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1. Introduccion

1. Introduccion
1.1 BIRRADICALES

Segun el Compendio de Terminologia Quimica de la IUPAC (Gold
Book), un sistema de capa abierta es aquel atomo o molécula en el que
sus electrones no se asignan completamente a los orbitales formando
pares M En el contexto de la Teoria de Orbitales Atémicos, una capa
abierta consiste en una capa de valencia que no estd completamente
llena o que no comparte todos sus electrones mediante el enlace con
otros atomos o moléculas. En el ambito de la Teoria de Orbitales
Moleculares, este concepto implicaria la existencia de electrones
desapareados y por tanto, la presencia de orbitales moleculares
semiocupados, en contraste con la configuracion de capa cerrada, que se
caracteriza por tener todos sus orbitales moleculares doblemente
ocupados o vacios.

Desde finales del siglo pasado, el desarrollo de la quimica de
moléculas de capa abierta se ha incrementado notablemente,
centrandose principalmente en dotar a este tipo de sistemas de un grado
de estabilidad razonable para su caracterizacién y aplicacién practica 2
Una de las propiedades que hacen interesantes a este tipo de sistemas es
el inherente caracter birradical que presentan muchos de ellos y que los
dota de propiedades electrénicas, Opticas y magnéticas poco
convencionales, con una mds que futurible aplicabilidad en dispositivos
para electrénica orgdnica, principalmente en Optica No Lineal (-6l
Fotovoltaica Organica 7 o Espintroénica ® Sin embargo, este caracter
birradical es, a su vez, el mayor inconveniente que la sintesis de sistemas
de capa abierta se encuentra en el camino, debido a la alta reactividad

que lleva asociada.
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En la literatura cientifica es comun usar indistintamente los
términos birradical y dirradical para hacer referencia a moléculas que
poseen dos electrones desapareados. Desde una aproximacién quimica, la
nomenclatura establecida en el Compendio de Terminologia Quimica de
la IUPAC y adoptada por Abe en su revision sobre dirradicales, establece
que un birradical serd aquella molécula en la que los dos electrones
desapareados actien de manera practicamente independiente [9], es
decir, aquellos sistemas en los que la interaccién de canje entre los dos
electrones desapareados sea despreciable como consecuencia de la
distancia que los separa y en los que, por tanto, cada uno de ellos se
pueda considerar que actia como un monorradical o doblete aislado (201,
A los casos en que la interacion dipolo-dipolo entre los electrones
desapareados es suficiente como para dar lugar a dos estados de espin
diferentes, singlete y triplete, se les denomina con el término dirradical.
Durante el desarrollo de la presente Tesis Doctoral, sin embargo, se ha
decidido aplicar una nomenclatura simplificada y de corte mas fisico en la
qgue el término birradical engloba a todos los sistemas con dos electrones
desapareados. En la Figura 1.1 se muestran algunos ejemplos de

birradicales de base organica.
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1.1.1. CLASIFICACION

Dentro de los birradicales, en los sistemas con dos electrones
desapareados que se sitian en dos orbitales moleculares no enlazantes
de parecida o igual energia en los que la integral de canje electronico (J)
es pequena pero distinta de cero, se puede considerar que existen tres
tipos principales: moléculas antiaromaticas, birradicales tipo No-Kekulé y
birradicales tipo Kekulé (Figura 1.2).

Birradicales

Moléculas
antiaromaticas

p Qe T
1 O XX

Figura 1.2 Origen de los distintos tipos de birradicales orgénicos.

tipo Kekulé tipo No-Kekulé
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1.1.1.1. MOLECULAS ANTIAROMATICAS

El término antiaromdtico se aplica a hidrocarburos ciclicos planos
gue constan de un numero par de dobles enlaces en alternancia con
enlaces simples. Se trata de sistemas que presentan 4n electrones 1 (con
n=1, 2, 3...), a diferencia de los compuestos aromaticos, que constan de
4n+2 electrones © 12, Este déficit de un par electrénico con respecto a
los compuestos aromaticos hace que la configuracién electréonica del
estado fundamental pase de una situacion en la que los electrones
ocupan Unicamente orbitales enlazantes a una en la que se produce la
ocupacion de orbitales antienlazantes (13141 con objeto de mitigar esa
inestabilidad, éstos pueden evolucionar distorsionando su estructura
molecular o, en el caso de que la distorsion se viera restringida, dando
lugar a una especie birradical (151 Este dltimo es el caso del ciclobutadieno
(Figura 1.3), que constituye el prototipo de estructura antiaromadtica y se
caracteriza por su planaridad. Ademas, muestra una reactividad muy alta
en comparacion con otros sistemas antiaromaticos (ciclooctatetraeno)
gue permiten una cierta distorsion de la estructura molecular,
inestabilidad que recientemente se ha relacionado con su extraordinaria
tension estructural 1*¢1,

........................ No enlazante

[Nl

Benceno Ciclobutadieno

Figura 1.3. Distribucién de electrones n en las moléculas de benceno y ciclobutadieno.
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1.1.1.2. BIRRADICALES TIPO NO-KEKULE

Los birradicales tipo No-Kekulé se definen como sistemas
conjugados cuyas estructuras de Kekulé contienen al menos dos atomos
qgue no estan m-enlazados o, en otras palabras, moléculas para las cuales
no se puede establecer ninguna estructura de kekulé en la que sus 2n
electrones m se encuentran acomodados en n enlaces dobles. No son
pocos los ejemplos de este tipo de sistemas en bibliografia 7391 ‘Yno de
los primeros y mds conocidos surge cuando en 1917, W Schlenk y M.
Brauns, asumiendo que para obtener birradicales estables lo mas sencillo
era conectar dos monorradicales mediante unidades de transferencia de
espin, sintetizaron el conocido como birradical de Schlenk [20] (Figura 1.4).
Este, aunque casi por completo oligomerizado a temperatura ambiente,
presentaba una minoria de especies con estado fundamental birradical
triplete.

Figura 1.4 Birradical de Schlenk.

Otros ejemplos clasicos del desarrollo de la quimica de birradicales
No-Kekulé durante el siglo XX son los sintetizados por Yang en 1960 o por
Coppinger en 1962 (Figura 1.5) (21,22]
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Figura 1.5 a) Birradical de Yang; b) Birradical de Coppinger.

1.1.1.3. BIRRADICALES TIPO KEKULE

El rasgo caracteristico de este tipo de moléculas consiste en que
pueden ser representadas mediante diversas estructuras resonantes,
incluyendo la correspondiente a una configuracion electrénica de capa
cerrada (Figura 1.2). Esto implica que los electrones desapareados en la
forma resonante birradical estén formando parte de un doble enlace, lo
qgue constituye la diferencia fundamental con respecto a los birradicales
tipo No-Kekulé, que solamente pueden ser descritos mediante una
estructura de capa abierta, con los electrones desapareados ocupando
orbitales no enlazantes %%,

A comienzos del siglo XX, se sintetizaron dos de los primeros
birradicales tipo Kekulé suficientemente estables como para poder ser
caracterizados. El primero de ellos data de 1904, cuando J. Thiele y H.
Balhorn, publicaron la sintesis del que posteriormente se conoceria como
Hidrocarburo de Thiele (Figura 1.6a) (24251 'En 1907, el quimico ruso A. E
Tschischibabin iria un paso mas adelante y sintetizaria el célebre
Hidrocarburo de Chichibabin que consta de una unidad central de bifenilo
y que serviria como plataforma molecular para la sintesis de numerosos
birradicales en el futuro 242°! (Figura 1.6b).
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Ph._Ph Ph.e.Ph
Ph._Ph  Phe.Ph '
' ) Q
-~ | e
| ) O
Ph“>Ph  Ph"Ph I
Ph”~Ph Ph”**Ph
a) b)

Figura 1.6 Estructuras resonantes de: a) Birradical de Thiele y b) Birradical de
Chichibabin.

Ambas moléculas resultaron ser altamente inestables.
Concretamente, la molécula de Chichibabin ha sido objeto de gran interés
durante los Ultimos cien afios desde el punto de vista de la particular
configuracidn electrénica que cabe esperar para su estado fundamental.
Sin embargo, tanto ella como gran parte de sus derivados, reaccionan
dvidamente con oxigeno y descomponen, dimerizan, polimerizan, etc.
Esto hace que su caracterizacién resulte compleja, quedando limitada por
completo su aplicacién practica, lo que explica que la elucidacién de la
multiplicidad de espin del estado electrénico fundamental en moléculas
tipo Chichibabin haya sido objeto de debate durante mucho tiempo.

La quimica de heterociclos también ha jugado un papel relevante
en el desarrollo de nuevos birradicales estables. Ya en 1966, Zimmerman
et al. sintetizaron la molécula BDPY-2Y (Figura 1.7a) introduciendo grupos
imidazol entre la unidad de para-quinodimetano (p-QDM) central y los
grupos exometileno de la molécula de Thiele 271 E| resultado fue un sélido
verdoso y con brillo metdlico que presentaba un 0.1% de especies
paramagnéticas en disolucion a temperatura ambiente, porcentaje que se
veia aumentado al incrementar la temperatura. Esto hacia pensar en la
existencia de un equilibrio térmico entre un estado fundamental



1. Introduccion

diamagnético de capa cerrada y un estado birradical paramagnético. Sin
embargo, la falta de evidencias experimentales que demostraran la
contribucion del caracter birradical al estado electronico fundamental de
este tipo de moléculas mantenia la incertidumbre sobre su estructura
electrénica basica, algo que ha venido siendo una constante en este tipo
de sistemas durante largo tiempo. No seria hasta 2004 cuando J. Abe et
al. 8 consiguieran aclarar esta cuestiéon mediante la deteccion del
dimero formado por el derivado tetrafluorinado de BDPY-2Y, tF-BDPY-2Y

—_—
5 s
F@_( AT
RN

Figura 1.7 a) Estructuras resonantes de BDPY-2Y; b) Estructuras resonantes de tf-BDPY-
2Y y dimero detectado.
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1. Introduccion

Otro ejemplo reciente lo constituye el violégeno extendido
(29] (Figura 1.8). Se trata de una molécula que
guarda similitud estructural con la molécula de Chichibabin, al constar de

sintetizado por Porter et al.

la unidad central bifenilo sustituida por unidades de piridina en las
posiciones para-. Esta molécula fue estudiada por nuestro grupo de
investigacion en 2008 B°
fundamental como un birradical singlete en equilibrio térmico con un

, trabajo que permitié caracterizar el estado

estado triplete gracias a la informacion que la espectroscopia Raman y los
calculos quimico-cuanticos proporcionaron acerca de la interconversion
quinoide-aromatica del bifenilo central.

Figura 1.8 Estructuras resonantes de un violégeno extendido.

También existen ejemplos de birradicales organicos de base
tiofénica, de entre los que destacan algunas familias de oligotiofenos
tetracianosustituidos BY. En este tipo de sistemas se pretendia jugar con
la menor aromaticidad del anillo de tiofeno con respecto al benceno para
obtener birradicales y, al mismo tiempo, observar el efecto que la
inclusidon de grupos fuertemente aceptores, promotores de estructuras
quinoides, pudieran tener sobre la estructura electrénica del estado
fundamental. En la Figura 1.9 se muestran algunas de ellas, estudiadas

previamente por nuestro grupo de investigacion (321,
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BuO OBu
Hex Hex
NC — CN
S
NC i n=4-6 CN
BuO OBu
Hex Hex
NC i/ \ CN
L ] S Y
Hex Hex NC n=4-6 CN

Figura 1.9 Oligotiofenos tetracianosustituidos con caracter birradical.

Otro ejemplo muy interesante lo constituye el derivado de tri-p-
QDM sintetizado por Nakamura et al. ** (Figura 1.10), que explota el
concepto de rigidez estructural y consiste en tres unidades de p-QDM
conectadas por vinilenos y rigidificadas por puentes de carbono. Esta
molécula se caracteriza por ser estable al aire durante meses y por su
resistencia a temperaturas de hasta 160 °C en atmdsfera inerte, lo que la
convierte en uno de los birradicales mas estables descubiertos hasta la

fecha.
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Ar

Ar = 4-octilfenilo
Ph = Fenilo

Ph_ Ph ]

/
ST

NC
PH™ Ph

Figura 1.10 Estructuras resonantes del derivado tri-p-QDM.

Todos estos sistemas moleculares se situan en la interfase entre
teoria y ciencia experimental. Esto les confiere un enorme interés ya que
permiten profundizar en conceptos de quimica fundamental como la
Teoria de Enlace y presentan propiedades prometedoras de cara a su
aplicabilidad en ciencia de materiales. Ademads, a diferencia de los
birradicales No-Kekulé, su estructura electrénica ha sido menos estudiada,
por lo que a dia de hoy sigue siendo un reto caracterizar la configuracion
electrdnica de este tipo de birradicales y contindan llevandose a cabo
numerosos esfuerzos dirigidos a sintetizar sistemas que permitan
entender los fendmenos que en ellos tienen lugar, asi como a obtener
nuevas potencialidades y mejorar las ya conocidas.

12
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1.1.2 MULTIPLICIDAD DE ESPIN EN EL ESTADO FUNDAMENTAL. DOBLE
POLARIZACION DE ESpPiN (DSP).

En sistemas birradicalarios en los que la interaccién dipolo-dipolo
es de suficiente magnitud como para dar lugar a dos estados de espin,
singlete y triplete, elucidar cual de ellos es mas estable para una molécula
dada y obtener reglas empiricas y tedricas, extrapolables a distintos
sistemas, que permitan tener una idea de la naturaleza del estado
electronico fundamental mas probable de los mismos, es de vital
importancia de cara al disefio de nuevas plataformas moleculares con
vistas a su aplicacidn en electrdnica orgdnica. Por ello, el estudio de estos
sistemas ha venido siendo objeto de una intensa actividad investigadora
desde principios de los 90.

Cuando dos electrones ocupan dos Orbitales Moleculares No
Enlazantes (NBMOs) dando lugar a un birradical, éstos suelen ser
degenerados. Asi, en ausencia de correlacion electrénica (repulsién)
existen seis configuraciones electrénicas posibles: Ty,2, T1,2, S1,2, S1,2,, S1,1
y S3,2, que dan lugar a cuatro estados energéticos posibles al imponer las
condiciones de simetria molecular (Figura 1.11).

T1 2 T1 ,2' s1,2 S1,2‘ s1,1 sz,z

Y -
‘ Y ) Y J —
b S

\Il T 5cova lente Siénicol Si(i\nico2

Figura 1.11 Configuraciones y estados de espin posibles para un birradical.
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La configuracidn electrénica mas estable en atomos y moléculas se
puede predecir, de modo general, haciendo uso de la Regla de Hund B4,
Esta establece que, al afiadir electrones a orbitales atémicos de la misma
energia, primero se han de ocupar todos los orbitales posibles con
electrones de espin paralelo, para evitar la repulsion electrénica. Asi, al
llenar dos orbitales equivalentes con dos electrones, la configuracién
electrénica triplete estard favorecida energéticamente con respecto al
estado singlete. En general, la Regla de Hund puede aplicarse para
determinar la multiplicidad de espin en birradicales. Por tanto, la
introduccion de correlacion electronica estabiliza las configuraciones de

alto espin (Figura 1.12).

scovalente si(’)nico1 siénicoz

Figura 1.12 Modelo de los cuatro estados de espin posibles para un birradical teniendo
en cuenta el efecto de correlacién electrénica. (AEst = Es-Ey diferencia de energia entre
estados singlete y triplete).
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Haciendo uso del Hamiltoniano molecular de orden cero
(monoelectrénico o h) y de orden uno (con repulsion), se puede obtener
una descripcion cuantitativa de la disposicion energética relativa para los
distintos estados de espin, que llevaria a establecer el orden de
estabilidad para las cuatro configuraciones posibles en ausencia de campo
magnético externo (Figura 1.13), donde jj es la integral de Coulomb para
dos centros, k la integral de canje magnético vy jj la integral de Coulomb
para un unico centro (ji >> ji).

)
Sionicoy | "—mmmm e mem e E(T)=2h +j+ k
N—
2K
Sisnico e e S E(T)=2h+j;-k
N—
v
scovalente """"""""" E(T)=2h+j+ k
I
AEg ¢ 2K

----------------------------- E(T)=2h+j;-k

Figura 1.13 Energias de los cuatro estados posibles para un birradical.

En la Figura 1.14 se puede visualizar el significado de las
magnitudes relevantes en la distribucion de energias detallada con
anterioridad. Si se considera una situacién de dos electrones en dos
orbitales ¢a (azul) y ¢s(rojo), la integral de Coulomb, jj, indica la repulsién
electron-electrén entre zonas que no se solapan en el espacio (zonas

15
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azules y rojas); la integral de canje magnético, k, por su parte, da cuenta
de la repulsién electron-electrén en el volumen de solapamiento entre
ambos orbitales (zona blanca) y la integral de Coulomb para un centro, ji;,
tiene que ver con la repulsidon electrén-electrén que ocurre en el volumen
de cada orbital individual.

X

Figura 1.14 Representacidn esquematica del solapamiento de dos orbitales p ocupados
cada uno por un electrén.

Esta situacion en la que el triplete se ve energéticamente
favorecido con respecto al singlete es caracteristica de birradicales tipo
No-kekulé. Por tanto, este tipo de sistemas presentan estados
fundamentales de alto espin (Figura 1.15), en linea con lo que determina

la Regla de Hund.
4 [ ] .P

o)

Figura 1.15 Multiplicidad de espin del estado fundamental en birradicales No-Kekulé.
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Partiendo de la Figura 1.13, la diferencia energética entre triplete
y singlete (AEst) se puede determinar a partir de la eq[1], la cual
establece su dependencia lineal con la interaccion de canje magnético (4)
y ésta, a su vez, es proporcional a la integral de solapamiento entre los
NBMOs que ocupan los electrones desapareados.

AFEs.t = -2k eq[1]

Cabe preguntarse entonces qué ocurriria en funcion del grado de
solapamiento entre NBMOs, épodrian darse excepciones a la Regla de
Hund en situaciones en las que el solapamiento fuera minimo?

Esta cuestidon ya comenzd a plantearse a raiz de los trabajos de
Dowd de principios de los 90 35361 "en los gue estudiaba moléculas que
posteriormente se confirmarian como las primeras excepciones a la
concepcidn que, sobre la multiplicidad de espin del estado fundamental
en birradicales, imponia la Regla de Hund. En este contexto, cabe destacar
las predicciones de Borden [37-39] y su clasificacion de birradicales
atendiendo a la distribucidon de sus NBMOs sobre el esqueleto molecular.
Asi, se consideran birradicales tipo disjoint aquellos en los que los NBMOs
se encuentran separados en el espacio, y birradicales tipo Non-disjoint los
gue muestran un cierto grado de solapamiento entre orbitales. Ejemplos
clasicos de este tipo de sistemas los constituyen el trimetilenmetano
(TMM) y el tetrametilenetano (TME) 40l Ep el primero de ellos, como se
puede observar en la Figura 1.16, existe una distribucion de NBMOs de
modo que coiciden en algunas zonas del espacio (Non-disjoint) mientras
que en el TME los NBMOs estdn restringidos a zonas separadas de la
molécula (disjoint).

17
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Non Disjoint Disjoint

A X
e

TMM TME
Figura 1.16 Ejemplos de birradicales Disjoint y Non Disjoint.

Los estudios de Dowd anteriormente citados mostraban
evidencias de un estado fundamental triplete en ambos casos. Sin
embargo, mientras que la multiplicidad de espin del estado fundamental
para el TMM no albergaba dudas, en el caso del TME y otros derivados
con una distribucion de NBMOs tipo disjoint, la cuestidn de si el estado
fundamental era de alto o bajo espin se mantuvo abierta durante largo
tiempo, generando numerosos estudios tedricos que contradecian los
iniciales datos experimentales “***, No seria hasta 1996 cuando Iwamura
I. 1 caracterizaran inequivocamente el estado fundamental del TME
como birradical singlete, practicamente degenerado con un estado
birradical triplete excitado a unas 0.02 Kcal/mol.

eta

En este contexto, con las predicciones tedricas y evidencias
experimentales en buena sintonia, cobra sentido profundizar en el
mecanismo responsable de esta violacion de la Regla de Hund.
Atendiendo a la fisica subyacente a ésta, se ha de traer a colacién el
Principio de Exclusion de Pauli, que establece la imposibilidad de que dos
electrones de espines paralelos ocupen simultdneamente la misma region
del espacio. Teniendo en cuenta que este Principio permite que
electrones con espines antiparalelos aparezcan en una misma region,
éstos presentan una mayor energia de repulsidon mutua que los electrones

18
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con el mismo espin. Aqui entra en juego la diferencia entre NBMOs tipo
disjoint y Non-disjoint ya que, en el primer caso, independientemente de
gue los dos electrones desapareados tengan o no el mismo espin, no
existe probabilidad de que ambos electrones ocupen el mismo orbital.
Esto, en un principio, llevaria a considerar isoenergéticos los estados
triplete y singlete, sin embargo, en el caso del singlete existe la posibilidad
de que los electrones de los orbitales m-enlazantes se localicen
parcialmente en el mismo par de carbonos donde se encuentran los
electrones desapareados. Este tipo de correlacidon entre electrones en
orbitales enlazantes y no enlazantes es energéticamente favorable, y no
es posible en el estado triplete, lo que implica la estabilizacién del estado
capa abierta de bajo espin. En el caso de NBMOs tipo Non-disjoint, el
estado fundamental sera triplete en base a la aplicacién del Principio de
Exclusion de Pauli a las zonas que los NBMOs tienen en comun 8,

En pocas palabras, la capacidad que los dos electrones
desapareados en birradicales singlete tienen para conjugar con los
electrones enlazantes del puente molecular que los conecta, en sistemas
tipo disjoint, donde la k es pequeiia, pueden hacer que esta configuracidn
electronica se vea favorecida frente a la configuracién de birradical
triplete que cabria esperar tras la aplicacidon de la Regla de Hund, como
muestra la Figura 1.17.

T o

Birradical Singlete Birradical Triplete
[2 Contribuciones estabilizadoras] [1 Contribucion estabilizadora]

Figura 1.17 Influencia de la conjugacion sobre la estabilizacién de birradicales tipo
disjoint.
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Para estos sistemas, el modelo de cuatro estados tomaria la forma
que se muestra en la parte derecha de la Figura 1.18, cuya distribucion se
basa en las energias de segundo orden obtenidas mediante la interaccién
de configuraciones entre los estados capa cerrada y los estados capa
abierta bajos en energia que se obtenian a partir del Hamiltoniano
molecular de primer orden. Como puede observarse, el balance entre el
término 2K y el término IC (interaccién de configuraciones) es el que, en
principio, determinaria la preferencia hacia un estado fundamental de
alto o bajo espin.

siénicoz p 4 E(T)=2h+j,+k+IC

Sisnico2 y T A e S
T ZK ) I
Sisnicot ‘ E(T)=2h + jy- k -~ Sisnicot E(T)=2h+j,- k

A

Jirdy
Scovalente y E(T)=2h+j+k R
T '..\ £ |« | — I 2K |ic
[L 3 L T ! E(T)=2h+ - k
\

\( W
Scovalente E(T)=2h+j,+k-IC

Figura 1.18 Modelo de cuatro estados antes y después de introducir el efecto de la
interaccion de configuraciones.

El término IC tiene que ver con la integral hibrida de Coulomb, la
cual, si se retrocede a la Figura 1.14, daria cuenta de la repulsién electrén-
electrén entre las zonas en las que las funciones de onda solapan (zonas
blancas) y aquellas en donde no hay solapamiento (zonas rojas y azules).
Por su parte, la integral de canje (k) indica la repulsion electrén-electron
en las zonas que solapan, es decir, es la cantidad de energia que el
sistema ahorraria al disponer los electrones formando un triplete, por
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tanto, a menor grado de solapamiento, se favoreceria la estabilizacién de
configuraciones capa abierta de bajo espin.

