 dias, 89640 horas, 397305 minutos, 374490

segundos. Lo cual equivaldria a:
4091060790 segundos = 4.0911-10° segundos ~ 129 afios

Si tenemos en cuenta que una hora de céalculo tiene un precio de 0.25€ (centro de
Supercomputacion de Catalufia), resultaria un coste total de 28400€

aproximadamente.
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