Este es el caso de birradicales tipo Kekulé que presentan NBMOs
tipo disjoint, en los que el bajo valor de k y el cardcter enlazante de la
estructura resonante de capa cerrada, pueden llegar a estabilizar estados
fundamentales birradical singlete de capa abierta. Se trata de sistemas
muy interesantes desde el punto de vista practico ya que, debido a las
particulares caracteristicas de su estado fundamental y primeros estados
excitados, pueden ser Utiles en aplicaciones relacionadas con fisién de
singletes, reactividad quimica, absorcién de dos fotones o switching
magnético (Figura 1.19) 5% 4753,

Caracter i6nico
N
E] Fision de Doble exciton
siénicoz singletes
E Fision de

SOTEES

sic’)nico1

T+T

Scovalente L"

-> Reactividad

Figura 1.19 Posibles aplicaciones de un birradical singlete
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Se puede decir, por tanto, que este fendmero de estabilizacidn de
especies singlete de capa abierta, tiene que ver con el concepto de
polarizacidn de espin en radicales (SP), consecuencia directa de la Regla
de Hund y que en birradicales, debido a la presencia de dos electrones
desapareados, ocurre dos veces, en lo que se conoce como Mecanismo de

Doble Polarizacion de Espin o Polarizacion Dindmica de Espin (DSP)
[37,54,55]

1.1.2.1. MECANISMO DE DOBLE POLARIZACION DE ESPIN. BASE
MOLECULAR

La DSP es un factor que explica la repulsién electrén-electréon en
sistemas de capa abierta con S > % y que juega un papel determinante en
la multiplicidad de espin del estado fundamental en birradicales 7-
conjugados ® condicionando asi el comportamiento ferromagnético o
antiferromagnético de los mismos, como se ha visto con anterioridad. En
un birradical de este tipo, con n electrones, cada electréon desapareado
polariza a los restantes (n-2)/2 pares de electrones. La cuestion a tener en
cuenta aqui, y que a la postre sera critica para que se estabilice el estado
de alto o bajo espin, es si la polarizaciéon individual que cada centro radical
ejerce sobre la nube m-conjugada es competitiva o aditiva. La DSP serd
aditiva cuando los dos electrones desapareados del birradical polaricen
los orbitales llenos del puente conjugado en el mismo sentido, mientras
que si lo hacen en sentidos opuestos estaremos ante un mecanismo DSP
competitivo. Estas dos modalidades determinaran la multiplicidad de
espin del estado fundamental en funcién de la estructura molecular del
puente con respecto a los centros radicales.

El conjunto de los tres isémeros del benzoquinodimetano (orto-,
meta- y para-) constituye un modelo ideal para entender el mecanismo

22



1. Introduccion

DSP B3 a nivel molecular. En la parte superior de la Figura 1.20a, se
muestran los NBMOs para nuestros sistemas, de tipo bencilico.

/ TRIPLET SINGLET
META-
—

4 +

v\/v*\P *V\/'
B

[¢ 4
¥, i E/
* *
SINGLET TRIPLET \

PARA-

(ORTO-)

Figura 1.20 a) Polarizacién de espin en un orbital molecular doblemente ocupado, b)
Electrén de espin a (izquierda) y B (derecha) en Wg para la configuracion meta-, c)
Electrén de espin B (izquierda) y o (derecha) en W para la configuracion para-.
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Si nos fijamos en el isémero meta (Figura 1.20b), los dos NBMOs
se orientan hacia las posiciones marcadas (*) y, por tanto, ambos
presentan la misma paridad (muestran LCAOs no nulos en las posiciones
sefialadas del anillo de benceno). La Figura 1.20a muestra el fendmeno
de SP en un orbital molecular (MO) doblemente ocupado ¥; inducido por
el primer electrén desaparado de espin o que ocupa un NBMO W,%. El
efecto de la polarizacidn del par de electrones en ¥; busca minimizar la
repulsidn electrostética y, por tanto, el electrén de espin 3 que ocupa el
Mo ¥, disminuye sus coeficientes LCAO en las posiciones donde el
electréon desapareado de espin o situado en el NBMO W,*tiene
amplitudes distintas de cero. Ocurre lo contrario en el caso de un electrén
de espin a que ocupa ¥;% cuyo efecto hace que los coeficientes LCAO
aumenten en esas posiciones. En otras palabras, la Figura 1.20a muestra
la menor repulsion entre electrones con espines paralelos, de acuerdo
con la Regla de Hund.

Ahora, si se considera una segunda SP inducida por el electrén
desapareado que ocupa el NBMO W, existen dos posibilidades: que ese
electrén tenga espin o o que su espin sea 3. Un electrén de espin o en g
(Figura 1.20b, izquierda), en base a las razones fisicas expuestas con
anterioridad, afectaria a los MOs ¥;* y ‘I’lﬁ ya polarizados aumentando,
aun mas, los coeficientes de las posiciones marcadas en ¥;%
disminuyéndolos en w.P Es decir, el efecto de la SP del primer electrén va
en el mismo sentido que el del segundo, por tanto, estamos ante un
mecanismo de DSP aditivo. Por el contrario, si el electrén que se aloja en
W; tiene espin B (Esquema 1.20b, derecha), la segunda SP que éste
genera disminuye los coeficientes LCAO de las posiciones marcadas en el
MO ¥;*y los aumenta en ¥, como resultado de un mecanismo DSP
competitivo, ya que el efecto de la SP ejercida por cada electrén
desapareado es opuesto. Estos resultados indican una estabilizaciéon del
estado birradical triplete sobre el biradical singlete, y por tanto, la
preferencia hacia un estado fundamental de alto espin.
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En el caso del isémero para-, los dos NBMOs se orientan en las
posiciones no marcadas del anillo de benceno, con la correspondiente
distinta paridad de los mismos (uno de ellos tiene los coeficientes LCAO
no nulos en las posiciones marcadas del anillo de benceno y el segundo
los tiene en las restantes). El efecto de la SP del primer electrén
desapareado es igual en todos los casos pero, al introducir el efecto de la
SP del segundo electrdn, los efectos varian. Si el espin del electrén que se
sitta en el NBMO Y. es o (Figura 1.20c, derecha), los MOs
w,* y‘I‘ll3 aumentan y disminuyen sus coeficientes en las posiciones no
sefialadas respectivamente, dando lugar a un mecanismo DSP
competitivo. En caso de que el espin fuera  (Figura 1.20c, izquierda),
ocurriria al contrario, y el mecanismo DSP seria aditivo, con el
correspondiente resultado de la estabilizacién del estado birradical
singlete para el isdmero para-.

1.1.3 PROAROMATICIDAD Y CARACTER BIRRADICAL EN PAHS. LA
UNIDAD P-QDM.

Actualmente, uno de los enfoques que mas interés suscita en el
contexto de la sintesis de sistemas m-conjugados extendidos o
Hidrocarburos Policiclicos Aromaticos (PAHs), es el dirigido a la obtencidn
de sistemas moleculares de bajo gap, debido principalmente a su
potencial como semiconductores en OFETs, cromdforos NIR para
absorcion de luz en células solares fotovoltaicas organicas [57]
marcadores fluorescentes NIR para aplicaciones de imagen y deteccion en
tejidos bioldgicos 8! | 130:51,59-
o1, Ademas, estos materiales son valiosos también como modelos para

0
, asi como para croméforos en dptica no linea

estudiar las relaciones estructura-propiedad en grafenos desde una

perpectiva Bottom-up (Nanografenos) [62,63]
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El estado fundamental electrénico de estos sistemas es
generalmente de capa cerrada, pero a medida que el gagp HOMO-LUMO
se estrecha, comienzan a estabilizarse soluciones de capa abierta para la
funcién de onda. Es conocida la influencia que la minimizacién del gap
HOMO-LUMO tiene en la génesis del cardcter birradical en este tipo de
sistemas, al facilitar la mezcla de una configuracidn de doble excitacién en
la configuracion electrdnica del estado fundamental [64]
tipo de PAHs de bajo gap pueden encontrar también interesantes

por lo que este

aplicaciones en el campo de la espintrénica organica.

Dentro de los PAHs de bajo gap, resultan especialmente
interesantes los birradicales tipo Kekulé con estado fundamental singlete
de capa abierta debido a las singulares propiedades que presentan (Figura
1.21). Existe una considerable variedad de este tipo de sistemas, algunos
de los cuales ya se mostraban en la Figura 1.1. Sin embargo, un rasgo
comun a muchos de ellos es que comparten la unidad p-quinodimetano
(p-QDM) como building block fundamental. En la Figura 1.21 se muestran
las estucturas resonantes de capa abierta y capa cerrada para algunos de
ellos.

26



1. Introduccion

MeO,C  COMe

{Z) tBu
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Figura 1.21 PAHs de bajo gap HOMO- LUMO basados en p-QDM.

Como se ha visto en apartados anteriores, la unidad p-QDM es, en
si misma, un birradical de Kekulé, ya que se puede representar por sus
estructuras resonantes de capa abierta y quinoide de capa cerrada. La
estabilizacion de la forma birradical surge como consecuencia de la
ganancia de un anillo aromatico al pasar de la estructura resonante de
capa cerrada a la correspondiente estructura de capa abierta (Figura
1.22). Por tanto, la estabilizacion de birradicales derivados de p-QDM se
puede relacionar con la proaromaticidad del mismo, y es esta
caracteristica la que lo convierte en una de las mds comunes unidades

estructurales en quimica de PAHs de bajo gap con caracter birradical [65-
67]
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—~ V= N

Figura 1.22 Estructuras resonantes de la unidad de p-QDM

Investigaciones recientes han demostrado que, a través de la
incorporacién de unidades de p-QDM en esqueletos m-conjugados, se
pueden generar sistemas PAHs quinoides con estado fundamental
singlete capa abierta, gracias a la anteriormente citada recuperacién de la
aromaticidad de la unidad pro-aromatica que ocurre en la forma
resonante birradicalaria. Sin embargo, obtener derivados de p-QDM de
una cierta extensién es todavia un reto debido al aumento de la
reactividad con la longitud de la cadena, ademds de a problemas de
solubilidad propios de sistemas poliaromaticos de gran tamafio. Todo esto
hace que la necesidad de entender la conexién estructura-caracter
birradical y sus implicaciones en las propiedades fisicas aflore,
necesariamente, a la hora de proponer alternativas sintéticas en la
busqueda de este tipo de sistemas.

Tres son las principales vias de estabilizacion usadas en la sintesis
de sistemas birradicalarios de bajo gap estables y con estructuras
quinoides tipo kekulé de base p-QDM:

i) Termodinamica, mediante deslocalizacién de los electrones
desapareados en el esqueleto de la molécula.

ii) Aromatica, via ganancia de unidades aromadticas en la forma
resonante birradical.

iii) Cinética, a través del bloqueo de los sitios mas reactivos con
sustituyentes voluminosos.
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En base a esto, los sistemas fusionados proporcionan una
excelente plataforma para incorporar la unidad p-QDM vy generar
birradicales estables, ya que la intrinseca planaridad y rigidez del
esqueleto aromatico facilita la deslocalizacién de los radicales y, ademas,
gracias a la accesibilidad de métodos sintéticos, los sitios reactivos se
pueden bloquear cinéticamente de manera relativamente sencilla. Estos
conceptos de disefio quimico, han ayudado a sintetizar diversos tipos de
PAHs quinoides y con caracter birradical en los Ultimos afios (Figura 1.21),
de entre los cuales, uno de los sistemas mds destacados lo constituye la
familia de los bisfenalenilos.

Los trabajos de Nakasuji y Kubo et al %%

, a partir de la conexidn
de dos radicales fenalenilo mediante un sistema m-conjungado, han dado
lugar a una serie de moléculas quinoides de capa cerrada y con caracter
birradical (Figura 1.23) muy interesantes a la hora de estudiar la
estructura electrénica del estado fundamental y que presentan, ademas,

propiedades muy particulares y novedosas.

El primer indacenodifenaleno (IDPL) se sintetizé en 1991 %72,y
han ido apareciendo diversos derivados desde entonces (Figura 1.23a),
todos ellos con estados fundamentales birradical singlete.

En 2005, Kubo et al. publicaron el derivado a5 comprobando, por
primera vez en este tipo de sistemas, la presencia de interacciones

intermoleculares fuertes en estado sélido %

. Este dltimo y novedoso
fendmeno, abridé la puerta a una candente discusién sobre los motivos
gue generaban este tipo de interacciones, ya que la estructura de rayos X
mostraba la formacién de cadenas 1D en escalera mediante la
superposicidn de los centros radicales uno a uno y mostrando distancias
intermoleculares propias de enlaces de centros multiples. Esto seria
confirmado por el mismo grupo tras el estudio de los derivados a6, bl y

b2 (Figural.23a, b) (73] qgue les permitié relacionar el mayor caracter
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birradical de éstos con una menor distancia intermolecular en el
[74]

empaquetamiento

:n=1,R'=R?>=R%=H
:n=1,R'=R2=H, R%=-Pr
:n=1,R'=R2=H, R3*=t-Bu
:n=1,R'=R2=H, R3=Ph
:n=1,R'=Me, R?=H, R3= Ph
:n=2,R'=R?=H, R*= Ph
:n=2,R'=t-Bu,R2=H, R3= Ph

b) Ph Ph
V909 TAY

Q Ph Ph Q b1: R=H

b2: R=t-Bu

Figura 1.23 Estructuras resonantes para distintos derivados de indacenofenaleno:
a) IDPL; b) IDPL-Ph,.
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2. OBJETIVOS

En la presente Tesis Doctoral se propone la caracterizacién del
estado electrénico fundamental y de los estados electrénicos excitados de
naturaleza triplete cercanos o casi degenerados en energia con el
fundamental en moléculas policiclicas extendidas de naturaleza quinoide
0 pro-aromatica. Estas moléculas son elegidas pues son susceptibles de,
en funcion del tamafio de la cadena, presentar una apertura de la capa
cerrada (o singlete capa cerrada) para dar lugar a un cierto caracter
birradical modulable con la extensidon o tamafio molecular y convertible
de bajo a alto espin, o de singlte a triplete. Para ello se relacionardn los
cambios en los espectos Raman vibracionales con la necesaria
participacién del mecanismo de doble polarizacién de espin cuando se
estabiliza el singlete capa abierta. Se pretende obtener adicionales
relaciones estructura-propiedad que puedan ser de utilidad para
proponer nuevas plataformas moleculares en el contexto de la quimica de
Hidrocarburos Policiclicos Aromaticos (PAHSs). Dicha caracterizacidon se
lleva a cabo en base a tres sub-objetivos principales:

v’ Elucidacidén de la configuracion electrénica de los sistemas objeto
de estudio que permita clasificarlos como capa cerrada o capa
abierta.

v' En sistemas capa abierta, determinaciéon de la multiplicidad de
espin del estado fundamental.

v' Estudio de la relacidon entre las caracteristicas estructurales de los
sistemas y la configuracion electrdénica del estado fundamental.
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Para poder lograr los objetivos propuestos, se hace uso,
fundamentalmente, de la espectroscopia vibracional Raman, técnica de
contrastada utilidad en la caracterizacién de birradicales m-conjugados y
sistemas m-conjugados en general. El uso de la espectroscopia Raman en
sus variantes de resonancia Raman, pre-resonancia Raman y termo-
espectroscopia Raman representa uno de los pocos casos donde esta
técnica espectroscopica se utiliza para el analisis de este tipo de
moléculas capa abierta o birradicales.

El conjunto de moléculas objeto de estudio se puede dividir en
cuatro bloques, que corresponden con cuatro capitulos. Cada uno de ellos
permite abordar los tres objetivos enumerados anteriormente desde
distintas perspectivas:

Bloque 1: Derivados de perileno con sustituyentes
bis(dicianometileno) sintetizados por el grupo del Prof. Jishan Wu, de la
Universidad Nacional de Singapur. El conjunto de moléculas que
constituye este bloque permite estudiar el efecto que sobre la
estabilizacién de especies capa abierta tienen:

a) El aumento de la longitud de cadena a través del estudio de una
serie de oligdmeros derivados de perileno con sustituyentes
bis(dicianometileno) en los extremos, desde el monémero al hexamero,
nPer-CN (n=1-6), ver Figura 2.1:
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Figura 2.1 Estructura quimica de la serie nPer-CN (n=1-6), con R= CgHy; para n=1y R=
Cy4H4g para n=2-6.
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b) La rigidificacion del esqueleto conjugado mediante el estudio de
los derivados de rileno quater- y hexa-rileno con sustituyentes
bis(dicianometileno) en los extremos, QR-CN y HR-CN:

Figura 2.2 Estructura quimica de las moléculas QR-CN y HR-CN, con Ry= CgHy; y R,=
Cs2H10305.

c¢) La inclusidn de anillos de tiofeno entre el esqueleto conjugado y
los grupos aceptores bis(dicianometileno), para lo cual se estudia la pareja
de derivados RyTh,-CN y Ry,Th,-CN.

RyTh,-CN

Figura 2.3 Estructura quimica de las moléculas RyTh,-CN y Ry,Th,-CN, con R;=CigH33 y
Ry= CygHao.
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Bloque 2: Derivados cetrénicos.

En este bloque se caracterizan tres nuevos derivados cetrénicos,
HZ-TIPS, OZ-TIPS y HZ-DI sintetizados por el grupo del Prof. Jishan Wu, de
la Universidad Nacional de Singapur. Estos permiten determinar el papel
gue el aumento de la longitud de cadena, la inclusion de grupos aceptores
y el caracter pro-aromatico del puente tipo aceno tienen sobre la
estabilizacidn de especies neutras capa abierta. También se estudiaron las
correspondientes especies cargadas para indagar en su relacidon con el
cardcter pro-aromatico.

HZ-TIPS OZ-TIPS

Figura 2.4 Estructura quimica de las moléculas HZ-TIPS, OZ-TIPS y HZ-DI, con R=Cy;H,;3.

Bloque 3: Derivados tetrabenzo-chichibabin.

La pareja de moléculas que integran este apartado, también
sintetizados por el grupo del Prof. Jishan Wu, de la Universidad Nacional
de Singapur, permite abordar el estudio de la influencia que tiene la
inclusion de unidades tipo fluoreno o bencénico, deslocalizadoras de
centros radicales, sobre la estabilizacion de especies capa abierta y
especies cargadas, y, ademads, comprobar el efecto de la distorsion de la
estructura molecular sobre la multiplicidad de espin en dos nuevos
derivados tetrabenzo-chichibabin, 1-CS y 2-0S.
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Figura 2.5 Estructura quimica de las moléculas 1-CS y 2-OS.

Bloque 4: Derivados de naftoditiofeno con sustituyentes
bis(dicianometileno) y bis(ciano-acilmetileno) sintetizados por el grupo
del Prof. Kazuo Takimiya del RIKEN Advanced Science Institute en Japdn.

En este Ultimo bloque se pretende analizar la influencia del
cardcter birradical de los sistemas objeto de estudio sobre la formacién
de enlaces o débiles intermoleculares, asi como la caracterizacion de la
evolucién que sufre la estructura electrénica y molecular de las unidades
monoméricas al formarse las  correspondientes  entidades
supramoleculares.

Figura 2.6 Estructura quimica de las moléculas 1-NDT y 2-NDT.
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Una vez caracterizados todos los sistemas estudiados y, a modo de
objetivo transversal de esta Tesis Doctoral, se tratara de racionalizar, en
términos del mecanismo DSP, los efectos que ejercen las distintas
variaciones estructurales introducidas sobre el estado fundamental de
cada una de las familias estudiadas y que se manifiestan directamente en
la huella vibracional Raman, o lo que denominaremos en la transicion
desde el singlete birradical al birradical triplete, titulo elegido para la Tesis
Doctoral.
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3. METODOLOGIA
3.1 TECNICAS ESPECTROSCOPICAS

La espectroscopia es la rama de la ciencia que estudia la
interaccion de la radiacidn electromagnética con la materia y por tanto,
permite analizar propiedades estructurales a través del resultado de dicha
interaccion. Para ello, se analiza la distribucion de intensidad de la
radiacidon electromagnética, emitida, absorbida o dispersada por Ia
muestra, en funcién de la longitud de onda o frecuencia de dicha
radiacién o espectro *°),

La naturaleza de la luz ha venido siendo objeto de debate desde la
antigiiedad en los ambitos cientifico y filoséfico pero la comprension
moderna de la misma surge con el célebre experimento que Newton
realizé en 1665 sobre la dispersion de la luz blanca con un prisma
triangular. En este experimento, se comprobaba como cualquier haz
incidente de luz blanca se descomponia en el espectro del arcoiris. Mas
tarde cada color seria asignado a un Unico valor de longitud de onda o
frecuencia.

Hacia 1815, Fraunhofer descubrié que el espectro de la luz solar
estaba dividido por una serie de lineas oscuras, algo que Kirchoff
relacionaria con la absorcién, a ciertas frecuencias caracteristicas, por
parte de los elementos quimicos presentes en las capas mas externas del
Sol. Se concluye entonces que cada elemento emite y absorbe luz a
ciertas frecuencias fijas y caracteristicas, con lo que los espectros de
absorcion y emision atdmicos se pueden considerar como la “huella
dactilar” de los mismos. Este hallazgo da pie al desarrollo de Ia
espectroscopia como ciencia practica.
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El desarrollo de la mecanica cuantica y la consiguiente propuesta
de cuantizacidon de la energia permitieron explicar los fendmenos de
absorcion y emision de luz observados en dtomos y moléculas. Una vez
asumida la cuantizacion de la energia, la absorcién de radiacidon
electromagnética a una determinada frecuencia se relaciona con los
niveles de energia implicados en la transicién cudntica.

Campo Magnético (H)

|

24

Direccién de

Campo Eléctrico (E) o
propagacion

Figura 3.1 Oscilacion de los campos eléctrico y magnético en una onda plana.

El fendmeno de la interaccidn radiacion-materia esta intimamente
relacionado con la naturaleza dual (ondulatoria y corpuscular) de la
radiacion electromagnética. Si se considera una onda electromagnética,
los campos eléctrico £ y magnético H oscilan perpendiculares entre si y
con respecto a la direccién de propagacion de la onda, tal y como se
muestra en la Figura 3.1. Son estos campos ondulatorios los que
interaccionan con la materia y permiten la obtencidn de espectros.

Para describir una onda electromagnética es necesario recurrir a
dos parametros fundamentales: la frecuencia,v (o nUmero de oscilaciones
por segundo), que caracteriza la onda desde el punto de vista temporal, y
la longitud de onda, A, que es la distancia minima entre dos puntos de la
onda que se encuentran en fase (Figura 3.2). Ambos pardmetros se
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encuentran relacionados con la velocidad de propagacion de la luz en el
vacio c.

y = Asen(7x)
A

f——Longitud de onda—
()

AN
VAR AT

—— Frecuencia —
(v)

Figura 3.2 Representacién de una onda electromagnética con longitud de onda A.

La naturaleza corpuscular de la radiacion electromagnética
permite cuantizar la luz en fotones o corpulsculos cuya energia esta
directamente relacionada con v a través de la constante de Planck (h).

Si se consideran dos estados cuanticos con energias E; y Ej, la
transferencia de energia maxima entre ellos se produce cuando la energia
del haz incidente coincide con AE=E,-E;. Planck sugirié que la energia
absorbida o emitida podia tomar la forma de una radiacidon
electromagnética de frecuencia v=AE/h. Esto permitiria relacionar la
frecuencia de la radiacidn experimental con la variacion de energia entre
los niveles (AE) a través de la férmula:

(EFotén=hV)ExperimentaI = (AE: E,- El)Teérica

La utilidad de las técnicas espectroscdpicas para el estudio de
propiedades moleculares (geometria y conformacion de la molécula,
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constantes de fuerza, energias de enlace, etc.) parte de la dependencia de
AE con la estructura molecular. Esto las ha convertido, a dia de hoy, en
imprescindibles a la hora de caracterizar materiales moleculares de
diversa naturaleza.

Una de las principales ventajas de este tipo de técnicas radica en
la posibilidad de acceder a un rango de frecuencias de la radiacién
incidente muy amplio, que permite analizar procesos de distinta
naturaleza (rotaciones, vibraciones, transiciones electrénicas, nucleares,
etc.) ya que cada uno de ellos se asocia a una determinada region de la
radiacion electromagnética (Figura 3.3).

Cambio de
Transiciones Transiciones Transiciones configuracion
Cambio de espin rotacionales vibracionales electrénicas nuclear
- Y A
Visible y
NMR ESR Microondas  Infrarrojo ultravioleta Rayos X Rayosy
o—3| < —Ss
! T+ @ A, |(E€2® )-o
" P
Nuimero de onda (em)
107 1 100 104 10° 10%
1 1 1 1 1 1
Longitud de onda
1om 100cm 1cm 100 pm 1um 10 nm 100 pm
1 1 L 1 1 |

Figura 3.3 Efectos moleculares de la radiacion en las distintas regiones del espectro
electromagnético.

En el contexto de la investigacidn en la que se enmarca esta Tesis
Doctoral se ha recurrido a una amplia variedad de técnicas
espectroscépicas, como espectroscopias de absorcion electrénica UV-Vis-
NIR, Resonancia Magnética Nuclear (RMN) o Resonancia de Espin
Electrénico (ESR). La presente memoria, sin embargo, esta enfocada, casi
exclusivamente, a la aplicacién de la espectroscopia vibracional Raman, e
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Infrarroja en menor medida, al estudio de Hidrocarburos Policiclicos
Aromaticos (PAHs) con caracter birradical.

3.1.2 ESPECTROSCOPIA VIBRACIONAL

Tres cordenadas describen la posicién de una particula aislada en
el espacio tridimensional. Esta presenta tres grados de libertad que
representan las tres posibles traslaciones de la misma a lo largo de cada
uno de los ejes que describen el sistema de referencia. En el caso de
moléculas poliatémicas, éstas deben definirse por la posicién de cada uno
de los atomos que las integran, o por 3N coordenadas en el espacio
cartesiano. De estas 3N coordenadas, tres corresponden a las traslaciones
(o desplazamientos del centro de masas) a lo largo de los ejes cartesianos
y otras tres corresponden a rotaciones con respecto a los ejes de inercia
(en moléculas lineales sdélo hay posibilidad de giro sobre dos ejes). El resto
de coordenadas corresponden a desplazamientos relativos de los atomos
gue no conllevan desplazamiento del centro de masas, es decir, 3N-6
vibraciones en moléculas no lineales y 3N-5 en moléculas lineales.

Los espectros vibracionales son mas complejos que los espectros
electrénicos en cuanto a niumero de bandas y ofrecen una informacion
mas completa acerca de los materiales que se estudian. Se denomina
modo normal de vibracién a cada uno de los movimientos de vibracién de
una molécula en los que todos los atomos se mueven con la misma
frecuencia.

Aungque a partir de un espectro IR o Raman se puede asignar cada
uno de los modos de vibracion de la molécula en cuestién, no siempre es
necesaria una asignacion exhaustiva sino que se puede obtener
informacién valiosa a partir de:
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e Comparacidn de frecuencias en espectros de moléculas parecidas.

e Analisis de los desplazamientos de frecuencias inducidos al variar
el patron de sustitucion en las moléculas o el tamafio de las
mismas.

e Estudio de los efectos que se produzcan en los espectros al
modificar las condiciones de concentracidn, temperatura, presion
o polaridad del medio.

Este tipo de comparaciones seran de gran utilidad para dar
respuesta a las miltiples interrogantes que surgen al analizar los
resultados experimentales obtenidos para los sistemas objeto de estudio
en esta Tesis Doctoral. En base a ellas, en conjuncién con las demas
técnicas espectroscdpicas enumeradas anteriormente, y con ayuda de
calculos quimico-cuanticos, se podra caracterizar de manera inequivoca
la configuracién electrénica del estado fundamental de los integrantes de
cada una de las familias estudiadas y relacionar ésta con los distintos
rasgos de la estructura molecular de cada sistema.

Respecto al sistema de deteccidn, las técnicas espectroscopicas
vibracionales se pueden dividir en dispersivas e interferométricas. Las
técnicas dispersivas fueron las primeras en desarrollarse. En ellas, la
radiacion policromatica procedente de la muestra se dispersa mediante
prismas y redes de difraccidén, permitiendo asi que un estrecho rango de
frecuencias llegue al detector. Mediante desplazamientos mecdanicos de
los distintos componentes dpticos del espectrofotdmetro se obtiene el
espectro completo, al permitir que distintas regiones espectrales lleguen
sucesivamente al detector. Este mecanismo, sin embargo, presenta
ciertas desventajas, principalmente relacionadas con la lentitud que
implica la minima fraccion de luz dispersada por la muestra que llega al
detector para cada alineamiento de los elementos dpticos. Esto lleva,
inevitablemente, a tiempos de adquisicidon largos que pueden generar
alteraciones significativas en las muestras, sobre todo en las de tipo
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organico, debido al calentamiento que se puede producir al exponer las
muestras durante largo tiempo a una radiacidn incidente relativamente
intensa.

Por su parte, las técnicas interferométricas se basan en el uso de
un dispositivo denominado interferémetro, habitualmente de tipo
Michelson (Figura 3.4).

ESPEJO MOVIL
B
ESPEJOFIIO
FUENTE
et e gl
DIVISOR DE HAZ P
Ty
=
_—-
DETECTOR

Figura 3.4 Interferémetro de Michelson.

El elemento fundamental del interferémetro es el divisor de haz o
beamsplitter. Este es capaz de dividir el haz luminico procedente de la
fuente en dos frentes de onda idénticos que se propagan en direcciones
perpendiculares, de forma que una mitad de la radiacién se dirige hacia
un espejo movil y la otra hacia un espejo fijo. Tras la reflexiéon en los
correspondientes espejos, ambas radiaciones se recombinan dando lugar
a un patrdn de interferencias constructivas y destructivas cuya naturaleza
depende del desplazamiento del espejo mdvil con respecto a su posicion
de equilibrio. Este nuevo haz recombinado interacciona con la muestra
antes de llegar al detector. Finalmente se obtiene el correspondiente
interferograma, el cual necesita ser tratado matematicamente mediante
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la transformada de Fourier para presentar la informacién obtenida de
manera Util, es decir, en la forma de un espectro convencional. La
espectroscopia interferométrica por transformada de Fourier aventaja a
las técnicas dispersivas en términos de tiempo de registro, ya que permite
analizar de forma simultdnea todo el rango de frecuencias (ventaja
multiplex). Esta disminucion del tiempo de adquisicién implica una mejora
de la relacién sefial-ruido y, a su vez, minimiza el riesgo de degradacién de
las muestras. Por otra parte, se adelgaza el nUmero de elementos moviles
y permite una mayor resolucidn que los sistemas dispersivos.

3.1.2.1 ESPECTROSCOPIA VIBRACIONAL RAMAN

La espectroscopia Raman estd basada en el estudio del espectro
de la luz dispersada por la materia. En su mayor parte, esta luz dispersada
estd constituida por radiacion de la misma frecuencia que el haz
incidente, la conocida como dispersidn Rayleigh o eldstica. El interés de la
espectroscopia Raman tiene que ver, sin embargo, con una pequefia
fraccion de esa luz que es dispersada a frecuencias diferentes a la de la luz
incidente (dispersion ineldstica) y que es la que aporta informacion a nivel
molecular.

El fendmeno de dispersion Raman debe su nombre a
Chandrasekhara Venkata Raman, que lo descubrié experimentalmente en
1928 68 hallazgo que le haria merecedor del Premio Nobel de Fisica en
1930.

La radiacién electromagnética, en términos de Teoria Cudntica, se
puede considerar como un conjunto de fotones de energia hv. Estos
pueden interaccionar con las moléculas de forma elastica, dando lugar a
la dispersién Rayleigh. Si durante la interaccién materia-fotén se inducen
movimientos nucleares, se da una transferencia de energia entre ambas
entidades. Este proceso ineldstico es lo que se conoce como efecto
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Raman e implica diferencias de energia de un quanto vibracional entre los
fotones incidentes y los fotones dispersados (Figura 3.5). Se trata de un
fendmeno con una probabilidad muy baja de ocurrir, dado que sélo un
fotén de cada 10°-108 es dispersado ineldsticamente.

1er estado excitado
electrénico
Ay {
\ ]/
E \\ //
Nivel virtual
""""" ]f e de energia
Raman Raman
stokes anti-stokes
X 7
\ /\
\ | / Niveles de energia
/ vibracional
Estado fundamental
electrénico

Figura 3.5 Representacidn de los fenémenos de dispersién Raman Stokes y anti-Stokes.

Si durante la colisidn la molécula gana energia vibracional, AE>0, la
frecuencia de la radiacidn dispersada es menor que la de la radiacidn
incidente y se denomina Raman Stokes. Sin embargo, puede ocurrir que
existan estados vibracionales excitados poblados térmicamente. En este
caso, es posible que la molécula transfiera energia al fotén dispersado,
dando lugar a la dispersiéon Raman anti-stokes. Debido a que, segun la
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distribucién de Boltzmann, los estados excitados se encuentran menos
poblados que los fundamentales, la radiacion Raman Stokes sera mas
intensa que la anti-Stokes en un factor que depende directamente de la
temperatura®. Es importante destacar que para explicar estos
fendmenos de dispersion de luz, se considera que la transicion tiene lugar
a través de un estado “virtual”, el cual no tiene porqué coincidir con un
transito entre dos estados estacionarios.

En términos clasicos, la actividad Raman de una molécula se
relaciona directamente con su polarizabilidad molecular. Cuando una
molécula se somete a un campo eléctrico su densidad electrénica se
distorsiona o polariza. Esta separacion de carga provoca la apariciéon de
un momento dipolar eléctrico inducido. El nuevo vector momento dipolar
inducido fi y el vector campo eléctrico E estan relacionados, en el caso
mas general, mediante el tensor de polarizabilidad @ segun la expresion:

E

=
Il
Il

Asi, a indica la facilidad con la que se deforma la nube electrénica
de la molécula en respuesta al campo eléctrico y se representa
graficamente a través del elipsoide de polarizabilidad.

Asumiendo un comportamiento oscilante del campo eléctrico sin
desfase, se obtiene:

u=aE = aEysen(2nv - t)

La vibracién de las moléculas, a su vez, puede provocar cambios en
la polarizabilidad y, como consecuencia, en el momento dipolar inducido.
Esto puede describirse en los siguientes términos:
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a = ay+ fsen(2nvy - t)

U= ak = (ay + fsen(2mvy - t))Egsen(2mvy,;y, * t)

1
u = agEysen(2mv - t) + EﬂEO{COSZTL'(V — Vyip)t — cos2m(v + vy;p)t}

El momento dipolar inducido, por tanto, aporta componentes de
frecuencia v y v = v, poniendo de manifiesto la dispersion de la
frecuencia incidente en porciones vibracionales, o dispersion Raman
vibracional. Se puede decir que la regla de seleccion para que una
vibracién sea activa en Raman es que debe cambiar el momento dipolar
inducido de la misma durante la vibraciéon molecular, es decir, se debe
acusar algun cambio en la magnitud o direccion del elipsoide de
polarizabilidad.

Uno de los principales inconvenientes que surgieron en los inicios
de la espectroscopia Raman tenia que ver con la debilidad de la sefal
mencionada con anterioridad. La intensidad de la dispersién Raman
vibracional se puede estimar suponiendo una molécula en un estado
vibracional m la cual interacciona con radiacion de frecuencia vg e
intensidad lo. Esta interaccion hace que la molécula sea excitada a un nivel
vibracional n a la vez que se dispersa radiacidn de frecuencia vg + V. La
intensidad de la luz dispersada, una vez promediadas todas las posibles
orientaciones de la molécula, viene expresada de la siguiente forma:

27>

2
I = WIO(VO + an)42|(0pa)mn|
0,0

donde c es la velocidad de la luz, p y o se refieren al sistema de

coordenadas centrado en la molécula y (s)mn €s la componente m,n del
tensor de polarizabilidad para una transicion m—n.
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Como puede observarse, la intensidad de la sefial Raman es
proporcional a la cuarta potencia de la frecuencia de la radiacién
incidente. Esto implica la necesidad de usar haces altamente energéticos
para obtener una sefial Raman apreciable, algo que no fue posible hasta
la aparicion del primer ldser en 1960. Este hito, unido al desarrollo de
fotomultiplicadores para la deteccidn de la sefial, ha permitido el enorme
desarrollo alcanzado hasta la fecha por la espectroscopia Raman y
técnicas analogas.

Otro de los principales inconvenientes a la hora de registrar
espectros Raman tiene que ver con la fluorescencia. Esta, al ser varios
o6rdenes de magnitud mayor que la sefial Raman, es capaz de
enmascararla y hacer inviable el estudio de muchos materiales. Una de
las soluciones mas eficaces para solventar este problema es el uso de un
laser de longitud de onda excitatriz correspondiente a zonas de menor
energia que la regién coloreada o de la regién de infrarrojo cercano (NIR).
Por ejempo, el laser de Nd:YAG (Neodymium doped Ytrium Aluminium
Garnet), 1064 nm, normalmente no es lo suficientemente energético
como para causar transiciones electrénicas reales, evitando asi
fendmenos de fluorescencia.

Una variante muy interesante, y de gran utilidad en el estudio de
materiales mediante espectroscopia Raman es el fendmeno de
Resonancia Raman. Esta ocurre cuando la frecuencia de excitacién es muy
cercana o coincidente con la de una transicion electrénica %, En estas
condiciones tiene lugar una intensificacion de la dispersién Raman que
puede llegar a ser de hasta seis 6rdenes de magnitud, lo que permite
incrementar los limites de deteccién (sensibilidad) y disminuir los tiempos
de adquisicion. Sin embargo, esta condicion de cercania con una
transicion electrénica puede incrementar la posibilidad de que aparezcan
problemas de emisidn fluorescente, como se menciond con anterioridad.
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Son multiples las ventajas practicas que presenta la espectroscopia
Raman ya que se puede aplicar a distintos estados de agregacion [4], no es
necesaria preparacion de muestra, no es destructiva y ademas permite la

deteccién de muestras en medios acuosos Y,

3.1.2.1.1 ESPECTROSCOPIA VIBRACIONAL RAMAN EN MATERIALES
CONJUGADOS

Los materiales conjugados se caracterizan por presentar una nube
de electrones m altamente polarizable. La deslocalizacién m-electrdnica
gue presentan este tipo de sistemas puede evaluarse mediante la
longitud de conjugacidn efectiva, la cual representa la distancia molecular
a la que todavia son efectivas las interacciones entre electrones 7 de las
sucesivas unidades que integran la cadena oligomérica. A su vez, este
parametro se puede evaluar cualitativamente a través del desplazamiento
de las bandas Raman en una familia de oligémeros conjugados.

El andlisis de espectros vibracionales, y mds concretamente
espectros Raman de sistemas conjugados, implica, necesariamente,
considerar un fuerte acoplamiento entre la estructura del esqueleto
molecular (geometria nuclear de equilibrio y desplazamiento nuclear
vibracional) y la deslocalizacién m-electrénica. Por este motivo, cualquier
modificacion de la nube m-electrénica del sistema conlleva una
modificacion casi instantdnea de la geometria molecular y viceversa. En
otras palabras, el anadlisis del espectro Raman de sistemas conjugados
ofrece informacidn sobre la geometria molecular y acerca de la estuctura
electronica. Asi, la espectroscopia Raman es una herramienta muy atil en
términos de, entre otros:

I.  Analisis de la efectividad de la m-conjugacion a lo largo de
una serie homaloga de oligémeros 224,
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Il.  Caracterizacién de defectos conjugacionales introducidos
por doping quimico, fotoexciacién, etc [15-271,

lll.  Estimacion del grado de transferencia de carga
intramolecular en croméforos conjugados de tipo push-pull
(dador-n-aceptor) 89,

Posiblemente, una de las aportaciones de mayor impacto en el
campo de la espectroscopia Raman de materiales conjugados sea el
Modelo de Conjugacion Efectiva (ECC, “Effective Conjugation Coordinate”)
propuesto por el grupo del Prof. Zerbi del Politécnico de Milan (2022 Este
permitia explicar un conjunto de caracteristicas espectrales observadas en
una serie de oligotiofenos aromaticos de longitud de cadena creciente
con sustituyentes metilo en las posiciones terminales (23] y que se hacian
extensibles a otras familias de oligdmeros m-conjugados. De modo muy
breve, estas caracteristicas consistian en una gran simplicidad espectral,
en contraste con el elevado nimero de bandas previsto por las reglas de
seleccidn, y en la aparicion de bandas intensas en la zona de las
vibraciones v(C=C/C-C), de entre las cuales, las predominantes
aumentaban su intensidad y disminuian su frecuencia al aumentar la
longitud de cadena. En este contexto, el modelo ECC postula la existencia
de un modo de tensién C=C/C-C colectivo a lo largo del cual se produce el
acoplamiento electron-fonén. Esta vibracidon colectiva describe la
evolucién de la estructura desde el estado fundamental hasta el estado
excitado. En sistemas policonjugados aromaticos o heteroaromaticos esta
coordenada ECC colectiva toma la forma de una combinacidn lineal de
tensiones de anillo C=C/C-C que conlleva la evolucién del sistema desde
una estructura bencenoide (estado fundamental) hacia una quinoide
(estado excitado), ocurriendo a la inversa en sistemas con estado
fundamental de tipo quinoide.
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3.1.2.1.1.1  ESPECTROSCOPIA  VIBRACIONAL ~ RAMAN  EN
BIRRADICALES: DETECCION DE TRIPLETES

Para hablar de la utilidad de la espectroscopia Raman en
caracterizacion de birradicales conjugados es necesario considerar
primero una de las técnicas de rutina en caracterizacién de radicales, la
espectroscopia de resonancia de espin electrénico (“Electron Spin
Resonance”, ESR).

De modo genérico, se puede decir que las espectroscopias de
resonancia magnética son técnicas en las que un campo magnético
oscilante induce transiciones entre niveles de energia de un sistema
paramagnético (con electrones desapareados), al desdoblarse éstos por la
accién de un campo magnético estatico '**. En particular, la Resonancia
de Espin Electrénico (ESR), o Resonancia Paramagnética de Espin, estudia
los dipolos magnéticos de origen electrénico (rango de las microondas
(10°-10™ Hz), mientras que la Resonancia Magnética Nuclear (RMN)
analiza los espines de origen nuclear [rango de radiofrecuencias (10°-10°
Hz)].

En espectroscopia ESR una especie paramagnética es iluminada
con radiacién de microondas, a una frecuencia constante v, mientras se

somete a un barrido de campo magnético H. La absorcién se produce
cuando la diferencia de energia entre los estados asociados al espin
desapareado coincide con la energia de la radiaciéon de microondas.

De manera muy simplificada, el funcionamiento de Ila
espectroscopia ESR se puede explicar considerando el caso mas sencillo,
un sistema con un solo electron desapareado o monorradical. Este
sistema posee un numero cuantico de espin de % que, en ausencia de
campo magnético, existe en dos estados degenerados correspondientes
con los nimeros magnéticos de espin: ms= +1/2 y ms = -1/2. La aplicacion
de un campo magnético externo hace que estos niveles se desdoblen,
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perdiendo su degeneracion y permitiendo inducir transiciones entre ellos
si se irradia con la energia adecuada.

Los niveles de energia de las dos orientaciones posibles vienen
dados por la ecuacién: E=gugmsH, de forma que la energia de un electrén
con mg = +1/2 (o) aumenta y la de un electrén con ms=-1/2 (B) disminuye
al aumentar el campo magnético aplicado. La separacion de niveles, por
tanto, vendrd dada por la expresidon: AE=gusH, donde g representa el
factor de Landé, caracteristico de cada especie, 15 es el magnetdén de
Bohr y H representa el mddulo del campo magnético (Figura 3.6).

< AE=guH
E=gr;mgH N

A

Figura 3.6 Separacion de los niveles electrénicos tras aplicar un campo magnético

Esto implica que la especie en cuestion entrara en resonancia para
aquellos valores de campo magnético externo en los que la diferencia de
energia entre los dos niveles energéticos que difieren en sus momentos
angulares de espin sea igual a la energia correspondiente a la frecuencia
de irradiacidn, es decir, cuando se cumpla la relacion:

AE=hv=gugH

La sefial de un electrdn desapareado puede ser multiple debido a
la interaccion del momento magnético de espin electrénico con el
momento de espin nuclear (/) en atomos con / no nulos, como es el caso
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de los atomos de nitrégeno, con /=1. Esta interaccidn de espin electrénico
y nuclear multiplica las lineas de resonancia debido al desdoblamiento de
los niveles energéticos que implica. A estas lineas de resonancia se las
denomina acoplamientos hiperfinos (Figura 3.7).

Senal ESR

3470 3475 3480 3485 3490
H (G)

Figura 3.7 Espectro ESR de un anidn radical en donde se pueden apreciar acoplamientos
hiperfinos.

La existencia de estos acoplamientos es muy Util en el estudio de
especies quimicas con electrones desapareados ya que permite obtener
informacién relativa a la distribucion del electrén en la molécula
dependiendo de sus interacciones con los nucleos.

Los parametros de un espectro ESR a partir de los cuales se puede
obtener informacidn relevante sobre la molécula son, principalmente, el
factor de Landé 1*°, el campo magnético de resonancia, la amplitud h, y la
anchura de la sefial 4H,, y la constante de acoplamiento a, en el caso de

existir acoplamientos hiperfinos.

La deteccion de birradicales suele resultar, a menudo,
problematica mediante ESR. En el caso de moléculas conjugadas, la
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presencia de tripletes implica gaps HOMO-LUMO muy bajos, de modo
que el coste energético de desaparear los electrones sea minimo. Estos
sistemas pueden presentar dos comportamientos distintos: (i) en caso de
que los dos electrones se encuentren tan alejados que no se sientan entre
si, comportandose en la practica como un monorradical, (ii) que los dos
electrones interaccionen entre si, manifestando lo que se denomina
desdoblamiento a campo cero, como consecuencia del campo magnético
que genera cada electrdn sobre el otro. En este Ultimo caso, aparecen dos
estados de distinta energia: uno simétrico (estado triplete, S=1) y otro
antisimétrico (estado singlete, S=0) cuyas energias dependen de la
integral de canje.

A [+1)
E
>, E |0)
[-1)

71 H(©)
H/2 H

Figura 3.8 Transiciones electrénicas permitidas (en verde) y prohibidas (en rojo) para
un sistema con S=1.

En la Figura 3.8 se puede observar como, por la regla de seleccién
AMs = 1, las transiciones permitidas para un birradical triplete son dos
(flechas verdes), las cuales aparecen a distintos valores de campo
magnético. Esto se traduce comiUnmente en absorciones anchas en el
espectro experimental (envolvente de las dos sefiales) centradas en la
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zona de g=2, lo que dificulta enormemente discernir entre una sefal
correspondiente a un monorradical y una que proviene de un birradical.
Un indicativo inequivoco de la naturaleza birradicalaria triplete de un
determinado sistema es la concocida como prueba del triplete o sefial a
campo mitad (linea roja en la Figura 3.8). Se trata, sin embargo, de una
sefial muy débil al deberse a una transicion prohibida (AMs = 2) y por ello
no siempre se puede detectar, lo que constituye uno de los mayores
problemas en la identificacion de sistemas en estado triplete. Este
inconveniente se ve incrementado con la disminucién de la diferencia
energética singlete-triplete, que implica un ensanchamiento de la sefial a
campo mitad, algo caracteristico en birradicales organicos conjugados
como los que se estudian en la presente Tesis Doctoral. Quiza el caso mas
representivo de esta problemdtica lo constituya la paradoja de
Chichibabin o paradoja del birradical *®, cuya multiplicidad de espin del
estado fundamental, tal y como se adelantaba en la introduccién ha sido
motivo de gran controversia. Esta limitaciéon que comunmente presenta el
ESR para la deteccién de birradicales triplete se puede solventar en
muchos casos mediante la aplicacion de |la espectroscopia Raman.

En 2007, nuestro grupo de investigacién consiguid caracterizar el estado
fundamental de una serie de oligotiofenos  quinoides
tetracianosustituidos, cuyos derivados mas largos, de cinco y seis
unidades, presentaban sefiales ESR anchas con valores de g=2.0033. El
uso de la espectroscopia Raman en condiciones de resonancia y fuera de
ellas, y en funcién de la temperatura, mas el apoyo de cdlculos quimico
cuanticos, permitié asignar la seiial ESR observada a la presencia de un
estado excitado triplete poblado térmicamente a temperatura ambiente.
Este se caracterizaba por una mayor aromaticidad de los anillos centrales
con respecto al estado fundamental singlete capa abierta en equilrio con
el, cuya existencia quedaba a su vez justificada con la deteccion de dicho

[27]

estado excitado triplete "', Este trabajo, junto con otro de la misma

naturaleza que en 2008 permitid caracterizar el estado fundamental de un
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violégeno extendido como birradical triplete 281 sentaron las bases para
el estudio que se lleva a cabo en esta Tesis Doctoral y que permite
interpretar la evolucién del caracter capa abierta y la multiplicidad de
espin del estado fundamental en una serie de moléculas policiclicas de
base fundamentalmente bencenoide, a partir principalmente de la
informacidn que aporta la espectroscopia Raman a nivel de estructura
molecular y electrénica.
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4. Derivados de Perileno bis(dicianometileno)-sustituidos

4. DERIVADOS DE PERILENO BIS(DICIANOMETILENO)

4.1 INFLUENCIA DEL AUMENTO DE LA LONGITUD DE CADENA SOBRE LA
GENERACION Y ESTABILIZACION DE ESTADOS BIRRADICALARIOS DE ALTO Y
BAJO ESPIN EN DERIVADOS DE P-QDM BIS(DICIANOMETILENO).

o Capa
:C_ : Cerrada

O R
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Figura 4.1 Estructuras quimicas de las familia de moléculas nPer-CN (n=1-6), Ry= CgHy7 y
Ry=Cy4Hys.

En este apartado se lleva a cabo el estudio de una serie de
oligédmeros derivados de perileno con sustituyentes bis(dicianometileno)
en los extremos, desde el mondmero hasta el hexamero (nPer-CN, n=1-6).
Se trata de sistemas que permiten estudiar el efecto que la unidad
perileno y el aumento de la longitud de cadena tienen sobre la estructura
electrénica y molecular, en términos de generacion de especies de capa
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abierta con caracter birradical ™. Este tipo de estudios se encuentran
habitualmente restringidos a sistemas mas cortos, debido a la dificultad
sintética inherente a los derivados de para-quinodimetano (p-QDM) al
aumentar la longitud de cadena y al aumento de la reactividad quimica
que se produce al disminuir significativamente el gap HOMO-LUMO,
ademads de, como se ha mencionado con anterioridad, a problemas de

solubilidad propios de sistemas de policiclicos aromaticos de gran tamafio
[4, 5]

Estos inconvenientes se solventan con éxito en la presente serie
de moléculas a través de diversas estrategias de estabilizacién habituales
en quimica de hidrocarburos policiclicos aromaticos (PAHSs) de bajo gap.
En el caso de la unidad monomérica 1Per-CN confluyen factores como la
inclusién de la unidad p-QDM en un entorno fusionado m-conjugado [6-12]
la mejora de la solubilidad gracias a la posibilidad de funcionalizar el
atomo de nitrégeno de las posiciones bahia con cadenas alquilicas
1216 la accesibilidad sintética de las posiciones peri- (del
perileno), que permite funcionalizarlas selectivamente de cara a obtener
oligdmeros de mayor tamafo (31 Ademas, la insercién de grupos diciano
fuertemente electroaceptores en los metilenos terminales supone una

contribucidn adicional a la estabilizacion de estas moléculas.

flexibles

Por tanto, la presente familia de compuestos constituye una
oportunidad Unica a la hora de poder caracterizar la estructura
electrdnica y molecular de sistemas que en quimica de PAHSs, y desde una
perspectiva bottom-up, puedan usarse como modelos extrapolables al
estudio de las propiedades fisicas del grafeno (nanografenos).
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4.1.1 RESUMEN DE LOS RESULTADOS OBTENIDOS.

La informacién aportada por la espectroscopia RMN de *H y C,
caracteriza a la unidad fundamental Zper-CN como una molécula quinoide
de capa cerrada en el estado fundamental, sin embargo, en los sistemas
extendidos no se obtiene sefial RMN ni tan siquiera a baja temperatura.
Este fendmeno se relaciona con la aparicion de cierto caracter birradical
gue empezaria a manifestarse a partir del derivado 2Per-CN.

Una de las técnicas de rutina en caracterizacién de birradicales es
la espectroscopia ESR, que aporta informacion muy Util acerca de la
multiplicidad de espin del estado fundamental permitiendo incluso
estimar magnitudes como la diferencia de energia singlete-triplete (AEs_).

Como cabe esperar, la molécula 1Per-CN es ESR inactiva. Sin
embargo, los derivados mas largos se caracterizan por presentar, tanto en
estado sdlido como en disolucidn, sefiales ESR anchas y sin estructura
fina, indicativas de la presencia de especies paramagnéticas B-1l gy
estudio de dichas sefiales en funcién de la temperatura permite observar
comportamientos opuestos. Mientras que los derivados de longitud
intermedia (2,3 y 4Per-CN) muestran una relacion directa de la sefial ESR
con la temperatura, los sistemas de cinco y seis unidades (5,6Per-CN)
presentan una relacién de tipo inverso, disminuyendo asi la sefial ESR al
aumentar la temperatura. Estos resultados son indicativos de la transicion
entre un estado fundamental singlete de capa abierta (diamagnético) y un
estado birradical triplete (paramagnético) al aumentar la longitud de la
cadena. La determinacién experimental de los valores de AEs.t mediante
Superconducting Quantum Interference Device (SQUID) permitiria ademas
cuantificar, en términos energéticos, la posicion relativa de los estados de
alto y bajo espin para cada una de las moléculas, todo ello en buena
sintonia con las predicciones obtenidas mediante célculos DFT. Sin
embargo, la limitacion de estas técnicas a la hora de profundizar en el
estudio de la relacion estructura molecular-caracter birradical para este
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tipo de sistemas, implica recurrir a otros métodos espectroscépicos. Es
aqui donde la espectroscopia vibracional Raman emerge como técnica de
referencia, Unica a la hora de evaluar la estructura del estado
fundamental en birradicales n-conjugados tipo Kekulé y relacionarla con
las propiedades que de ella se derivan, en conexion con la evolucion de la

misma en funcién del tamafio de la cadena 417,

4.1.1.1 ESPECTROSCOPIA VIBRACIONAL RAMAN.

En la Figura 4.2 se presentan los espectros FT-Raman para todas
las moléculas de la serie, registrados en estado sélido y a -170 °C con
objeto de minimizar la poblacién térmica de estados excitados o, en otras
palabras, para garantizar que ésta sea maxima en el estado fundamental.
Se muestran también los correspondientes espectros electrdnicos de cada
una de ellas para facilitar la visualizacidn de las condiciones de resonancia
Raman en las que han sido registrados los espectros vibracionales Raman
de cada una de las moléculas.
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Figura 4.2 Izquierda: espectros de absorcion electrénica UV-Vis-NIR registrados en
disolucién de diclorometano (DCM) para todas las moléculas de la serie. Derecha:
espectros FT-Raman (1064nm) registrados en estado sélido y a -170 °C para todas las
moléculas de la serie, nPer-CN.
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Para poder interpretar convenientemente la evoluciéon de los
espectros al aumentar la longitud de cadena se toma como referencia el
espectro Raman de la molécula mas corta, 1Per-CN, cuya asignacion de
bandas mas relevantes se hace en base el espectro Raman tedrico
calculado a nivel DFT-B3LYP/6-31G** considerando una configuracion de
capa cerrada, en linea con los datos de H-RMN. La buena
correspondencia entre éste y el espectro experimental registrado a 1064
nm permite relacionar las sefiales Raman detectadas en términos de
modos normales de vibracidn, frecuencias tedricas y aspectos de la
estructura molecular (Figura 4.3).
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Figura 4.3 a) Espectro Raman tedrico calculado a nivel DFT-B3LYP/6-31G** para 1Per-
CN considerando una configuracion capa cerrada. b) Espectro FT-Raman (1064nm)
registrado en estado sélido y a -170 °C para la molécula 1Per-CN.

A la vista de los autovectores de cada uno de los modos normales
de vibracién calculados, se ha llevado a cabo la siguiente asignacion de los
modos de las bandas Raman del espectro experimental. La banda
experimental a 2211 cm™ (calculada a 2233 cm ) se corresponde con un



4. Derivados de Perileno bis(dicianometileno)-sustituidos

modo de vibracidn de tension de C=N 6 v(C=N) caracteristico de
estructuras quinoides de capa cerrada. En el caso de andlogos tiofénicos
quinoides con grupos bis(dicianometileno), siempre aparece a frecuencias
menores que 2200 cm™ cuando se expresa el caracter birradical y por
encima de 2200 cm™ para compuestos de capa cerrada tipo TCNQ, como
es el caso de 1Per-CN. La banda medida a 1705 cm ™ (calculada a 1675 cm
1), por su parte, se asigna a una vibracién de tensién de C=C 6 v(C=C) del
enlace central que conecta los anillos benzoquinoides y la que aparece a
1600 cm™ (calculada a 1583 cm™) se asocia con la vibracién de tensién
v(C=C) de los dobles enlaces de cada anillo benzoquinoide. Por ultimo, la
sefial mas intensa del espectro experimental, detectada a 1456 cm™
(calculada a 1424 cm™) se asigna a una vibracion de tension de los enlaces
que conectan los grupos diciano con la unidad central conjugada.

Si centramos el andlisis en las bandas intensas en la zona entre
1700 cm™ y 1400 cm™ para el monémero (1Per-CN), se puede decir que
las sefiales que aparecen a 1705, 1600 y 1458 cm™ corresponden a modos
de vibraciones de tension de enlace C=C, cuyos altos valores de
frecuencia caracterizan la estructura como quinoide de capa cerrada.

Al aumentar en una unidad la longitud de cadena (2Per-CN), como
puede observarse en la Figura 4.2, las tres bandas predominantes en el
mondmero se desplazan a menores frecuencias, apareciendo ahora a
valores de 1687, 1584 y 1441 cm™. Este desplazamiento es indicativo del
debilitamiento de los enlaces C=C involucrados en las vibraciones de
tensién descritas para la estructura quinoide anterior, fruto de la
recuperacion parcial de la aromaticidad en las unidades de perileno
asociada a la generacidén de una especie birradical. Ademas, se detecta
una nueva banda a 1378 cm™ que corresponde a la tensién del nuevo
enlace C-C existente entre las dos unidades de perileno. La aparicién de
este modo Raman a una frecuencia tan baja es indicativa de un marcado
caracter de enlace simple, lo que constituye una evidencia mds que
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apunta hacia la transicion entre una especie de capa cerrada y una
especie birradical de capa abierta al pasar de 1Per-CN a 2Per-CN.

La insercién de una nueva unidad de perileno (3Per-CN) implica un
aumento de la estabilizacion aromdtica. Esto se traduce en el
consiguiente desplazamiento a menor frecuencia de las bandas Raman
caracteristicas, en consonancia con el aumento del caracter birradical con
la longitud de la cadena al pasar de 2Per-CN a 3Per-CN. Cabe destacar
aqui como el modo asociado a la vibracion de tensién del enlace C-C/C=C
interperileno es la huella mas notable de la evolucién hacia una estructura
mas aromatica en la unidad de perileno, en consonancia con una
estructura de capa abierta que constituye el estado fundamental en el
trimero. Esta banda Raman es, con diferencia, la sefal que mayor
desplazamiento sufre al pasar de 2Per-CN a 3Per-CN. Sin embargo, para
explicar la magnitud de dicho desplazamiento se hace necesario traer a
colacion el concepto de flexibilidad estructural, el cual toma sentido en el
contexto de un estado fundamental de capa abierta en el que la
estabilizacion aromdtica conlleva un debilitamiento de los enlaces
interperileno que, a su vez, unido al impedimento estérico entre unidades
de perileno, posibilita la rotacién relativa de una respecto a otra. Asi, la
conjuncién de estabilizacion aromatica y distorsion del esqueleto
molecular vendrian a dar cuenta del desplazamiento de hasta 35 cm™ que
sufre el modo asociado a la vibracion de tension del enlace C-C/C=C
interperileno. La evolucidn del espectro al pasar de 3Per-CN a 4Per-CN se
mantiene en la misma linea de ruptura de la conjugacidon tipo quinoide
inicial o incremento de la aromaticidad en los anillos de benceno del
perileno, como muestra de nuevo la adicional disminucion de Ia
frecuencia a la que aparece la tension del enlace C-C interperileno al pasar
al andlogo con cuatro unidades de perileno. A partir del derivado 4Per-CN,
el perfil espectral se mantiene practicamente inalterado al aumentar la
longitud de cadena. Esto se puede explicar en términos de saturacién de
la flexibilidad conformacional, la cual se alcanzaria en este punto y daria
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lugar a una relajacion maxima de la rotacion interperileno que no se veria
incrementada en los derivados de cinco y seis unidades.

Si nos centramos en los derivados del 2Per-CN al 6Per-CN, se
pueden establecer dos comportamientos bien diferenciados en términos
de evolucién del grado de conjugaciéon/aromaticidad de la unidad de
perileno. Mientras que para los derivados mds cortos la conjugacidn
disminuye con la longitud de la cadena al favorecerse la estabilizacion
aromatica de especies capa abierta y aumentar la flexibilidad estructural,
a partir del 4Per-CN la flexibilidad es mdxima, lo cual se podria relacionar
con una saturacion de la conjugacion, responsable de la invariabilidad del
espectro Raman al pasar a 5 y 6Per-CN. Esta informacidon molecular es
tremendamente til a la hora de interpretar la estabilizacion de estados
fundamentales de capa abierta singlete o triplete en términos del
mecanismo DSP. En el caso de los derivados cortos, una vez estabilizada la
especie capa abierta a través del aumento de la aromaticidad en la unidad
de perileno, las variaciones del espectro Raman se pueden explicar a
través de la fuerte conjugacion de los electrones despareados con el
puente m-conjugado, que daria lugar a la estabilizacion del estado
fundamental birradical singlete gracias a la activacidn del mecanismo DSP.
Sin embargo, en el caso de los derivados 5 y 6Per-CN, el confinamiento de
la conjugacion en la unidad central hace que haya un desfase entre
longitud de conjugacion y longitud molecular, lo que implica la
desconexion de los centros radicales, como consecuencia el mecanismo
DSP queda desactivado y se estabiliza la configuracion electrénica
birradical triplete, pasando ésta a describir el estado fundamental para los
sistemas 5 y 6Per-CN (Figura 4.4).
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Figura 4.4 Modelo de cuatro estados para los derivados nPer-CN (n=1-6). Los valores de
AEg 1 se obtienen a partir de célculos quimico cudanticos a nivel nivel B3LYP/6-31G** para
el sistema capa cerrada (1Per-CN), y a partir de los datos de SQUID para los sistemas
capa abierta (2-6Per-CN).

Con objeto de intentar obtener evidencias espectroscépicas de la
evolucién del AEs 1 en funcion de la longitud de la cadena, se llevd a cabo
el estudio Raman en funcién de la temperatura para cada derivado, cuyos
resultados se muestran en la Figura 4.5.
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Figura 4.5 Espectros FT-Raman (1064nm) registrados en funcion de la temperatura y en
estado sélido para todas las moléculas de la serie, nPer-CN.

A la hora de interpretar los resultados obtenidos en funcién de la
temperatura, llama la atencidn la practicamente total invariabilidad del
perfil espectral en términos de intensidades relativas y frecuencias para
todas las moléculas. La invariabilidad del perfil espectral con la
temperatura, para 1Per-CN, es coherente con la estructura quinoide de
capa cerrada propuesta. Esta implicaria un estado excitado triplete muy
alto en energia (Figura 4.4) cuya poblacién térmica no seria viable, no
observandose por tanto ninguna variacion del espectro atribuible a la
presencia de la especie triplete. En el caso de los sistemas de longitud
intermedia, 2Per-CN, 3Per-CN y 4Per-CN, la constancia del perfil espectral
con la temperatura, sin embargo, podria relacionarse con una quasi-
degeneracion de los estados birradical singlete y triplete, como apuntan
las diferencias de energia obtenidas mediante SQUID (Figura 4.4). Esto
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podria explicar la imposibilidad de observar una interconversion de
poblacion neta térmicamente inducida entre estados, ya que ambos se
encontrarian significativamente poblados a temperatura ambiente.
Ademas, dada la similitud de las energias relativas de ambas especies en
todos los sistemas, cabria esperar espectros muy similares para las
configuraciones singlete capa abierta y birradical triplete, con lo cual, de
darse un cruce intersistémico significativo entre los estados singlete y
triplete, los espectros resultantes serian practicamente indistinguibles.
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4. Derivados de Perileno bis(dicianometileno)-sustituidos

4.2 EFECTO DE LA RIGIDEZ ESTRUCTURAL SOBRE LA GENERACION DE
BIRRADICALES DE CAPA ABIERTA EN LOS DERIVADOS DE P-QDM
BIS(DICIANOMETILENO) QR-CN Y HR-CN.

ngldez

QR-CN
e Tavam
prededaSets
) HR-CN )
-
-,

R3 Rs R3

Figura 4.6 Estructuras quimicas de las moléculas objeto de estudio(R;= CgH37, Ry= Cy4Hao
¥ R3= Cs;H1030,) .

En este apartado se presenta el estudio comparativo de los
derivados 1-3Per-CN y sus analogos rigidificados bis(dicianometilen)
quater- y hexarrileno, QR-CN y HR-CN. Este conjunto de moléculas nos
permite avanzar en dos direcciones hacia la comprensién de los rasgos
gue, en términos de estructura molecular, favorecen la estabilizacion de
especies birradicalarias. Por un lado, nos permite estudiar la influencia
gue sobre la estabilizacidn de especies birradicales tiene la extension de la
longitud de cadena en sistemas planos y libres de efectos

conformacionales %, por otro, nos da la oportunidad de profundizar en
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el entendimiento del efecto que la DSP tiene en relaciéon con la mayor
conjugacién de los electrones desapareados con el esqueleto conjugado
y, por tanto, en la separacidn entre singlete y triplete birradicalarios Gl

como se describia en el apartado 4.1.

4.2.1 RESUMEN DE LOS RESULTADOS OBTENIDOS.

Para una misma longitud molecular, la ausencia de sefial ESR
observada en QR-CN esboza un escenario que difiere del observado para
su andlogo 2Per-CN, quedando el primero caracterizado como un sistema
posiblemente quinoide de capa cerrada o, en cualquier caso, con un
mayor cardcter de capa cerrada o menor caracter birradical que su
analogo sin fusionar, cuyo estado electrénico fundamental quedaba
descrito por una configuracion singlete de capa abierta. B3,

La molécula HR-CN, sin embargo, presenta una sefial ESR ancha
que sugiere la existencia de especies de capa abierta. Esta asuncion
qgueda soportada por el comportamiento de la susceptibilidad magnética
en funcién de la temperatura que describen las medidas de SQUID, las
cuales apuntan hacia un estado fundamental singlete de capa abierta,
como en el caso de 3-PerCN Bl Sin embargo, aunque ambos derivados
presentan configuraciones electrdnicas del estado fundamental similares,
el cardcter birradical de ambas moléculas difiere, como demuestran los
valores de 4.21 Kcal-mol™ y 0.107 Kcal-mol™ obtenidos para el AEst de
HR-CN y 3Per-CN, respectivamente.
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4.2.1.1 ESPECTROSCOPIA VIBRACIONAL RAMAN.

En la Figura 4.7 se muestran los espectros Raman en condiciones
de resonancia Raman para los sistemas 1Per-CN, QR-CN y HR-CN
obtenidos adecuando las lineas excitatrices a las transiciones mas
intensas del espectro de absorcién UV-Vis-NIR de cada una de ellas, los
cuales también se presentan en la figura.

11064 nm

¢ HR-CN

400 600 800 1000 1200 1400

785 nm,
Y

QR-CN

400 600 800 1000 1200 1400

Intensidad Raman / a. u.

1Per-CN

Unidades de absorbancia / a. u.

e e e
400 600 800 1000 1200 1400 1800 1700 1600 1500 1400 1300 1200 1100 1000
. . -1

Longitud de onda / nm Desplazamiento Raman / cm

Figura 4.7 lzquierda: espectros de absorcién de 1Per-CN, QR-CN y HR-CN en DCM.
Derecha: espectros Raman resonantes obtenidos en estado sélido con las lineas
excitatrices de 532, 785y 1064 nm para 1Per-CN, QR-CN y HR-CN respectivamente.

Algunas de las bandas que caracterizaban la unidad monomérica
1Per-CN como quinoide de capa cerrada (1705, 1594 y 1458 cm™)
aparecen a menores frecuencias en QR-CN, conviertiéndose a su vez en
dobletes. Como puede observarse, los modos de vibracién de tensidn
C=C/C-C a 1705 y 1594 cm™ evolucionan hacia los pares 1700/1659 cm™y
1582/1566 cm’, respectivamente. Ademds, aparecen dos nuevas sefiales
a 1536 y 1386 cm™ que se asocian a modos de vibracién en enlaces
guimicos nuevos, que estarian planarizando las unidades de perileno.
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La disminucién de frecuencia de estos modos de tension C=C
puede tener que ver con dos efectos:

l. La relajacion de la alternancia C-C/C=C debida al
aumento de la conjugacién que se produce como
consecuencia del mayor nimero de electrones 1 en el
esqueleto molecular “,

Il La aromatizacién de los anillos benzoquinoides que se
generaria en caso de un aumento del caracter birradical y
gue, ademas, iria en detrimento de la fortaleza de los

enlaces interperileno 51,

El espectro obtenido para la molécula HR-CN muestra dos bandas

predominantes. La mas intensa a 1556 cm™ aparece a menor energia que
las correspondientes sefiales para QR-CN y 1Per-CN (1566 y 1594 cm™,
respectivamente) mientras que la banda a 1383 cm™ aparece 3 cm™ por
debajo de su analoga en QR-CN. Este Ultimo rasgo espectroscdpico puede
asociarse al debilitamiento del enlace que conecta las unidades de

perileno al pasar de QR-CN a HR-CN, y queda justificado mediante cdlculos
gl

tedricos, tal y como se muestra en la Figura 4.

Figura 4.8 Distancias de enlace calculadas a nivel (U)CAM-B3LYP/6-31G** para QR-CN
en la configuracién de capa cerrada y para HR-CN en la configuracién singlete capa
abierta.
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En el apartado anterior, se establecia la relacidon entre los modos
vibracionales de tensién de los enlaces C-C interperileno y el caracter de
capa abierta en derivados nPer-CN flexibles. En concreto, para 2Per-CN y
3Per-CN, las bandas a 1378 y 1343 cm™ (Figura 4.2) se asociaban,
respectivamente, a un caracter intermedio a fuerte para el birradical
singlete de capa abierta ). El andlisis de las frecuencias asociadas a los
modos normales de vibracién de los enlaces interperileno en analogos
fusionados de igual longitud molecular podrd, por tanto, aportar
informacién directa acerca de la influencia que la rigidez estructural
ejerce sobre el cardcter birradical. En este contexto, si se establecen las
comparaciones 2Per-CN — QR-CN y 3Per-CN — HR-CN, la evolucion de las
bandas de 1378 —1386 cm™ty de 1343 —1383 cm™ es indicativa del
menor cardcter birradical singlete de QR-CN con respecto a 2Per-CN y de
HR-CN con respecto a 3Per-CN. Esto permite, ademas, clasificar los
sistemas en funcién del peso que la configuracion de capa abierta tiene
en el estado fundamental: QR-CN < 2PerCN, HR-CN < 3Per-CN, con HR-CN
< 2PerCN. En pocas palabras, se puede decir que el caracter singlete de
capa abierta de HR-CN es mayor que el de QR-CN, aunque sigue siendo
moderado en comparacién con el de su andlogo no fusionado 3Per-CN.

Los resultados obtenidos se pueden explicar de manera sencilla
recurriendo de nuevo a un modelo de cuatro estados en el contexto de un
mecanismo DSP como indica la Figura 4.9.
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Figura 4.9 Modelo de cuatro estados para los derivados 2,3Per-CN, QR-CN y HR-CN. Los
valores de AEgt se obtienen a partir de célculos quimico cudnticos a nivel CAM-B3LYP/6-

31G** para el sistema capa cerrada (QR-CN), y a partir de los datos de SQUID para los
sistemas capa abierta (2,3Per-CN y HR-CN).

En el caso de los derivados fusionados, con respecto a los que no
lo son, al presentar una estructura menos distorsionada que favorece la
conjugacién, el mecanismo DSP actla con mayor eficiencia,
desestabilizdndose el triplete frente al estado fundamental singlete de
capa abierta o, en otras palabras, aumentando el AEsty disminuyendo el
caracter birradical del estado fundamental. Sin embargo, en el caso de los
derivados no fusionados, al disminuir la conjugacion y la eficiencia del
mecanismo DSP debido al impedimento estérico, se produce una
disminucion del AEs 7y se generan especies con mayor cardcter birradical.
Se pone de manifiesto, por tanto, como la eficiencia con la que se dé el

92



4. Derivados de Perileno bis(dicianometileno)-sustituidos

fendomeno DSP va a determinar, en gran medida, la configuracion
electronica del estado fundamental en estos sistemas. Asi, para una
misma longitud de cadena, mientras que en QR-CN la rigidez estructural lo
convierte en un sistema capa cerrada frente a la configuracion birradical
singlete de capa abierta que describia el estado fundamental en 2-Per-CN,
en el caso de HR-CN y 3Per-CN la DSP vendria a explicar el menor caracter
birradical mostrado por el primero, en consonancia con el mayor AEst
que éste presenta (Figura 4.9).

En la Figura 4.10 se muestran los espectros Raman en funcién de
la temperatura para los derivados QR-CN y HR-CN, donde se observa que
el perfil espectral se mantiene constante al variar la temperatura, al igual
gue ocurria en los analogos no fusionados. Para QR-CN este resultado es
algo esperable en base a su menor caracter birradical y al consecuente
alto AEstcalculado (Figura 4.9). En el caso de HR-CN, sin embargo, este
fendmeno podria tener su origen en la elevada capacidad de los centros
radicales para conjugar con el puente m-conjugado. Esto estabilizaria el
singlete capa abierta frente al birradical triplete, haciendo significativa la
diferencia de energia entre ambos estados (Figura 4.9) y dificultando la
poblacion térmica entre los mismos, lo que explicaria la no alteracion del
espectro con la temperatura.
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Figura 4.10 Espectros Raman de los derivados QR-CN y HR.CN registrados en estado

sélido con las lineas excitatrices de 785 nm y 1064 nm, respectivamente, en funcién de la
temperatura.
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4. Derivados de Perileno bis(dicianometileno)-sustituidos

4.3 ESTUDIO DE LA ACTIVACION DEL CARACTER BIRRADICAL EN 1PER-CN
Y QR-CN MEDIANTE INCORPORACION DE ANILLOS ADICIONALES DE
TIOFENO.

Capa cerrada

Per-CN QR-CN
eces P Soececect,
R4 s R2 Rz
Capa abierta 1/0\
RyTh,-CN Ry,Th,-CN
v 8.0 0.0.@.@

Figura 4.11 Estructuras de las moléculas objeto de estudio (R;=CgH17, R,=Cs;H1030,, Rs=
Ci6H33 Y Ry= CoaHyg ).

En los apartados 4.1 y 4.2 se ha demostrado como una
modificacion estructural puede afectar drasticamente a la configuracién
electronica del estado fundamental en sistemas pro-aromaticos -
conjugados derivados de p-QDM (L2 "En concreto, resulta muy interesante
la transicion de un sistema de capa cerrada a uno de capa abierta como
consecuencia de la mayor flexibilidad conformacional al pasar del
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mondmero 1Per-CN al dimero 2Per-CN vy, a su vez, destaca también la
conversion de éste en un sistema con menor caracter birradical en QR-CN.

En el presente apartado, con la intencion de profundizar en la
comprensién de la relacién estructura-caracter birradical-propiedad para
este tipo de sistemas, se trata de dar respuesta a dos cuestiones nuevas:

i) ¢éComo activar el mecanismo de expresion del caracter
birradical via inclusion de otras unidades pro-aromaticas?

ii)  éCuales son las diferencias estructurales que caracterizan a los
birradicales de caracter mixto tiofeno-perileno?

Para ello se estudian los derivados RyTh,-CN y Ry,Th,-CN
resultantes de intercalar anillos de tiofeno entre las unidades de 1Per-CN
y QR-CN y los grupos dicianometileno de sus extremos. El motivo de la
inclusidn de anillos de tiofeno tiene que ver con el previsible aumento del
cardcter birradical que éstos pueden proporcionar a través de su

aromatizacién

, a lo que hay que afadir que el anillo de tiofeno se
caracteriza por ser mas facilmente funcionalizable que los anillos de
benceno del perileno base [4], lo que mejora la accesibilidad sintética a

nuevos derivados.

4.3.1 RESUMEN DE LOS RESULTADOS OBTENIDOS.

Las medidas ESR en estado sdlido, tanto para RyTh,-CN como para
Ry,Th,-CN muestran sefales anchas a temperatura ambiente, de mayor
intensidad para Ry,Th,-CN. Al aumentar la temperatura, se observa un
incremento de la sefial ESR para ambas moléculas, hecho indicativo de
configuraciones electrdnicas de capa abierta en el estado fundamental, de
tipo singlete. Por su parte, el espectro H-RMN para Ry,Th-CN no
muestra sefales resueltas ni siquiera a baja temperatura. En el caso de
RyTh»-CN el comportamiento de éstas en funcion de la temperatura es de
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mayor complejidad, presentando un espectro ancho, de baja resolucion a
temperaturas altas pero que se estructura progresivamente al disminuir la
temperatura.

Estos resultados, por tanto, llevan a pensar en una situacion con
ambas moléculas en una configuracidn singlete capa abierta en el estado
fundamental, siendo el caracter birradical mayor en el caso del derivado
mas largo (Ry,Th,-CN). Esto implicaria una elevada poblacion de especies
triplete que podria estar en el origen de la exclusiva deteccién de sefiales
H-RMN anchas, incluso a baja temperatura. Por el contrario, RyTh,-CN,
presentaria menor caracter birradical, mayor AEst y, como consecuencia,
una menor poblacién de estados triplete que permitiria la deteccion de
sefiales H-RMN bien resueltas, caracteristicas del estado fundamental
birradical singlete. Esta prediccidn cualitativa de la distribucién energética
de los estados de alto y bajo espin coincide con los valores obtenidos
mediante SQUID, siendo el AEst, aproximadamente, de -0.16 Kcal-mol
para Ry,Th,-CN y alrededor de -4.71 Kcal-mol™ para RyTh,-CN.

Se recurre, a continuacién, a la espectroscopia Raman para tener
acceso a una descripcion molecular mas exacta y detallada de los estados
singlete y triplete ®7),

4.3.1.1 ESPECTROSCOPIA VIBRACIONAL RAMAN.

En la Figura 4.12 se muestran los espectros Raman en estado
solido y condiciones de resonancia para las moléculas 1Per-CN, RyTh,-CN,
QR-CN y Ry,Th,-CN junto con sus correspondientes espectros de
absorcién electrénica UV-Vis-NIR 1. Al pasar de 1Per-CN a RyTh,-CN, se
produce un debilitamiento de las intensidades de las bandas
caracteristicas de la estructura quinoide de capa cerrada (1705, 1594 y
1458 cm™ en 1Per-CN) acompafiado de un desplazamiento a menor
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frecuencia de las mismas, que las lleva a aparecer a 1678, 1581 y 1398 cm
Ten RyTh,-CN. En concreto, la evolucién de la banda Raman asociada al
modo v(C=C) de los enlaces que conectan los grupos diciano con los
tiofenos, al pasar de 1458 a 1398 cm'l, es indicativa del debilitamiento del
caracter de doble enlace al pasar de 1Per-CN a RyTh,-CN. Por otra parte,
aparece una nueva banda a 1493 cm™ en RyTh,-CN que se puede asociar
con la vibracidn de tension de C=C de los tiofenos 6 v(C=C) de los enlaces
dobles en los dos anillos de tiofeno y relacionable con la frecuencia a la
que se detecta este modo en un dimetil bitiofeno aromatico (1492 cm™)
] Estas evidencias espectroscépicas concordarian, por tanto, con la
asuncion de un estado fundamental birradical singlete, cuya estabilizacion
seria la resultante del efecto adicional de la aromatizacidn de los tiofenos.
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Figura 4.12 Izquierda: espectros de absorcién de 1Per-CN, RyTh,-CN, QR-CN y Ry,Th,-
CN registrados en disolucion de DCM. Derecha: espectros Raman resonantes obtenidos
en estado sélido a -170 °C con las lineas excitatrices de 633, 785 y 532 nm para Ry,Th,-
CN, QR-CN, RyTh,-CN y 1Per-CN, respectivamente.
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La banda intensa a 1257 cm™ en el espectro de Ry,Th,-CN, y
ausente en el de RyTh,-CN, es caracteristica del segmento
tetrabenzofusionado central pseudo-aromatizado, tipico de
nanografenos, como demuestra su presencia en el espectro de QR-CN a
similar frecuencia y también con gran intensidad. Siguiendo con la
asignacion de las sefales relevantes en Ry,Th,-CN, las bandas a 1485 y
1391 cm™ se pueden correlacionar con las que aparecian a 1493 y 1398
cm™ y se asignaban a v(C=C) de los anillos de tiofeno con un marcado
caracter pseudoaromatico en RyTh,-CN.

A nivel molecular, asumida la naturaleza aromatica de los
fragmentos entre grupos diciano para los derivados tiofénicos RyTh,-CN y
Ry,Th,-CN como consecuencia de la formacidn de un birradical, los
desplazamientos Raman se pueden relacionar con la DSP y el AEst. Al
pasar de RyTh,-CN a Ry,Th,-CN se produce un desplazamiento a menor
frecuencia de las bandas Raman importante, incluidas las del tiofeno,
pero que no suponen desplazamientos mayores de 7-8 cm™. Esto da
cuenta de una ligera menor conjugacion de los tiofenos con el core en
Ry,Th,-CN debido, probablemente, a la mayor distorsion de los tiofenos
con respecto al nucleo fusionado en comparacién con RyTh,-CN. Se
bloquearia asi el efecto DSP, dando lugar a estados singlete-triplete
practicamente degenerados en Ry,Th,-CN.

Si se compara el espectro Raman de RyTh,-CN registrado con la
linea de 785 nm en estado sélido y en disolucién de diclorometano
mostrados en la Figura 4.13 (izquierda) se puede comprobar como el
modo v(C=C) correspondiente a los tiofenos aromaticos aparece en los
dos casos a 1493 cm™, indicando la importante distorsién molecular que
afecta a la unién entre el tiofeno y el core de rileno. Esta banda a 1493
cm™ es debida a una vibracién v(C=C) de los dos tiofenos, pese a estar
separados.
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Figura 4.13 Izquierda: espectros Raman en disolucion de DCM vy estado sdlido
registrados con la linea de 785nm para RyTh,-CN. Derecha: espectros FT-Raman (1064
nm) registrados en estado sélido a 25 °Cy -170 °C para Ry,Th,-CN.

La Figura 4.13 (derecha) muestra los espectros FT-Raman
registrados en estado sdlido y en funcién de la temperatura para Ry,Th,-
CN. El espectro FT-Raman de Ry,Th,-CN registrado a -170 °C compara con
el correspondiente espectro a temperatura ambiente. Como puede
observarse, se da una disminucién de la intensidad relativa de las bandas
tiofénicas a 1493 y 1404 cm™ con respecto a las bandas en torno a 1550
cm’?, resultado indicativo del posible aumento de la poblacién de estados
singlete de capa abierta a expensas del estado birradical triplete al bajar
la temperatura. Todas estas evidencias espectroscépicas soportan, tanto
la descripciéon de un estado fundamental birradical singlete de capa
abierta para Ry,Th,-CN, como la existencia de un estado excitado
birradical triplete cercano en energia.

En el contexto de la distribucidn de los niveles energéticos en el
modelo de cuatro estados, en ambos casos, tal y como muestra la Figura
4.14, la introduccion de los anillos de tiofeno favorece la estabilizacion de
un estado fundamental de capa abierta debido a su aromatizacion en la
forma resonante birradical. Una vez estabilizada |la forma birradical, el
mecanismo DSP determina la multiplicidad singlete en el estado
fundamental para ambos casos. Sin embargo, el caracter birradical difiere,
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como consecuencia de la flexibilidad estructural que introducen los
propios tiofenos. Estos, al aumentar su desviaciéon con respecto al plano
de la unidad fusionada central al pasar de RyTh,-CN a Ry,Th,-CN,
favorecen el aumento del caracter birradical, fendmeno que se asocia con
una disminucién del AEst de tal calibre que es capaz de convertir en
practicamente isoenergéticas las configuraciones electrénicas de alto y
bajo espin para Ry,Th,-CN.

RyTh,-CN Ry;Thy-CN

O O
DD e SRR

-1
>

Sy

E / Kcal-mol

>
[ R - — = = = — —
SOScoy SOS,,,
1Per-CN QR-CN
lNCCN NCCN
5=l 5=
N’ N’
Sicaige? * L

E / Kcal-mol?

—— ——
SCS o Ao-16.36] SCS oy | AEs=7.05

Figura 4.14 Modelo de cuatro estados para los derivados 1Per-CN, QR-CN, RyTh,-CN y
Ry,Th,-CN. Los valores de AEst se obtienen a partir de calculos quimico cuéanticos a nivel
CAM-B3LYP/6-31G** para los sistemas capa cerrada (1Per-CN y QR-CN), y a partir de los
datos de SQUID para los sistemas capa abierta (RyTh2-CN 'y Ry2Th2-CN).
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5. Derivados Cetrénicos

5. DERIVADOS CETRENICOS

5.1 DETERMINACION DE LA CONFIGURACION ELECTRONICA DEL ESTADO
FUNDAMENTAL EN DERIVADOS CETRENICOS: ¢ CAPA ABIERTA O CERRADA?

Figura 5.1. Estructuras quimicas de las moléculas objeto de estudio.

También conocidos como dibenzoacenos, los cetrenos son un tipo
de PAH con forma de zeta para el que se predice un significativo caracter
birradical ™. Ya para el derivado de menor tamafio, que posee seis anillos
de benceno y da nombre a la familia, se espera cierto caracter birradical
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2l siendoéste mayor en derivados mas largos como el heptacetreno o el

octacetreno. Sin embargo, hasta la caracterizacion del primer derivado
cetrénico con siete anillos de benceno, sintetizado por el grupo del Prof J.
Wu B! como un sistema singlete de capa abierta, todos los cetrenos y sus
derivados presentaban estados fundamentales de capa cerrada con
caracter birradical despreciable [4-6],

La pareja de moléculas cuyo estudio se detalla a continuacion esta
constituida por derivados extendidos del cetreno, o heptacetreno, HZ-
TIPS y su correspondiente andlogo de ocho unidades, OZ-TIPS. HZ-TIPS
constituye el segundo ejemplo de derivado cetrénico de siete unidades,
tras el heptacetreno diimida del Prof. J. Wu mencionado anteriormente.
OZ-TIPS, por su parte, es el primer derivado con ocho anillos de benceno
obtenido hasta la fecha. La intrinseca alta reactividad de los derivados
acénicos mayores de seis unidades estd relacionada con la prediccién de
un elevado cardcter birradical y es lo que los convierte en objetivos
sintéticos dificiles de alcanzar . Este obstaculo se solventa en HZ-TIPS %
OZ-TIPS a través de su estabilizacidn cinética mediante el uso de grupos
voluminosos triisopropilsililacetileno (TIPS) para bloquear las posiciones
de antemano mas reactivas.

El estudio de los sistemas moleculares HZ-TIPS y OZ-TIPS que se
lleva a cabo en el presente capitulo adquiere una especial relevancia en el
contexto de la sintesis de PAHs, ya que la caracterizacién de su
configuracién electrénica en el estado fundamental, asi como la
comprension de los origenes de la misma en conexién con parametros
espectroscdpicos, pueden ser de gran ayuda para establecer nuevas
relaciones estructura-propiedad.
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5.1.1 RESUMEN DE LOS RESULTADOS OBTENIDOS.

La caracterizacion de HZ-TIPS como estructura quinoide de capa
cerrada es directa a partir de las sefiales *H-NMR, las cuales se obtienen
perfectamente resueltas incluso a temperaturas de hasta 100 °C. Por el
contrario, para OZ-TIPS se obtienen bandas anchas a temperatura
ambiente, rasgo que se acentla al aumentar la temperatura. El espectro
ESR para OZ-TIPS, por su parte, presenta una sefal ancha para el sélido a
temperatura ambiente y una disminucion de la absorbancia de la misma
con el descenso de la temperatura. Esta evolucién de la sefial ESR con la
temperatura es caracteristica de singletes capa abierta con un estado
excitado triplete cercano en energia & algo que confirma el valor de -3.87
Kcal- mol™ obtenido para el AEst mediante SQUID.

Las evidencias experimentales que aportan las medidas
magnéticas acerca del estado fundamental de OZ-TIPS apuntan hacia una
configuracion electrdnica singlete de capa abierta con un estado excitado
triplete. En este contexto, la espectroscopia Raman juega el papel de
proporcionar informacidn sobre la estructura molecular de singlete y
triplete, asi como sobre los mecanismos que intervienen en la
estabilizacion de estados fundamentales de capa abierta. En este caso, el
estudio combinado de la evolucidn de los espectros de HZ-TIPS y OZ-TIPS
con la temperatura permitird confirmar la existencia del estado excitado
birradical triplete en OZ-TIPS, aspecto elusivo en el caso de los ejemplos
anteriores.
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5.1.1.1 ESPECTROSCOPIA VIBRACIONAL RAMAN.

Contrariamente a los casos del capitulo anterior, en este apartado
los anillos bencénicos relevantes se encuentran fusionados ademas de
planarizados, sin flexibilidad conformacional posible. Se puede decir, por
tanto, que el deplazamiento Raman de los modos caracteristicos del
benceno variard exclusivamente en funcion de la capacidad de
conjugacion de los radicales. Esta caracteristica es basica a la hora de
aplicar la espectroscopia Raman ya que en funcién de donde aparezcan y
como evolucionen los modos vibracionales de tensién v(C=C)
caracteristicos de las estructuras tipo aceno, sera posible diferenciar el
mayor o menor grado de aromaticidad del puente molecular Bl Asi, se
puede considerar que los modos Raman asociados a frecuencias por
encima de 1600 cm™ corresponden a estructuras predominantemente
bencenoides mientras que los modos quinoides aparecen a menores
frecuencias, como consecuencia del debilitamiento neto de los enlaces CC
del anillo que ocurre a raiz de la pérdida de aromaticidad en el mismo.

En la Figura 5.2 se muestran los espectros FT-Raman registrados
en estado sdlido y con la linea laser de 1064 nm. A primera vista, llama la
atencion el debilitamiento de las bandas en la zona de las v(C=C) del
benceno al pasar de HZ-TIPS a OZ-TIPS. Si se centra el analisis en esa zona
del espectro, la banda predominante aparece a 1590 cm™ en HZ-TIPS y se
desplaza a 1602 cm™ para OZ-TIPS. Este desplazamiento se puede explicar
a través de la evolucidon de una unidad central tipo p-QDM quinoide en
HZ-TIPS a una estructura tipo naftaleno pseudoaromatico en OZ-TIPS, en
linea con la transicidn entre un sistema de capa cerrada para HZ-TIPS y
uno de capa abierta para OZ-TIPS.
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Figura 5.2. lzquierda: espectros de absorcidn electrénica UV-Vis-NIR registrados
para HZ-TIPS y OZ-TIPS en disolucién de DCM. Centro: espectros FT-Raman (1064
nm) registrados en estado sélido y a temperatura ambiente para las moléculas HZ-TIPS y
OZ-TIPS. Derecha: Ampliacion de la zona de 1600 cm™ de los espectros FT-Raman.

El estudio de la zona de interés en ambos sistemas mediante
termoespectroscopia Raman plantea dos escenarios diferentes. Mientras
gue no se observan cambios significativos para HZ-TIPS, en el caso de OZ-
TIPS la evolucion del espectro con la temperatura aporta cambios
relevantes, como puede verse en la Figura 5.3. Esto justifica el analisis
pormenorizado de la influencia que la variacion de la temperatura ejerce
sobre la estructura electrénica y molecular de OZ-TIPS.
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Figura 5.3 Espectros FT-Raman (1064 nm) registrados en estado sélido y en funcién de
la temperatura para las molécula OZ-TIPS.

El espectro a 25 °C muestra una banda predominante a 1602 cm™
acompafiada por una componente mas débil a 1595 cm™. Si analizamos la
evolucion de ambas bandas al aumentar la temperatura, se observa
claramente una inversion de sus intensidades. La sefial intensa de 1602
cm™ en el espectro a -170 °C presenta una debilisima componente en
torno a 1590-1595 cm™ cuya intensidad va en progresivo aumento con la
temperatura hasta convertirse en la banda mas intensa del espectro a 130
°C, siendo esta evolucién completamente reversible. Asi, la banda a 1602
cm™ que domina el espectro a baja temperatura corresponderia con el
estado fundamental birradical singlete, mientras que la banda intensa a
alta temperatura, que aperece sobre 1595 cm™, se asigna al primer
estado excitado birradical triplete.
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En espectros complejos como los que se estudian en el presente
apartado, los cdlculos quimico-cuanticos resultan de gran utilidad a la
hora de realizar la asignacion de las bandas Raman de manera fiable.

En el caso que nos ocupa, se recurre a cdlculos quimico-cuanticos
basados en la Teoria del Funcional de la Densidad (DFT). Concretamente,
se hace uso del funcional CAM-B3LYP 13! y la base 6-31G* para obtener
los espectros Raman tedricos de las especies relevantes singlete y triplete
de HZ-TIPS y OZ-TIPS (Figura 5.4. (lzquierda)). Para HZ-TIPS, las bandas
intensas del espectro tedrico se calculan a 1581 y 1520 cm™ vy
corresponden razonablemente bien con las bandas experimentales
medidas a 1590 y 1534 cm™, en base a la similar separacion en
frecuencias que presenta cada pareja. El andlisis del autovector asociado
al modo vibracional calculado a 1581 cm™ permite asignar éste a una
vibracién de tension de los enlaces CC paralelos de la estructura quinoide
del anillo de benceno central. Al pasar a OZ-TIPS, esta banda a 1581 cm?
se divide en dos componentes que se calculan a 1592 y 1580 cm™ y que,
en base al desplazamiento Raman que las separa, se pueden relacionar
con las bandas experimentales a 1602 y 1591 cm™. El autovector de la
banda tedrica a 1592 cm™ corresponde con un modo vibracional de
tension de enlaces CC localizado en la unidad central constituida por dos
bencenos fusionados vy, a diferencia del modo a 1581 cm™ en HZ-TIPS,
describe un tipo de vibracidon de caracter aromatico en el que los seis
enlaces CC de cada benceno central vibran con una amplitud significativa.
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Figura 5.4. lzquierda: espectros Raman tedricos calculados a nivel (U)CAM-B3LYP/6-
31G* y espectros experimentales registrados para HZ-TIPS y OZ-TIPS (-170 °C). Centro:
espectro Raman tedrico calculado para el primer estado excitado triplete de OZ-TIPS y
espectro experimental registrado a 130 °C para la misma molécula. Derecha:
autovectores de los modos vibracionales relevantes para cada una de las tres especies
discutidas.

En la Figura 5.4 (centro) se presenta la comparacién entre el
espectro experimental obtenido para OZ-TIPS a 130 °C y el espectro
calculado para su especie triplete. Es interesante constatar como el
espectro tedrico predice una Unica banda intensa en la zona de 1600 cm™,
concretamente a 1626 cm™. Esta sefial se puede correlacionar, por tanto,
con la Unica banda que incrementa su intensidad al calentar y que se
convierte en la mas intensa en el espectro de alta temperatura, la banda a
1595 cm™.

En base a estos resultados quedan justificadas tedricamente tanto
la asignacién de las bandas a 1602 y 1591 cm™ (-170 °C) a un estado
fundamental singlete de capa abierta, como la de la banda que aparece a
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1595 cm™ .y que se intensifica selectivamente con la temperatura, a una
especie birradical triplete poblada térmicamente.

Se puede decir, por tanto, que en términos energéticos, la
ganancia de un anillo aromatico en HZ-TIPS no compensa la ruptura de un
enlace necesaria para la aparicidon de la especie birradical, presentando
este sistema una configuracion electrénica de tipo capa cerrada para el
estado fundamental. La inclusiéon de un nuevo anillo de benceno en el
puente molecular para dar lugar a OZ-TIPS lleva a la estabilizacion de la
especie de capa abierta debido a que, ahora si, la energia que aporta la
aromatizacién de la unidad de naftaleno es suficiente como para
compensar la ruptura de un enlace. Una vez generada la especie de capa
abierta, el mecanismo DSP determina que la multiplicidad de espin del
estado fundamental sea singlete, al verse favorecido por la efectiva
conjugacion de los electrones desapareados con el puente molecular
fusionado. En la Figura 5.5 se muestran los correspondientes diagramas
de energia para los estados relevantes en cada situacion:
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Figura 5.5. Modelo de cuatro estados para los derivados HZ-TIPS y OZ-TIPS. Los valores
de AEs; se obtienen a partir de célculos quimico cudnticos a nivel CAM-B3LYP/6-31G*

para el sistema capa cerrada (HZ-TIPS), y a partir de los datos de SQUID para el sistema
capa abierta (OZ-TIPS).

115



5. Derivados Cetrénicos

El mecanismo DSP puede, ademads, dar cuenta de la posicion
relativa a la que se detectan las bandas de singlete y triplete en OZ-TIPS.
Contrariamente a lo que ocurria en el capitulo anterior, donde sdlo cabia
representar los sistemas mediante dos estructuras resonantes capa
cerrada y capa abierta, en los OZ-TIPS, los radicales se pueden localizar en
diversas posiciones, hacia el centro de naftaleno y hacia las unidades
exteriores de fenalenilo, dando lugar a mds de una estructura resonante
capa abierta, como muestra la Figura 5.6. Es esta propiedad la que
determina que la banda Raman caracteristica del birradical singlete
aparezca a mayor frecuencia que la correspondiente al triplete.

Figura 5.6. Ejemplo de algunas de las estructuras resonantes posibles para OZ-TIPS.
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5. Derivados Cetrénicos

5.2 EXPRESION DE LA PRO-AROMATICIDAD EN EL ESTADO FUNDAMENTAL
DE DERIVADOS CETRENICOS. INFLUENCIA SOBRE LA ESTABILIZACION DE
ESPECIES CARGADAS.

QUINOIDE
Capa Cerrada
S

PROAROMATICIDAD

AROMATICO
Capa Abierta o \/_<

. i ®
00@8800

I
; HZ-DI 0Z-TIPS >‘j‘\‘<

Figura 5.7 Estructuras quimicas de las moléculas objeto de estudio (R=Cy;H,3).

En este apartado se pretende estudiar la influencia que el caracter
pro-aromatico de la unidad central de p-QDM de los compuestos
derivados de cetreno tiene sobre la estructura electrénica y molecular de
especies cargadas (31 En concreto, se estudia el conjunto de moléculas
formado por HZ-TIPS y 0Z-TIPS ™! al que se afiade un nuevo heptacetreno
funcionalizado con grupos diimida, HZ-DI. Asi, se puede abordar el estudio
de las mismas desde dos aproximaciones: por una parte, en funcién de la
longitud de cadena en HZ-TIPS y OZ-TIPS y, por otra, en conexidn con el
efecto de la inclusién de grupos electroaceptores diimida en HZ-DI B8l En
particular, esta ultima presenta un estado electrénico fundamental
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singlete capa abierta, en consonancia con el efecto estabilizador de
birradicales que ejercen los grupos aceptores de electrones ya descrito en
el capitulo cuatro.

5.2.1 RESUMEN DE LOS RESULTADOS OBTENIDOS

El estudio de la evolucién del AEs.r mediante calculos quimico-
cudnticos DFT a nivel (U)CAM-B3LYP/3-21G** ¥ mostrado en la Figura 5.8
describe cémo afectan a la estabilizacién de especies capa abierta las
modificaciones estructurales siguientes: cetrenos, heptacetrenos vy
octacetrenos sin sustituir (Figura 5.8 Derecha), sustituidos con grupos
TIPS y sustituidos con grupos diimida. Se observan notables diferencias en
la estabilizaciéon de un tipo de especie u otra en funcién del grado de

sustitucion.
20 =
n O E=E(T)-E(SOS) O

154 - A E=E(SOS)-E(SCS) O“O
10 J 7z
0
£ 5 i ®
= . OOOOOO
L B et HZ
2 5 - : ®
: l[sessss

0 J oz

'15 T 1 1

Z HZ (074
Figura 5.8 Diferencias de energia entre los estados singlete capa abierta (SOS), triplete
(T) y singlete de capa cerrada (SCS) calculadas a nivel (U)CAM-B3LYP/3-21G** en funcién
de la longitud de cadena para los derivados sin sustituir (rojo), sustituidos con grupos
Diimida (azul) y sustituidos con grupos TIPS (verde).

120



5. Derivados Cetrénicos

En los derivados no sustituidos el birradical singlete se estabiliza a
partir del heptacetreno, viéndose favorecida esta configuracion aiin mas
con la inclusion de grupos diimida, gracias a la participacién de éstos en la
m-conjugacion. La influencia de los grupos aceptores en la generacion de
birradicales ha sido previamente descrita por nuestro grupo de
investigacion en términos de una disminucién del BLA o de la alternancia
de enlaces simples y dobles en el esqueleto conjugado. En HZ-TIPS, por el
contrario, se favorece la estabilizacion de la estructura de capa cerrada, al
bloquear la m-conjugacion los grupos TIPS (conjugacién cruzada) . En
linea con lo establecido en apartados anteriores, el aumento de la
longitud de cadena conduce a la progresiva estabilizacion de especies
capa abierta gracias al incremento del nimero de anillos que recuperan
aromaticidad en la forma birradical, siendo ésta la configuracion
energéticamente mds favorable para el octacetreno en todas sus
variantes.

En este tipo de birradicales kekulé, |la estabilizacidon de especies de
bajo espin, independientemente de la longitud de cadena y sustitucién, se
puede interpretar en términos de un mecanismo DSP, que viene a dar
cuenta de la conjugacion o deslocalizacion de los radicales en el puente
molecular en la estructura singlete de capa abierta, a diferencia del
triplete. [10-13]

La Figura 5.9 muestra las geometrias optimizadas para el estado
fundamental (So) para HZ, HZ-TIPS y HZ-DI, ademas de la del primer
estado excitado triplete (T;) para esta Ultima. En HZ-TIPS se observa un
claro patrén de estructura quinoide en el benceno central, en linea con su
configuracion de capa cerrada y, a su vez, en claro contraste con la
aromatizacion parcial que muestra el derivado HZ-DI en esa misma unidad
que evidencia el caracter birradical de su estado fundamental. Cabe
destacar como el caracter aromatico del benceno central se acentuta en el
primer estado excitado triplete de HZ-DI.
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So(HZ-TIPS) So(HZ) So(HZ-DI) T1(HZ-DI)

DI DI DI DI

CAPA CERRADA |I CAPA ABIERTA
QUINOIDE AROMATICO

Figura 5.9 Geometrias optimizadas a nivel (U)CAM-B3LYP/3-21G** para el estado
fundamental singlete (S,) de HZ-TIPS, HZ y HZ-DI, junto con el primer estado excitado
triplete (T;) de este ultimo.
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5.2.1.1 ESPECTROSCOPIA VIBRACIONAL RAMAN DE ESPECIES
NEUTRAS.

Con caracter general, cabe destacar que, de entre todos los anillos
de benceno que poseen los cetrenos, aquellos en los que la T-conjugacion
se hace maxima presentan modos de tensién CC mas intensificados 4,
Esto sirve de diagndstico inicial a la hora de caracterizar la multiplicidad
de espin del estado fundamental en este tipo de derivados dado que,
como se estudid en el apartado anterior para el caso de los derivados HZ-
TIPS y OZ-TIPS 4. 8 permite detectar directamente los modos
vibracionales Raman de los enlaces CC correspondientes a los anillos de
benceno del puente molecular entre fenalenos, a través de los cuales la nt-
conjugacidon es maxima. Por tanto, mediante el anadlisis de la region de
1600 cm™, donde aparecen estas sefiales, se puede obtener informacion
directa de la relacion estructura-propiedad para nuestros sistemas en los
siguientes términos:

i)  En unidades bencénicas con estructura aromatica las bandas
Raman se detectardn a valores alrededor de 1600 cm™ o
superiores.

ii)  Cuando la estructura de los anillos de benceno presente un
cierto caracter quinoide, las bandas Raman de registraran a
menores frecuencias, apareciendo en torno a 1580-1570 cm .

para estructuras totalmente quinoides.

En la Figura 5.10 se presentan los espectros FT-Raman registrados
en estado sélido y con la linea laser de 1064 nm para las tres moléculas
objeto de estudio junto con sus correspondientes espectros de absorcion
electrénica UV-Vis-NIR en disolucion de DCM.
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OZ-TIPS

Intensidad Raman / a. u.

HZ-TIPS

Unidades de absorbancia / a. u.

———— ————7
400 600 800 1000 1800 1600 1400 1200 1000
Longitud de onda / nm  Desplazamiento Raman / cm’

Figura 5.10 lzquierda: espectro de absorcién electronica UV-Vis-NIR registrado en
disolucion de DCM para HZ-DI, HZ-TIPS y OZ-TIPS. Derecha: espectros FT-Raman
registrados en estado sdlido y a temperatura ambiente para las moléculas HZ-TIPS (a),
HZ-DI (b) y OZ-TIPS (c).

Si se analizan las bandas intensas en la regién de 1600 cm™
asociadas a las vibraciones de las unidades centrales en cada una de las
moléculas, para HZ-DI, la banda a 1595 cm™ se puede relacionar con una
transicidn entre estructuras quinoides y aromaticas en la unidad p-QDM
central, lo que vendria a confirmar la prediccidn tedrica de un estado
fundamental birradical singlete responsable de la aromatizacién parcial
del p-QDM central en HZ-DI. Resulta evidente, por tanto, que HZ-DI se
encontraria a medio camino entre la estructura benzoquinoide de HZ-
TIPS, caracterizada por la banda intensa a 1590 cm™, y la estructura
benzoaromatica del naftaleno central en OZ-TIPS a la que responde la
sefial Raman detectada a 1602 cm™.
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5.2.1.2 ESPECTROSCOPIA VIBRACIONAL RAMAN DE ESPECIES
CARGADAS.

La pro-aromaticidad de las estructuras quinoides no sélo es

relevante para la formacién de especies birradicales neutras [17.18)

19

, Sino
que también es un factor 11 clave para la estabilizacion de especies
cargadas. Con objeto de profundizar en este aspecto, se caracterizan los
diversos procesos redox mediante técnicas espectroelectroquimicas de
absorcion electrdnica en el UV-Vis NIR y se estudia la estructura molecular
de las especies oxidadas mediante espectroscopia Raman, todo ello

soportado por cdlculos quimico-cuanticos DFT.

La Figura 5.11a muestra los espectros de absorcidon para el
proceso de reduccidn electroquimica de HZ-TIPS a potenciales que nunca
superan las primeras ondas de oxidaciéon o reduccion monoelectrénicas
obtenidas en la CV. Se observa la aparicion de cuatro nuevas bandas (dos
significativamente intensas) en la region Vis-NIR cuyo patrén es el
caracteristico de un anién radical, al presentar dobles bandas en la region
del NIR. El proceso de oxidacion electroquimica (Figura 5.11b), por su
parte, genera el catién radical correspondiente, que se caracteriza por
presentar un perfil espectral similar al del anién. Estos rasgos espectrales
constituyen nuevas evidencias de la estructura quinoide de HZ-TIPS y de
su cardcter pro-aromatico, lo que lleva a la molécula a aromatizarse para
acomodar el exceso de carga, ya sea negativo o positivo, como muestra la
Figura 5.11c, en donde se representan, cualitativamente, los resultados
obtenidos para las geometrias optimizadas de anién y catiéon a nivel
(U)CAM-B3LYP/6-31G*.
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Figura 5.11 Espectros de absorcion electronica UV-Vis-NIR de los procesos redox
obtenidos electroquimicamente registrados in situ para HZ-TIPS: a) Reduccidn
monoelectrénica, b) Oxidacion monoelectrénica (N: Neutro, RA: radical anién, RC:
Radical Catidn), c) Estructuras cualitativas deducidas mediante calculos tedricos a nivel
(U)CAM-B3LYP/6-31G** para las especies cargadas.

La Figura 5.12 muestra los espectros de absorcidn electrénica UV-
Vis-NIR para los procesos de reduccién electroquimica de HZ-DI y OZ-TIPS.
Llama la atencidn que, aunque similares entre si, los procesos de
reduccion de estos derivados presentan diferencias evidentes con
respecto a lo descrito para HZ-TIPS. Como puede verse, se caracterizan
por la apariciéon de una banda en el espectro de absorcién a menores
longitudes de onda que la del neutro, algo tipico de la formacién directa
de especies dianidnicas. En OZ-TIPS, la generacién directa de la especie
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dianidonica se favorece por la aromatizacion del naftaleno central, ya
parcialmente aromatizado en la forma neutral birradicalaria. En el caso de
HZ-DI, son dos los factores que influyen en la estabilizacion directa del
dianién: la completa aromatizacién del anillo de benceno central y el
efecto electroaceptor de las unidades diimida. De nuevo, las geometrias
optimizadas a nivel (U)CAM-B3LYP/6-31G** confirman los resultados
experimentales (Figura 5.12c).

Unidades de absorbancia / a. u.
Unidades de absorbancia / a. u.

T T T T T T T T
400 500 600 700 800 900 1000 400 500 600 700 800 900 1000
Longitud de onda / nm Longitud de onda / nm

Figura 5.12. Espectros de absorcidon electrénica UV-Vis-NIR de las reducciones
electroquimicas registrados in situ para a) HZ-DI y b) OZ-TIPS (N: Neutro, DA: Dianidn). c)
Estructuras cualitativas deducidas mediante célculos tedricos a nivel (U)CAM-B3LYP/6-
31G** para el proceso de reduccion bielectrénico para las dos moléculas.
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La posibilidad de llevar a cabo la oxidacion de las tres moléculas
permite obtener los espectros Raman de los tres cationes radicales por via
espectroquimica (en condiciones de resonancia o pre-resonancia). En la
Figura 5.13 se presentan los espectros FT-Raman para las especies
catidnicas de HZ-TIPS, OZ-TIPS y HZ-DI obtenidas en disoluciéon de DCM
usando FeCl; como oxidante, junto con los correspondientes espectros de
absorcidn electrénica UV-Vis-NIR de cada especie.

h 1611

1601

1597

Intensidad Raman / a. u.

i

Unidades de absorbancia / a. u.

| UL L L T O T LJ L)
800 1000 1200 1400 1600 1800 2000 1650 1600 1550 1500
Longitud de onda/nm  Desplazamiento Raman / cm”

Figura 5.13 lzquierda: espectros de absorcion electrénica UV-Vis-NIR del catién radical
obtenido con FeCl;en DCM para: a) HZ-TIPS, b) HZ-DI y c) OZ-TIPS. Derecha: espectros
FT-Raman (1064 nm) de los mismos cationes radicales.

Las bandas que aparecen a 1597 cm™ en HZ-TIPS, 1601 cm™ en Hz-
DIy 1611 cm™ en OZ-TIPS se asignan a los modos de tensién CC relevantes
de la unidad central benceno/naftaleno. El desplazamiento a mayores
valores que sufren estas bandas con respecto a las frecuencias de 1590,
1595 y 1602 cm™ en las correspondientes especies neutras, da cuenta de
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un aumento en la aromaticidad de estas estructuras a raiz de la extraccion
de un electrdn. Es interesante observar como, en el caso del catién de HZ-
DI, debido a la influencia del grupo aceptor diimida, el defecto de carga se
encuentra confinado en el centro de la molécula en mayor medida que en
HZ-TIPS, lo que provoca una mayor aromatizacion del benceno central en
el primero. En el caso del catién radical de OZ-TIPS, la aromatizacion del
naftaleno central conduce a la aparicion de su banda Raman a la
frecuencia mas elevada de las tres.
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6. Derivados tetrabenzo-chichibabin

6. DERIVADOS TETRABENZO-CHICHIBABIN

6.1 ESTABILIZACION DE ESTADOS NEUTROS CAPA ABIERTA Y ESPECIES
OXIDADAS EN NUEVOS DERIVADOS ESTABLES DE LA MOLECULA DE
CHICHIBABIN. CARACTERIZACION RAMAN DEL ESTADO FUNDAMENTAL.

4@

Figura 6.1 Estructuras quimicas de las moléculas objeto de estudio.

Como se menciond en la introduccion, la molécula de Chichibabin
presenta un elevado caracter birradical en el estado electrénico
fundamental 3!, Esto le confiere una gran inestabilidad y complica tanto
su caracterizacion como sus aplicaciones practicas. En el presente
apartado, en linea con el interés que durante décadas ha tenido la
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busqueda de nuevos PAHs estables tipo Chichibabin 7!

estudio de las moléculas 1-CS y 2-0S, ambos derivados

, se presenta el

tetrabenzofusionados, que pueden representarse mediante estructuras
resonantes quinoide de capa cerrada y birradical de capa abierta (Figura
6.1). La alta estabilidad que muestran estos sistemas con respecto a la
molécula de Chichibabin original proviene de la estabilizacion
termodindmica que inducen las unidades tipo fluoreno y antraceno.

El rasgo que diferencia a los dos sistemas objeto de estudio se
encuentra en las unidades que presentan a ambos extremos del bifenilo
central. La molécula 1-CS se caracteriza por presentar cuatro grupos fenilo
de los extremos. La molécula 2-0S, por su parte, presenta unidades de
fluorenilo. Estas unidades muestran una gran capacidad de estabilizar
centros radicales al permitir la deslocalizacién de los mismos en su
esqueleto m-conjugado [8], lo que, en principio, debiera favorecer la
estabilizacion de especies de capa abierta. La pareja de moléculas 1-CS/2-
OS constituye, por tanto, una magnifica oportunidad para estudiar el
estado fundamental de nuevos derivados tipo Chichibabin.
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6.1.1 RESUMEN DE LOS RESULTADOS OBTENIDOS.

Para el derivado 1-CS, los datos de *H-RMN a temperatura variable
y absorcidon electronica UV-Vis-NIR apuntan hacia una configuracion
guinoide de capa cerrada. Los resultados obtenidos por difraccion de
Rayos X, ademas, revelan ese caracter quinoide de la parte central, con
una estructura molecular de tipo mariposa. Esta distorsion de la
estructura molecular difiere de la planaridad que caracteriza a la molécula
de Chichibabin. El motivo de la estabilizacién de 1-CS en su forma de capa
cerrada se puede racionalizar en términos de una menor aromaticidad del
anillo central del antraceno y por la desviacién del plano central de los
bencenos exteriores.

A la hora de caracterizar el estado fundamental del derivado 2-0S,
las medidas magnéticas describen una configuracidn de capa abierta. Los
resultados de "H-RMN a temperatura variable y ESR indican una notable
presencia de especies paramagnéticas, mientras que las medidas de
SQUID en funcidn de la temperatura permiten calcular un AEst de 0.33
Kcal-mol™ con un estado fundamental birradical triplete. Asumiendo esta
configuracion electrdnica, cabe destacar el efecto estabilizante que sobre
dicha especie de capa abierta introducen los grupos fluorenilo y las
unidades de antraceno respectivamente.
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6.1.1.1 ESPECTROSCOPIA VIBRACIONAL RAMAN DE ESPECIES
NEUTRAS.

La Figura 6.2 muestra los espectros FT-Raman registrados en
estado solido y con la linea ldser de 1064 nm, junto con sus
correspondientes espectros de absorcion UV-Vis-NIR registrados en DCM.
Si se centra el andlisis del espectro Raman en la zona de 1600 cm™ donde
aparecen las v(CC) de los anillos de benceno/antraceno, se observan
diferencias significativas.

1560

2-0S

1064 nm

¥
400 600 800 1000

1601

1596

1612

1-CS

Intensidad Raman / a. u.

'

Unidades de absorbancia / a. u.

——
400 600 800 1000 1700 1600 1500 1400 1300 1200 1100 1000
Longitud de onda / nm Desplazamiento Raman / cm™

Figura 6.2 lzquierda: espectros de absorcidn electrénica UV-Vis-NIR para las moléculas
1-CS y 2-0S en disolucion de DCM. Derecha: espectros FT-Raman (1064 nm) registrados
en estado sélido para las mismas especies.

El sistema I-CS presenta una banda a 1596 cm™ claramente
indicativa de la presencia de anillos benzoquinoides [9] junto con otra que
aparece a 1612 cm™?, frecuencia cercana a la zona caracteristica de las
tensiones de enlaces C=C oligoénicos conjugados (doble enlaces
externos). Ambas sefiales indican una configuracidon quinoide de capa
cerrada. En 2-0S, sin embargo, el perfil espectral en la zona de 1600 cm™
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es diferente, siendo la banda mas intensa la que aparece a 1560 cm™. Esta
se puede asignar a una estructura de tipo antraceno que se habria
generado como consecuencia de la formacidon de especies de capa
abierta, o birradicales 201

La Figura 6.3 muestra los espectros FT-Raman en funcién de la
temperatura para los dos sistemas. Para 2-0S el perfil espectral apenas
cambia, resultado que demuestra la robustez térmica del estado
fundamental triplete. Como AEst es pequefio, los estados de alto y bajo
espin han de ser prdacticamente isoenergéticos, implicando poblaciones
parecidas del estado fundamental triplete y el primer estado excitado
singlete que impedirian observar por espectroscopia Raman un trasvase
de poblacion de un estado a otro. Ademas, ambos estados tendran
espectros parecidos, por lo que no se observarian diferencias
significativas. Por su parte, la invariabilidad del espectro FT-Raman en 1-
CS con la temperatura da cuenta de la robustez térmica de Ia
configuraciéon quinoide de capa cerrada y de un alto AEs.r.
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Figura 6.3 Izquierda: espectros FT-Raman registrados en estado sélido y con la linea de
1064 nm para 2-0S en funcidn de la temperatura. Derecha: espectros FT-Raman
registrados en estado sdlido y con la linea de 1064 nm para 1-CS en funcién de la
temperatura.
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En términos de estabilizacion de especies capa cerrada o capa
abierta, queda claro el importante papel que juega el grupo fluorenilo. Su
presencia en 2-0OS favorece esta ultima configuracién, gracias a que
permite la deslocalizacion de los centros radicales en su entorno
conjugado. En el caso de 1-CS la imposibilidad de deslocalizar los
electrones desapareados en la unidad de fluorenilo, convierte en mas
estable la configuracion de capa cerrada. Por su parte, la estabilizacion del
estado fundamental de alto espin en 2-0S, una vez generada la especie de
capa abierta, tiene que ver con el impedimento estérico entre unidades
de antraceno, ya que, al disponerse éstas perpendicularmente, rompen la
conjugacién y eliminan la conexién entre los centros radicales. Esta
caracteristica estructural niega la posibilidad de que intervenga el
mecanismo DSP, y por tanto, se estabiliza el estado birradical triplete
sobre el singlete de capa abierta, como muestra el valor de AEst obtenido
mediante SQUID (Figura 6.4).

2-0S
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w [ ]

SCScov 2= 033 ]

Figura 6.4 Diagrama de cuatro estados para las moléculas 1-CS y 2-0S. Los valores de
AEsT se obtienen a partir de célculos quimico-cudnticos a nivel CAM-B3LYP/6-31G* para
el sistema capa cerrada (1-CS), y a partir de los datos de SQUID para el sistema capa
abierta (2-0S).
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6.1.1.2 ESPECTROSCOPIA VIBRACIONAL RAMAN DE ESPECIES
OXIDADAS.

Las propiedades redox de ambos sistemas permiten obtener
directamente los correspondientes dicationes mediante oxidacién de las
especies neutras con FeCls. En 1-CS, las bandas de absorcidn electrdnica
del dicatidn se detectan a 500 y 832 nm, mientras que para 2-0S, éstas
aparecen como una doble banda a 475 y 528 nm seguida de una banda
ancha en torno a 1130 nm. En ambos casos la aparicién de bandas anchas
desplazadas al NIR va a ser de gran importancia, ya que permitirdn
recurrir a condiciones de resonancia con la linea excitatriz Raman de 1064
nm vy, por tanto, dard la oportunidad de realizar un estudio comparativo
entre especies cargadas y neutras.

En la Figura 6.5 se muestran los espectros de absorcidon de las
especies neutras y dicatidnicas para los dos sistemas, junto con sus
correspondientes espectros FT-Raman en la zona de 1600 cm™.
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Figura 6.5 lIzquierda: espectros de absorcién electrénica UV-Vis-NIR registrados en DCM
para las especies neutras y doblemente oxidadas de 1-CS y 2-0S. Derecha: espectros FT-
Raman (1064 nm) registrados en disolucién de DCM para las mismas especies. Neutros
(----) y Dicationes (—).
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Si se comparan los espectros de las especies cargadas entre si, se
puede observar como, al contrario de lo que ocurre en las especies
neutras, los perfiles espectrales son muy parecidos. Esto sugiere que
ambos sistemas comparten geometrias moleculares similares en el estado
fundamental en sus especies doblemente oxidadas. La aparicion de una
sefial en torno a 1570 cm™ en ambos casos se puede asignar a una
estructura de tipo antracenoide para la unidad central de la molécula, de
acuerdo con la formacién de los correspondientes carbocationes en las
unidades de fluorenilo y de difenilmetileno en 2-0S y 1-CS,
respectivamente. Ademds, la comparaciéon de estas bandas con la
componente que aparece a 1560 cmten la especie neutra 2-0S y que
practicamente no se detecta en 1-CS, constituye una evidencia mas de la
estructura antracenoide del nucleo central de la molécula con fluorenilos
descrita como rasgo estructural de la configuracién de capa abierta para
el mismo.
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7. Derivados de Naftoditiofeno

7. DERIVADOS DE NAFTODITIOFENO

7.1 COMPETENCIA ENTRE ESTRUCTURAS m-CONJUGADAS QUINOIDES Y
AROMATICAS EN LA O-DIMERIZACION DE NUEVOS DERIVADOS DE
NAFTODITIOFENO. ROL DEL CARACTER BIRRADICAL EN LA DOBLE
FORMACION DE ENLACES O INTERMOLECULARES.

CizHzs

NC. Q 0,
S OCgH13
1-NDT ..
% Cy2H,
. ; Lmenzd Cuby ;5
NC. Q
NC. S ~OCgHy3
IR SRR S eN
CgH130” SO 2z o Ci2Hzs
QUINOIDE
2-NDT ..., oN
S CN -
NG ’ e L -dimerizack No ocurre
7 S = 2® S
NC CyzHzs

Figura 7.1 Estructuras quimicas de las moléculas objeto de estudio, 1-NDT y 2-NDT.

En este Ultimo apartado se lleva a cabo un estudio espectroscépico
de las implicaciones que la expresion del cardcter birradical en sistemas
pro-aromaticos puede llegar a tener sobre la capacidad de éstos para
generar interacciones intermoleculares de largo alcance (o enlaces
débiles). En este contexto, se presenta el estudio de dos nuevos derivados
de naftoditiofeno, 1-NDT y 2-NDT. Ambas moléculas comparten la unidad
central NDT y constan de grupos electro-aceptores en los extremos del
esqueleto fusionado m-conjugado, introducidos con objeto de dotar a éste
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de caracter quinoide, o pro-aromatico ™%, Concretamente, 1-NDT consta
de unidades ciano-acil metileno mientras que 2-NDT esta funcionalizado
con grupos diciano metileno en ambos extremos (Figura 7.1).

Como se muestra en la Figura 7.1, ambos sistemas se pueden
representar a través de sus estructuras resonantes de capa cerrada y capa
abierta, lo que abre la puerta a la estabilizacion aromatica de especies
birradicales singlete. Ademas, atendiendo a su estructura plana (como en
los rilenos), y dado el bajo numero de unidades pro-aromaticas que
presentan, es de esperar que el caracter birradical de estos sistemas sea
pequefio.

7.1.1 RESUMEN DE LOS RESULTADOS OBTENIDOS.

Atendiendo a los espectros de absorcién electronica UV-Vis en
disolucién de DCM que muestra la Figura 7.2a, los diferentes patrones de
sustitucién en 1- y 2-NDT no parecen afectar significativamente al perfil
espectral, ya que ambas muestran espectros tipicos de estructuras
quinoides de la misma longitud de conjugacion, de acuerdo con el bajo
caracter birradical esperado M sin embargo, al depositar los sistemas
sobre vidrio, el film que se genera se vuelve incoloro en el caso de 1-NDT,
siendo capaz de recuperar su color al ser redisuelto, y pudiéndose repetir
el proceso un nimero indefinido de ciclos. Este fendmeno no se da en 2-
NDT, donde se mantiene el color azul en todo momento, tanto en solido
como en disolucion (Figura 7.2b).

En base a la hipdtesis de participacion del cardcter birradical en el
estado fundamental de ambas moléculas, causante del cromismo
observado, existen descritos en bibliografia casos de procesos de
dimerizacion en sistemas con electrones desapareados, de tipo
monoradical y de birradicales B9 Asi, se plantea la posibilidad de un
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proceso de doble o-dimerizacidn intramolecular asistido por una especie
birradical (Figura 1.7b de la Introduccidn), que se daria en 1-NDT pero no
en 2-NDT.

1-NDT m 1-NDT
2-NDT

300 400 500 600 700 800 900 1000 1100

150 °C
25°C

Unidades de absorbancis / a. u.
Unidades de absorbancis / a. u.

T T T T T T T T T T T T T
300 400 500 600 700 800 200 300 400 500 600 700 800 900 1000 1100

Longitud de onda / nm Longitud de onda / nm

Figura 7.2 a) Espectros de absorcidn electrénica UV-Vis en disolucién de DCM para 1-
NDT y 2-NDT. b) Espectros de absorcion electrénica UV-Vis en estado sélido para 1I-NDT y
2-NDT. c) Espectros de absorcidn electrénica UV-Vis en disoluciéon de DCM para 1I-NDT en
funcién de la temperatura. d) Espectros de absorcidn electrénica UV-Vis para 1-NDT en
film en funcién de la temperatura.

En la Figura 7.2c se muestran los espectros de absorcion
electrénica UV-Vis en funcién de la temperatura para 1-NDT en
disolucién de DCM. Al enfriar se observa la desaparicidon de la banda a 635
nm caracteristica del mondmero, acompafiada de la aparicién de una
nueva banda con maximos a 286 y 331 nm. El proceso de
calentamiento/enfriamiento mantiene la reversibilidad en disolucidn, y
transcurre a través de un claro punto isosbéstico alrededor de 450 nm.
Esto permite calcular los pardmetros termodindmicos asociados a la

[10,11]

interconversidon de las bandas con la temperatura . Asumiendo un
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equilibrio de dimerizacién y a través de una representacién de Van’t Hoff
(Figura 7.3), se obtiene un valor de -14.81 Kcal-mol™ para la variacion de
entalpia estdndar del proceso (AH®), a partir del cual, y a través del calculo
de la energia libre de Gibbs, se obtiene un valor de variacidon de entropia
estandar de dimerizacion (AS°) de -224.20 J-K™*-mol™ a -40 °C.

50 0
454 K, kUL 4§
4.0 =
P 1
™ 35«
x
~ 304 AH
~ ] =745618K
S 25
E 20' R=1987-10"Kcal - K" -mol
154 0 1
- AH’ =-14.81 Kcal -mol
1.0 =

0.0.001 i 0.02302 . 0.0;)03 : 0.0;)04 i 0.0605 : 0.0;)06 ; 0.0007
(AT, - 1IT,)

Figura 7.3 Representacion de Van't Hoff para el proceso de dimerizacién de 1-NDT.

Se realizé una serie de cdlculos quimico cuanticos a nivel de
calculo (U)M06/6-31G* para distintas disposiciones relativas de 1-NDT
formando dimeros. En todos los casos las estructuras responden a
acoplamientos cofaciales que dan lugar a dos tipos de dimeros, ©- y &-,
resultando los acoplamientos c-dobles los mas estables en todos los
casos y de entre éstos, el que presenta una configuracidn con los azufres
en disposicidn syn-, al que se ha denominado syn-o-dimero. La energia de
formacion para este dimero es -10.38 Kcal-mol™ y similar a la AH®
obtenida experimentalmente.
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La Figura 7.2d también muestra los espectros de absorcién
electrénica UV-Vis del compuesto 1-NDT partiendo del film a 25 °C y
aumentando la temperatura hasta 150 °C. Se observa la progresiva
desaparicién de las bandas en torno a 250-300 nm atribuidas a la especie
dimerizada y la aparicién de una banda ancha en torno a 650-700 nm
debido a la recuperacidon de la especie monomérica de 1I-NDT. Este
cambio se observa a simple vista a través de la progresiva aparicion del
color azulado en el film al calentar.

En estado sdlido, la formacidn del film por evaporacidn rdpida del
disolvente da lugar a estructuras que tras analizarse por ICP-MS, han
demostrado pertenecer a unidades oligoméricas superiores al dimero, o
poliméricas (en disposicion tipo escalera), aunque formadas a través de
similares enlaces 6. Comoquiera que estos oligdmeros han de presentar
una disposicion de los grupos acilo y ciano fuera del plano del core
conjugado NDT, como veremos a continuacion, desde un punto de vista
de la estructura electrénica y vibracional, se asemejan al doble c-dimero
en disolucién, por lo que sus espectros electrdnicos y vibracionales son
correlacionables y semejantes como veremos. Es por esto que a
continuacion se recurre a la espectroscopia vibracional infrarroja y Raman
para estudiar los cambios que a nivel de estructura molecular tienen lugar
durante el proceso, recurriendo a los correspondientes espectros tedricos
del dimero para guiar la asignacion e interpretacidn de los espectros
experimentales tanto los de disolucion como los obtenidos en estado
sélido.
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7.1.1.1 ESPECTROSCOPIA VIBRACIONAL.

La espectroscopia vibracional en sus variantes Raman e infrarroja
aporta informacion a nivel molecular de las estructuras formadas durante
el proceso de dimerizacién/oligomerizacién/polimerizacion. En concreto,
la espectroscopia Raman ha sido utilizada para estudiar este tipo de
procesos en multitud de casos previamente = Comoquiera que el
fendmeno créomico descrito es exclusivo del compuesto 1-NDT, se realiza
también un estudio paralelo y comparativo con el sistema 2-NDT.

7.1.1.1.1 ESPECTROSCOPIA VIBRACIONAL INFRARROJA.

En la Figura 7.4 se muestran los espectros FT-IR en funcién de la
temperatura para el film obtenido mediante spin coating de una
disolucién de 1-NDT en DCM junto con los espectros tedricos obtenidos
mediante calculos DFT a nivel B3LYP/6-31G** sobre las geometrias
(U)M06/6-31G* para el mondmero, syn-c-dimero mas estable y también
para el anti-n-dimero, que es el siguiente mas estable y que se incluye
para establecer una comparacion mas clara. La regidon que se muestra es
aquella en la que aparecen las bandas mads intensas en IR. En nuestro
caso, éstas seran las asociadas a los modos vibracionales de tensiéon de los
grupos ciano y carbonilo, v(C=N) y v(C=0) respectivamente.
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Figura 7.4 lzquierda: espectros FT-IR para el film de 1-NDT en funcién de la
temperatura. Derecha: espectros tedricos calculados a nivel B3LYP/6-31G** para: a)
mondmero, b) syn-o-dimero y c) anti-n-dimero.

Resulta evidente la correspondencia entre el espectro
experimental del film a 150 °C y el espectro tedrico calculado para el
monémero, presentando dos bandas predominantes a 2208 y 1688 cm™
que se asocian a las calculadas a 2398 y 1821 cm’’. Estas sefales
corresponden a los modos v(C=N) y v(C=0), respectivamente, como ya se
ha mencionado. La frecuencia a 2208 cm™ es llamativamente inferior a los
valores tipicos de estructuras en las que los grupos ciano se encuentran
electronicamente aislados, como el acetonitrilo, en el cual la v(C=N) se
detecta en torno a 2250 cm™ ™, Esto permite interpretar la banda a 2208
cm™ como caracterisica de una estructura principalmente quinoide. En
ella, los grupos C=N se encontrarian conjugados con la unidad central
NDT. El desplazamiento a menor frecuencia observado con respecto a los
2250 cm™ en el acetonitrilo es consecuencia de la polarizacion
intramolecular que se da en el estado fundamental como consecuencia
del caracter electro-dador y electro-aceptor del puente conjugado y los
grupos ciano, respectivamente. La aparicién del modo v(C=0) a 1688 cm™,
por su parte, se puede relacionar con una situacién en la que el grupo
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C=0 estaria conjugando fuertemente, mas allad de en una estructura tipo
a-B insaturada que darfa una banda tipica alrededor de 1700-1720 cm™
(Figura 7.5b). Por tanto, el grupo C=0 se encontraria en una situacion
intermedia entre a-P insaturado y aislado (Figura 7.5¢) "%, lo que est4 de
acuerdo con la posibilidad de que el C=0 se encuentre conjugando con un
orbital p, radicalario o con un electrén desapareado (Figura 7.5a).

H < D B
R R R
| N/, - | AN
¥\ ¥ T N\ ¥t T\
\N N \N
v(C=0), 1688 cm™ V(C=0), 1715 cm™! Vv(C=0), 1750 cm"!
(conjugando con el radical) (o—p insaturado) (no conjugado, aislado)

Figura 7.5 Frecuencias tipicas del modo v(C=0) en IR para grupos carbonilo: a) En
conjugaciéon con un centro radical, b)a- insaturados y c¢) Sin conjugaciéon o
electrénicamente aislados.

Por su parte en el espectro infrarrojo del film recién formado
(incoloro) a 25 °C se observa como la banda v(C=0) aparece ahora con
una elevada intensidad a 1749 cm™. Esto indica la transicién hacia un
grupo carbonilo aislado de la conjugacién del core central (Figura 7.5c).
Simultdneamente, se observa como la banda de v(C=N) a 2208 cm'l, que
aparecia como la mas intensa en el espectro 150 °C, ahora se detecta con
una intensidad muy débil a una frecuencia de 2253 cm™ (como en el
acetonitrilo). En la Figura 7.4 se puede ver como este espectro
corresponde razonablemente bien con el espectro tedrico del syn-c-
dimero, que presenta una banda muy débil a 2451 cm™ y otra intensa a
1908 cm™, a la vista de la similares diferencias de frecuencias observadas,
para los valores experimentales y tedricos, 504 cm™ y 543 cm?,
respectivamente. Por tanto, los datos obtenidos sugieren una
practicamente completa desconexién de los grupos ciano y carbonilo de
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la unidad central conjugada NDT al fomarse el oligdmero/polimero. Esta
desactivaria la transferencia de carga intramolecular responsable de la
banda intensa de absorcién electrénica a 634 nm del mondémero y daria
lugar a las bandas en torno a 260-300 nm (tipicas de compuestos
aromaticos de esta naturaleza). La Figura 7.4 muestra igualmente el
espectro tedrico del anti-n-dimero, con bandas importantes a 2408 cm™ y
1816 cm™. En ningin caso los espectros experimentales son
correlacionables con este espectro tedrico.

7.1.1.1.2 ESPECTROSCOPIA VIBRACIONAL RAMAN.

La Figura 7.6 presenta los espectros Raman para el film de 1-NDT
registrados con la linea de 532 nm en distintas condiciones junto con los
correspondientes espectros tedricos obtenidos para mondmero, syn-c-
dimero y anti-n-dimero en el intervalo de frecuencias donde aparecen las
bandas Raman mads intensas, en la regién de las vibraciones de tension
C=C/C-C del esqueleto conjugado central. Es decir, la espectroscopia
Raman, al asociarse sus sefiales a la unidad conjugada NDT de la
molécula, permite complementar la informacion obtenida mediante
espectroscopia FT-IR, que hacia referencia a los cambios estructurales que
afectan a los grupos ciano y carbonilo situados en la periferia de la
molécula.
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Figure 7.6 Izquierda: espectros registrados para I-NDT en estado sélido y con la linea
laser de 532 nm para: a) bulk (sélido azul), b) film incoloro a temperature ambiente, c)
después de calentar a 150 oC el film generado en b) y d) tras redisolver el film formado
en c) y volver a generarlo por spin coating. Derecha: espectros Raman calculados a nivel
B3LYP/6-31G** para a) mondmero, b) syn-c-dimero y c) anti- n-dimero.

Como puede verse, la correlacion entre el espectro experimental
del bulk y el calculado para la unidad monomérica es adecuada. El
espectro calculado para el monémero estd dominado por dos bandas que
aparecen a 1473 y 1569 cm™, las cuales se asignan a las medidas a 1407 y
1494 cm™ en el espectro experimental. La primera de ellas se
corresponde con una vibracién de tensién CC principalmente localizada
en los tiofenos, la cual es tipica de estructuras mas o menos quinoides [s1,
La banda a 1494 cm™ también proviene de una tensién similar de los
anillos de tiofeno pero que se encuentra acoplada con la unidad de
naftaleno en un modo de tensidn colectivo deslocalizado por toda la
molécula. Por su parte, el espectro calculado para el syn-c dimero predice
tres bandas a 1604, 1512, 1467 cm*, que se asignan a las bandas
experimentales observadas a 1614, 1507 y 1373 cm ™ para el film incoloro
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a 25 °C. Esto constituye una nueva evidencia de la formacién del
oligdmero/polimero en el film generado por spin-coating a 25 °C. El
desplazamiento a mayores frecuencias que se produce, tanto en los
espectros experimentales como en los tedricos, al pasar del bulk al el film,
se puede interpretar en términos de la transiciéon de una estructura de
tipo quinoide a una de tipo aromatico en la unidad central NDT. Si se
describe brevemente el espectro tedrico calculado para el anti-n-dimero,
éste es tremendamente similar al del mondmero, en concordancia con
una afectacion minima del esqueleto conjugado tras la formacion de este
dimero. Por dltimo, y como experimento de control, el mismo
procedimiento de generacién del film, calentamiento del mismo vy re-
disolucion se llevd a cabo para la molécula 2-NDT sin encontrar cambios
significativos en ninguno de los casos.

Resultados de espectros Raman similares a los obtenidos en
estado sélido por espectroscopia Raman para 1-NDT han sido
reproducidos en disolucién de DCM y MCH al bajar la temperatura, lo que
correlaciona el fendmeno de dimerizacién observado en disolucién al
enfriar con la estructura generada en estado sélido (film).

Desde el punto de vista de su estructura molecular, los datos
espectroscopicos seialan que en la formacién del syn-o-dimero se parte
de una especie monomérica inicial. Esta, que presenta una estructura
qguinoide con cierto caracter birradical, evolucionaria a través de la
aromatizacioén de la unidad NDT, dando lugar a la conversidn de los cuatro
centros radicales situados en los carbonos exometilénicos en dos enlaces
o, generando una estructura tipo syn-c-dimero. Asi, la formacién del o-
dimero se veria favorecida por la estabilizaciéon energética del nucleo
central al aromatizarse y ésta implicaria la ruptura de la conjugacidén de la
unidad NDT con los grupos externos, dando lugar al balance e
interconversion de estructuras observado.
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La deteccion del proceso de dimerizacién/polimerizacion en
funciéon de estimulos relativamente suaves que se ha venido describiendo
a lo largo del presente apartado da pie a pensar en la posibilidad de
inducir este fendmeno mecanicamente. Para esto se lleva a cabo el
estudio del espectro Raman en funcidn de la presion aplicada a 1y 2-NDT
en el bulk. Como se puede ver en la Figura 7.6, el incremento progresivo
de la presidon sobre 1-NDT da lugar a un espectro que, a 6 GPa, se
caracteriza por la presencia de una banda ancha en torno a 1627 cm™ y un
doblete a 1512 y 1528 cm™, junto con otra banda a 1470 cm™ y una
dltima a 1434 cm™.

1528
1690 1627 §

Intensidad Raman / a. u.
Intensidad Raman /a._u.

L] L] L L] L] L] L] 1 T T T T T T T
1800 1700 1600 1500 1400 1300 1200 1100 1000 1800 1700 1600 1500 1400 1300 1200 1100 1000
Desplazamiento Raman / cm” Desplazamiento Raman / cm”

Figura 7.6. lzquierda: espectros Raman de 1-NDT registrados en el bulk con la linea
laser de 532 nm: a) sin aplicar presidn (linea azul sélida), b) P1, c) P2, d) P3, e) P4, f) P5,
g) P6 y h) espectro recuperado. Derecha: espectros Raman de 2-NDT registrados en el
bulk con la linea laser de 532 nm: a) sin aplicar presion (linea azul sélida), b) P1, c) P2, d)
P3, e) P4 y f) espectro recuperado.

De estas seiales, las bandas medidas a 1627, 1528 y 1434 cm 1

podrian corresponder a aquellas a 1614, 1513 y 1373 cm™* caracteristicas
del dimero u oligdmero, pero desplazadas a mayores frecuencias por un
mero efecto de presién. Las sefiales que aparecen a 1512 y 1470 cm™
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también podrian estar relacionadas con las bandas del mondmero que
persiste, de nuevo desplazadas a mayor frecuencia como consecuencia
del aumento del estrés mecanico. En el caso de 2-NDT, el efecto de la
presion sobre el espectro es significativamente distinto, mostrando éste
un ensanchamiento y desplazamiento a mayor frecuencia de las bandas
pero manteniendo una buena correspondencia con el perfil espectral
registrado sin presidon. En ambos casos, al retirar el efecto de la presién se
recuperan los perfiles espectrales caracteristicos de 1y 2-NDT en el bulk.

La evolucion de los espectros en 2-NDT indica la ausencia de
procesos quimicos apreciables inducidos por presién, sin embargo, éstos
llegan a ser muy significativos en el caso de 1-NDT, como puede extraerse
de la similitud entre el espectro a 6 GPa y el del syn-c-dimero.

La combinacién de espectroscopias vibracionales Raman e
Infrarroja ha permitido caracterizar, en diferentes condiciones y bajo
distintos estimulos, las estructuras moleculares del dimero formado por el
acoplamiento intramolecular de cuatro electrones desapareados
existentes inicialmente como dos birradicales singlete en 1-NDT para el
proceso en disolucion, y para el oligdmero/polimero que se genera en
estado sdlido. La informacion aportada por los espectros infrarrojos da
cuenta de la desconexion de la conjugacion entre los grupos aceptores y
el puente molecular NDT que acompaiia a la formacién del doble o-
dimero. Asi, se puede describir el proceso en términos de rehibridacion de
los carbonos donde se localiza la mayor densidad de espin en los
birradicales originales, los cuales pasarian de sp? a sp> al formarse los
nuevos enlaces. Esta densidad de espin, pasaria a desaparecer tras la
formacion de los enlaces intermoleculares, dando cuenta de una
estructura de tipo capa cerrada para la especie dimerizada u oligdmero.
La espectroscopia Raman, por su parte, aporta informacion
complementaria sobre la estructura de la unidad central NDT, que pasaria
de quinoide con un débil caracter birradical a aromatica y capa cerrada
tras la formacidn de la entidad supramolecular.
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El balance energético entre estructuras quinoides (conjugadas) y
aromaticas es el responsable de desplazar el equilibrio del proceso hacia
la formacién del o-dimero en 1-NDT y hacia el monémero en 2-NDT. En
éste Ultimo, la conjugacién entre los grupos diciano y la unidad NDT es
mayor que la de los grupos ciano-acilo en 1-NDT, lo que explica la
estabilizaciéon preferencial del mondmero. Esto pone de manifiesto la
importancia que el grado de cardcter birradical de los mondémeros tiene
sobre la evolucion del proceso de dimerizaciéon/oligomerizacion. En 1-
NDT, el menor poder electro-aceptor de las unidades ciano-acilo con
respecto a los grupos tetraciano de 2-NDT implicaria una mayor
disponibilidad de los radicales del birradical para formar los débiles
enlaces intermoleculares que dan lugar al o-dimero.

La caracterizacion de este fendmeno de doble o-dimerizacién
asistida por especies birradicales, cuyo origen se halla en el balance entre
configuraciones quinoides y aromaticas de un mismo sistema, es
especialmente interesante si se tiene en cuenta la reversibilidad y la
magnitud de la variacion de color resultante. La conjuncién de estas dos
caracteristicas en un mismo sistema es algo bastante inusual, dado que
cambios tan acusados en la respuesta a un determinado estimulo externo
suelen venir acompafiados de modificaciones profundas e irreversibles de
la estructura quimica del sistema en cuestién. Es por esto que la
interconversion reversible de las estructuras quinoide y aromatica de 1-
NDT hace de este sistema una prometedora plataforma molecular de cara
al desarrollo de nuevos materiales multifuncionales organicos.
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8. Summary and Conclusions

8. SUMMARY AND CONCLUSIONS

The present Ph.D. Thesis is divided in the following sections:
introduction, aim of the research, main results and discussions of each
chapter or family of compounds and general conclusions.

8.1 INTRODUCTION.

Atomic or molecular systems in which the electrons are not
completely assigned to orbitals in pairs are known as open-shell systems.
For molecules, it signifies that there are unpaired electrons and, in terms
of Molecular Orbital Theory, this leads to molecular orbitals that are
singly occupied, in contrast to closed-shell configurations which are

characterized by having the molecular orbitals doubly occupied or empty
[1]

Since the end of the last century, the development of the
chemistry of open-shell molecules has increased significantly, focused
mainly in the achievement of longer lifetimes for these species 24 One of
the most interesting properties of these kind of systems is the intrinsic
biradical character, responsible for the unconventional electronic, optical
and magnetic properties that make them potential candidates for
applications in the field of organic electronics, mainly related to Non-
Linear Optics, Organic Photovoltaics or Spintronics (258 However, the
biradical character is, at the same time, a big drawback for these systems,
due to the high reactivity straightforward related with the presence of
unpaired electrons [7-10]

In the context of the present Ph.D. Thesis we will use the term
biradical for every system bearing two unpaired electrons. In particular,
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we will focus the study on a class of organic biradicals known as Kekulé
biradicals. These are systems that can be depicted by closed-shell and
open-shell resonant structures.

The very first examples of Kekulé biradicals were those synthesized
by Thiele in 1904 ™ and Tschitschibabin in 1907 . The Chichibabin
molecule has attracted broad attention since then, due to the
unconventional electronic configuration expected for its ground
electronic state. Nevertheless, the high reactivity of this derivative has
made elusive the determination of its ground electronic state spin
multiplicity (1 and many attempts have been made to synthesize new
derivatives that could help to clarify the electronic configuration of the
Chichibabin biradical *?..

Determination of the spin state in Kekulé biradicals is an
interesting topic nowadays due to the fact that most of them, in contrast
with the expectation of Hund’s Rule, have been theoretically predicted
and experimentally confirmed, to display open-shell singlet ground

5131 This behavior can be explained in terms of the

electronic states
spatial distribution of the non bonding molecular orbitals where the two
unpaired electrons are located 814151, | there is no overlapping between
them and the dipole-dipole coulombic interaction is small, then, the

18,9, 16, 17]

mechanism of Double Spin Polarization can occur , which will lead

to the stabilization of the open-shell singlet over the triplet biradical.

The unconventional energy distribution of the ground state and
low-lying excited states of open-shell singlet biradicals could make them
promising candidates for applications related to singlet exciton fission,
two photon absorption and magnetic switching [18-22]

A common feature in several Kekulé biradicals with open-shell
singlet ground electronic states is the presence of the p-quinodimethane
(p-QDM) unit as a fundamental building block ® 23! The p-QDM unit is a
Kekulé biradical itself, and it can be depicted by quinoidal closed-shell and
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biradical open-shell resonant structures. The stabilization of the biradical
structure is achieved as a consecuence of the gain of an aromatic ring in
the open-shell resonant structure. As a result, the stability of open shell
singlet biradicals based on p-QDM can be connected to its pro-
aromaticity.

8.2 AIM OF THE RESEARCH.

We have studied four families (six subfamilies) of molecules with
the aim of characterizing their ground states. Basically, we tried to
elucidate the electronic configuration of the ground electronic states, in
terms of closed-shell or open-shell character, and also the spin multiplicity
of the latter. At the same time, we have established connections between
this information and the different structural motifs introduced in each of
the families, in order to obtain relationships between the molecular
structure and the stabilization of open-shell species with biradical
character that can lead synthetic chemists to tune the chemical design of
new organic biradicals with potential applications in organic electronics.
To this end, the experimental technique that will be mainly used is Raman
spectroscopy **?° which is well know as a unique tool for
characterization of m-conjugated molecules in general (12,301 ' This Ph.D.
Thesis is one of the few studies of the application of Raman spectroscopy
to the study of m-conjugates biradicals.
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The families studied can be classified as follows:

v’ Bis(dicyanomethylene)-substituted Perylene derivatives nPer-
CN (n=1-6), bis(dicyanomethylene)-substituted Rylenes (QR-
CN, HR-CN) and bis(dicyanomethylene)-substituted Rylene
thiophenes (RyTh,-CN, Ry,Th,-CN).

With this set of molecules, we will study the effect that the
increase of the number of perylene units, the rigidification of the
conjugated backbone, and the insertion of thiophene units at both
ends of the conjugated framework have on the stabilization of
open-shell species and on the ground electronic state spin

multiplicity.
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Figure 8.1 Families of molecules studied in sections 4.1 (top-left), 4.2 (top-
right) and 4.3 (bottom).
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v Zethrene derivatives, HZ-TIPS, OZ-TIPS and HZ-DI.

In this chapter, three new large zethrene derivatives are
characterized in terms of the influence that the increase in the
length of the conjugated bridge between phenalyls and the
insertion of electron withdrawal diimide groups at both ends of
the molecules have on the generation and stabilization of neutral
open-shell systems and charged species.

AROMATIC
Open Shell

ve:
oopooo

0Z-TIPS >_

Figure 8.2 Families of molecules studied in sections 5.1 (left) and 5.2 (right).

v' Tetrabenzo-chichibabin derivatives, 1-CS and 2-0S.

This couple of molecules allows us to study how the inclusion
of spin-delocalizing fluorenyl units at both ends of the central unit
can affect the stabilization of neutral open-shell and charged
species. At the same, we can address the implications that
structural flexibility can have on the preference for high or low
spin multiplicities in the ground electronic state.
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Figure 8.3 Family of molecules studied in chapter 6.

v’ Bis(dicyanomethylene) and bis(cyanoaciylmethylene)
naphtodithiophene derivatives, 1-NDT and 2-NDT.

In this last section, the objective is to analyze the influence
that the potential biradical character of these naphtodithiophene
derivatives has on the formation of ¢ weak intermolecular bonds,
and the spectroscopic characterization of the evolution of the
electronic and molecular structure on the monomer display upon
formation of the supramolecular dimer.
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Figure 8.4 Family of molecules studied in chapter 7.
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As a transversal aim of this Thesis, we will try to rationalize the
experimental evidences in terms of a Double Spin Polarization or Dynamic
Polarization Mechanism. Thus, we will be able to understand the effect
that the different structural modifications introduced have on the ground
electronic states of these interesting biradicaloid molecular systems.

8.3 RESULTS AND DISCUSSIONS.

8.3.1 INFLUENCE OF INCREASING THE CHAIN LENGTH ON THE
GENERATION AND STABILIZATION OF HIGH AND LOW SPIN BIRADICALS ON
BIS(DICYANOMETHYLENE)-SUBSTITUTED PERYLENE DERIVATIVES.

Here we first study a serie of nPer-CN derivatives from the
monomer to the hexamer. These are interesting molecules because
studies of the stabilization of birradical species with different spin
multiplicity have been usually limited to shorter systems, and in this
family, the longer molecule presents twelve p-QDM units.

The main results obtained can be summarized as follow:

1. In terms of ground state electronic configuration, the monomer 1-
Per-CN is characterized by a quinoidal conjugated backbone
consistent with a closed-shell ground state. Interestingly, by
adding a new perylene unit, the dimer, in line with magnetic
measurements, displays a biradical character which is
progressively increased in the longer oligomers. These results lead
to consider that the systems 2-6Per-CN could be characterized as
open-shell birradical species. Moreover, ESR measurements as a
function of temperature give evidences of a transition from
diamagnetic ground electronic state (singlet biradical) species in 2-
4Per-CN to a paramagnetic one (triplet biradical) in 5,6Per-CN.
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2.

In line with the results outlined above and by means of Raman
spectroscopy, we were able to assign the three main Raman
signals pf 1Per-CN around 1600 cm™ to stretching C=C
characteristic of a quinoidal closed-shell structure. The downshift
of these bands in 2Per-CN, is indicative of a weaker quinoidal
structure due to the partial recovery of aromaticity on the
perylene units. Moreover, the detection of the new interperylene
band at 1378 cm™ in 2Per-CN indicates that the two units are
connected by a bond with a marked single character. These two
findings are consistent with the generation of an open-shell
birradical on going from the monomer to the dimer. This aromatic
stability is further evidenced in 3Per-CN, where the three
aforementioned bands are again downshifted. If we analize the
evolution of the Raman bands associated with the normal mode of
the interperylene C-C bonds, we observe that this is the one that
displais a more pronounced downshift. We adscribe this shift to
the weakening of the bond provoked by the structural flexibility.
Thus, the aromatic stabilization would weak the interpeylene C-C
bond and this weakening together with the steric hindrance
between the anthracene units would explain the downshift of 35
cm™ of the interperylene C-C normal mode. The relevant bands
are, again, slightly downshifted in 4Per-CN with respect to 3Per-CN
and are almost unaltered in 5 and 6 Per-CN, something that could
be due to the saturation of conjugation.

For molecules 2-6Per-CN two different behaviors can be identified
in terms of evolution of the conjugation. In the shorter oligomers
the conjugation length progressively decreases with the extension
of the chain length, due to the aromatic stabilization of the open-
shell species and also to the increased structural flexibility. This
conformational flexibility would be rather significant in 4Per-CN
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and thus, the conjugation is confined. This molecular information
is very useful for the interpretation of the evolution of the spin
states as a function of the chain length in terms of a Double Spin
Polarization Mechanism (DSP). In the shorter oligomers, the
evolution of the conjugation (and Raman frequencies) is due to
the DSP mechanism, which leads to a violation of Hund’s Rule and
to the stabilization of open-shell singlets over triplet biradicals. On
the contrary, for the longer oligomers, 5,6Per-CN, a high spin
configuration of the ground state is preferred, because flexibility is
already relaxed and deactivates DSP.

8.3.2 EFFECT OF THE STRUCTURAL RIGIDITY ON THE GENERATION OF

OPEN-SHELL BIRADICALS IN BIS(DICYANOMETHYLENE)-SUBSTITUTED RYLENE
DERIVATIVES (QR-CN AND HR-CN).

Here we perform a comparative Raman study on “flexible” 2-3Per-

CN derivatives and their corresponding rigidified parents QR-CN and HR-

The main results can be summarized as follow:

1. For the same length of the central core, magnetic measurements
indicate that the dimers, 2Per-CN and QR-CN display different
electronic ground states, being the latter characterized as a
closed-shell quinoidal structure. The same measurements show
that both trimers, 3Per-CN and HR-CN, would share the same
open-shell singlet electronic configuration for the ground state.

Resonant Raman spectroscopy results very helpful to understand
how the rigidification of the structure affects to the relative
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stability of open-shell species. If we follow the evolution of the
three characteristic bands of 1Per-CN, in the case of QR-CN they
split and downshift, which may be related with a relaxation of
the C=C/C-C pattern as a consecuence of the increased number
of 7 electrons, and also with the recovery of aromaticity. In the
case of HR-CN, from the spectra we can observe a weakening of
the interperylene bonds with respect to QR-CN, in line with a
larger biradical character. Comparing the frecuencies of the
Raman bands associated with the interperylene C-C normal
modes we can establish the following classification in terms of
open-shell character of the ground state: QR-CN < 2Per-CN, HR-
CN < 3Per-CN, with HR-CN < 2Per-CN.

It can be concluded that the planarity of the fused systems
improves the conjugation, leading to a more efficient DSP
mechanism which would imply the destabilization of the triplet
over the open-shell singlet with respect to flexible nPer-CN
systems. In other words, the rigidity of the system would
decrease the biradical character. In the case of the longer
molecules, the DSP mechanism would explain the smaller
biradical character of HR-CN compaired to 3Per-CN.

8.3.3 STUDY OF THE BIRADICAL STATE ACTIVATION IN 1PER-CN AND

QR-CN BY THE INCORPORATION OF THIOPHENE RINGS IN THE CONJUGATED
BACKBONE.

In connection with the results obtained in sections 4.3.1 and 4.3.2,

we now work on different structural modifications to activate the
biradical character in the shorter systems 1Per-CN and QR-CN. To this
end, we studied the RyTh,-CN and Ry,Th,-CN parent molecules, which are
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characterized by the insertion of thiophene rings in between the
conjugated core and the dicyanomethylene units.

The main results of this research can be summarized as follow:

1. The magnetic measurements reveal a singlet open-shell
configuration for both RyTh,-CN and Ry,Th,-CN but with a
different biradical character.

2. To obtain valuable information at the molecular level, Raman
spectroscopy working in on/off resonant conditions, and Raman
thermospectroscopy can be used to detect the low-lyng birradical
singlet and the triplet excited state. Careful inspection of the
resonant Raman spectra the downshift of a Raman band
associated with the CC stretching of the bond connecting the
dicyano groups and the thiophene rings on RyTh,-CN regarding
1Per-CN, and also a new band appears that correspond with a C=C
stretching of pseudoaromatic thiophene rings, in line with an
aromatic stabilization of the thiophene rings.

3. Based on the particular structure, one could expect some steric
hindrance between the thiophene rings and the fused cores, thus,
it makes sense to campare RyTh,-CN with the fused QR-CN
derivative. They both have four pro-aromatic rings but different
electronic configuration of the ground state. This comparison
leads us to consider that the stabilization of the open-shell
configuration in RyTh,-CN is fueled by the rotation of thiophene
and perylene units. This rotation is confirmed by the comparison
of the 785 nm Raman spectrum of RyTh,-CN on both solid state
and solution.
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4. We take advantage also of the possibility to obtain Raman spectra
as a function of temperature to probe the existence of a low-lying
triplet excited state in Ry,Th,-CN by comparison of its solid state
FT-Raman spectra at 25 °C and at -170 °C. This was unsuccessful
since the similar energy of the both states.

5. In the context of the distribution of energetic levels we can
assume that the aromatization of the thiophene rings in the open-
shell resonant structure is the driving force for the estabilization of
the biradical, whose spin multiplicity is determined by an efficient
DSP mechanism in both cases. However, the biradical character
extension is mainly due to the structural flexibility of the
thiophene rings, which decrease the singlet-triplet gap, leading to
high and low spin states close in energy.

8.3.4 DETERMINATION OF THE GROUND ELECTRONIC STATE
CONFIGURATION IN ZETHRENE DERIVATIVES: CLOSED OR OPEN SHELL
MOLECULAR SYSTEMS ?

Also known as dibenzoacenes, zethrenes derivatives are a Z-
shaped class of PAHs that, unsubstituted, have been theoretically
predicted to display a significant biradical character, even for the shorter
members. Therefore, the synthesis of longer oligomers is difficult and not
many derivatives with open-shell nature have been successfully obtained.
Here we addressed the study of three new zethrene derivatives,
heptazethrene and octazethrene, whose intrinsic instability is avoided by
kinetic blocking of the reactive sites with bulky TIPS groups, and
heptazethrene with diimide groups.
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The most relevant results can be summarized as follows:

Magnetic measurements indicate that the nature of the ground
electronic state of the shorter oligomer is characterized by a
closed-shell quinoidal structure. For the OZ-TIPS, however, the
evolution of the ESR and NMR as a function of temperature, and
SQUID data revealed a singlet open-shell character.

The study of the FT-Raman spectrum of HZ-TIPS and OZ-TIPS in the
region of 1600 cm™ is very informative in terms of the
interconversion between benzoquinoidal and benzoaromatic
structures as a function of the chain length. Thus, in this region,
we assign the main band of the HZ-TIPS spectrum at 1592 cm™ to a
closed-shell quinoidal structure of the central benzene, and that at
1602 cm™ for the OZ-TIPS, to a more benzenoid character of the
central naphthalene, in line with an open-shell ground state for
the latter, due to aromatic stabilization. Thermospectroscopic
Raman analysis was carried out for the two molecules, and the
behavior was completely different: the spectrum of HZ-TIPS
remained almost unaltered due to the robustness of the closed-
shell configuration but, in the case of the OZ-TIPS, there is an
intensity inversion of the main band at 1602 cm ™ and the weak
one at 1595 cm™, becoming the latter the most intense at high
temperatures. This result can be interpreted in terms of a
thermally induced interconversion of low into high spin states,
being the singlet open-shell the ground electronic state.

In the case of HZ-TIPS one could expect the aromatic stabilization
of the open-shell specie but this does not happen because the gain
of aromaticity is not enough to compensate the breaking of a
double bond. However, in the case of the OZ-TIPS, the biradical
resonant form shows two aromatic rings whose stabilization is
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strong enough to compensate the aforementioned double bond
breaking. In the case of HZ-DI, the diimide acceptor units decrease
the BLA with respect to the HZ-TIPS, making easier the breaking of
a double bond and stabilizing the open-shell specie. This trend is
well reproduced by the corresponding FT-Raman spectra of the
three derivatives in the 1600 cm™ region, displaying a more
guinoidal structure for the central benzene in HZ-TIPS, a pseudo-
aromatic structure in HZ-DI for the same unit, and a more
aromatic naphthalene unit in OZ-TIPS. Once the open-shell
biradicals are formed in OZ-TIPS and HZ-DI, the planar and
conjugated bridge allows the efficient Double Spin Polarization
mechanism responsible for the stabilization of the low spin ground
state. For OZ-TIPS, the AEst is suitable to observe thermally
induced intersystem crossing between the singlet and the triplet.
The unconventional location of singlet and triplet Raman bands in
terms of frequency for OZ-TIPS can be explained by the possibility
of the singlet to delocalize over the phenalenyl units in a greater
extent than the triplet.

8.3.5 EXPRESION OF THE PRO-AROMATICITY IN THE GROUND STATE OF
ZETHRENE DERIVATIVES. INFLUENCE ON THE STABILITY OF CHARGED SPECIES.

In this section we study the influence of the pro-aromatic
character of the central p-QDM unit on the electronic and molecular
structure of the three zethrene derivatives in their charged states. This set
of molecules is interesting because it allows us to get deep insights on the
relationship between the pro-aromaticity concept and the stabilization of
the charged species of kekulé biradicals.
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The main results can be summarized as follow:

The characterization of the different redox processes was carried
out by means of UV-Vis-NIR absorption spectroscopy and resonant
Raman spectroscopy. For HZ-TIPS the electronic spectra of the
cationic and anionic have similar pattern of bands in the Uv-Vis-
NIR. Due to its pro-aromaticity the central p-QDM unit would tend
to further aromatize in order to accommodate the charge excess,
either positive or negative. In the case of the open-shell
derivatives the scenario is different: only the dianionic species
were obtained electrochemically. For OZ-TIPS the driving force for
the stabilization of the dianion can be adscribed to the further
aromatization of the central naphthalene wunit, already
pseudoaromatic in the neutral biradical form. Finally, for HZ-DI,
the dianion is stabilized by means of two different effects: the
complete aromatization of the central benzene unit and the
electron-withdrawing effect of the diimide units. These
experimental findings are in accordance with theoretical
calculations.

The molecular structures of the three cationic species, chemically
obtained, were conveniently characterized by means of resonant
Raman spectroscopy. The most remarkable feature is the upshift
of the relevant CC stetching modes of the central bencenoid units
with respect to the neutral species, a clear evidence of further
aromatization of the central rings with oxidation/reduction. It is
quite interesting that, for HZ-DI, the confinement of the charge
defect at the center of the molecule is larger than in the case of
HZ-TIPS, in line with a larger aromatization for the diimide
derivative, while the aromatization of the naphthalene unit in the
OZ-TIPS cation explains the appearance of the Raman band at the
highest frequency of the three.
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3. We can conclude that pro-aromaticity, or tendency to
aromatization of the quinoidal bridge, favours the stabilization of
Kekulé neutral biradicals and its corresponding charged species.
Furthermore, for the same number of benzenoid units, the
electron-withdrawing effect of the diimide groups is able to
change the ground state electronic configuration from a closed-
shell structure in HZ-TIPS to an open-shell one in HZ-DI. In the
latter, as we described for OZ-TIPS, the effective DSP mechanism
stabilizes the singlet biradical over the triplet.

8.3.6 STABILIZATION OF NEUTRAL OPEN-SHELL STATES AND OXIDIZED
SPECIES IN NEW  TETRABENZO-CHICHIBABIN  DERIVATIVES. RAMAN
CHARACTERIZATION OF THE GROUND STATE.

As stated in the introduction, the high instability of Chichibabin’s
biradical leads to difficulties for characterizing its ground electronic state.
In this section, we studied two tetrabenzo-chichibabin derivatives that
can be depicted by closed-shell and biradical resonant structures 1-CS/1-
0S and 2-CS/2-0S, and whose high stability emerges from the application
of thermodynamic and kinetic concepts. Both systems differ by the groups
attached to the ends of the biphenyl core. While molecule 1-CS is
characterized by having four outermost phenyl rings with tert-butyl
groups kinetically blocking the para- positions, molecule 2-OS has
fluorenyl units attached to the exomethylene groups, which are well
known spin-delocalizing units. This set of molecules gives us the
opportunity to understand, at the molecular level, the origin of the
preference for a closed-shell structure in 1-CS and for an open-shell triplet
biradical in the case of 2-0S.
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The most relevant results of this research are the following:

For molecule 1-CS, TV-H-NMR studies reveal a closed-shell
quinoid structure. X-Ray diffraction data are in line with these
results, disclosing a quinoidal central unit and a highly distorted
butterfly-like structure for 1-CS, whose structural distorsion could
arise from the steric hindrance between anthracene units.
Derivative 2-0S is characterized by magnetic measurements as an
open-shell structure, revealing a large population of paramagnetic
species in the ground state, and pointing out towards a triplet
ground state.

Careful analysis of the FT-Raman spectra focused on the band
placed at the central biphenyl unit confirms the quinoidal pattern
in 1-CS. However, the spectrum of 2-0OS is better assigned to an
antracenoid structure, resulting from the stabilization of the open-
shell species. This transition between open and closed-shell
structures would be connected to the possibility of the radical
centers to delocalize over the planar cyclopentadienyl motif in the
fluorenyl unit.

For 2-0S, the small SQUID value of AEs.t is in accordance with the
invariance of the FT-Raman spectrum as a function of
temperature. This result is another evidence of the thermal
robustness of the triplet biradical ground state of 2-0OS but is also
in accordance with the small AEst since the quasi-degeneracy of
energy levels of both singlet and triplet biradical states hampers
the Raman detection of a net flux of population between the
states.

The dicationic species for both samples were characterized by UV-
Vis-NIR absorption spectroscopy and we took advantage of the NIR
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bands to record the resonant Raman spectrum of both dications. A
direct comparison of the oxidized species reveals similar
geometries characterized by an antracenoid structure as a result
of the formation of the corresponding carbocations on the
fluorenyl and diphenylmethylene units. This is in clear contrast
with the neutral species of 1-CS.

5. In terms of molecular structure and DSP mechanism, the high spin
preference of 2-OS is related to the steric hindrance between
anthracene units, whose orthogonal relative disposition breaks the
conjugation, eliminating the connection between radical centers.
This structural feature denies any chance of DSP to take place and,
as a consequence, the triplet biradical is the most favourable
electronic configuration.

8.3.7 AROMATIC-TO-QUINOIDAL  I-CONJUGATED  STRUCTURES
INTERPLAY ON THE O-DIMERIZATION OF NEW NAPHTODITHIOPHENE
DERIVATIVES. ROLE OF THE BIRADICAL CHARACTER ON THE DOUBLE O~
INTERMOLECULAR BONDING.

In this last section we carried out a detailed spectroscopic study
about how the biradical character of pro-aromatic systems affects their
ability to originate long intermolecular interactions. To this end we
studied two molecules, 1-NDT and 2-NDT. Both share the
naphtodithiophene central core (NDT) but differ in the electron-
withdrawing groups attached to the outermost positions of the =-
conjugated fused backbone, 1-NDT having cyano-acyl-methylene groups,
while 2-NDT is substituted with dicyano-methylene units. These two
systems are weak Kekulé biradicals with an open-shell singlet
configuration.
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The main results can be summarized as follows:

The Uv-Vis-NIR electronic absorption spectra of both samples are
very similar, indicating that the different substitution pattern does
not affect the electronic structure of the ground state in a
significative way. However, the spin-coated films are quite
different, being the 1-NDT film colourless while the corresponding
2-NDT film remains blue. Interestingly, the colourless film
recovered the blue colour after thermal annealing, coming back to
the colourless form if redissolved.

The same process was observed by temperature dependant UV-
Vis-NIR electronic absorption spectroscopy for 1-NDT in solution,
where a progressive and reversible decreaseing of the monomer
band together with the appearance of a new band around
280/300 nm was found, the latter being coincident with the
absorption band recorded for the colourless film.

Assumig a dimerization process for 1-NDT on cooling, the
thermodynamic parameters were also experimentally obtained, by
means of a Van’t Hoff’s plot, and values of -14.81 Kcal-mol™ and
-224.20 J-K* -mol * where found for the standard enthalpy and
entropy of the process. These results were well reproduced by
theoretical calculations for the o-dimer in a syn configuration with
respect to the sulphur atoms and justify the exothermicity of the
dimerization reaction.

By means of infrared spectroscopy and theoretical calculations we
carried out a complete study of the dimerization process in 1-NDT
from a molecular structure point of view. The infrared spectra of
the film as a function of temperature indicate the electronic
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5.

connection/disconnection of the m-conjugated central unit (NDT)
with the perypheral electron-withdrawing groups. The spectrum
recorded at 150 °C would correspond to the momomer with a
quinoidal estructure, where the cyano-acyl groups are conjugated
with the molecular bridge. The spectrum of the evaporated film,
corresponds to a colorless form similar to the dimer, and
evidences the disconnection between the electron-withdrawing
groups and the m-conjugated NDT central unit upon formation of
the dimer.

The outlined above IR study is complemented by the Raman
characterization, which is very informative about the structural
modifications occurring within the conjugated NDT core during
dimerization in solution and polymerization in solid state. The 532
nm Raman spectrum of the bulk, together with the theoretical
calculations, confirm a benzoquinoidal structure for the NDT unit
in the momomer. However, the spectral profile changes in the
evaporated film, revealing a more aromatic structure of the
central units, result that is well correlated with the theoretical
spectrum calculated for the o-syn-dimer although in solid state,
what we obtain is a structurally similar polymer. From a structural
point of view, the dimerization/polymerization process would start
from a quinoidal monomer with weak biradical character that
evolves through the aromatization of the NDT induced by the
formation of the two intermolecular ¢ bonds between radical
centers. Thus, one can say that the cyano-acyl groups would be
responsible for the quinoidal shape of the monomeric form and
the aromatic one would be located on a sandwich-like o-
dimer/stair-chain polymer.

We also recorded the Raman spectra of both samples, as a
function of the pressure applied. We observed that, for 2-NDT no
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significant chemical alterations were observed by increasing the
pressure, being the monomer the only molecular entity present in
all the experimental conditions. However, in the case of 1-NDT the
evolution of the spectrum leads to one spectrum, at 6 GPa, that
correlates well with the one of the dimer/polymer.

8.4 CONCLUSIONS.

From the research carried out in this Ph.D we conclude:

We have established a clear dependency of the ground state
structures with the chain length for a new perylene derivatives
(nPer-CN, n=1-6), going from a closed-shell Per-CN in 1Per-CN to a
singlet open-shell configuration in 2,3Per-CN and, finally to a
triplet biradical configuration in 5,6Per-CN.

A clear structure-property relationship between the gaining of
aromaticity, biradical character and steric hindrance between
neighboring perylene units was stablished by compairing fused
rylene derivatives QR-CN and HR-CN with their corresponding
“flexible” analogs, 2,3Per-CN.

We have demonstrated how the biradical state of closed-shell
1Per-CN and QR-CN can be turned on by the insertion of
thiophene rings (RyTh,-CN, Ry,Th,-CN), whose aromaticty and
steric hindrance contributes to the stabilization of singlet open-
shell ground states.
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» We have characterized the ground state of the first stable
octazethrene derivative, OZ-TIPS, as a singlet biradical. At the
same time we have studied the influence of the pro-aromatic unit
p-QDM on the stabilization of open-shell systems and charged
species for OZ-TIPS, HZ-TIPS and HZ-DI.

» The ground state structure of two new and stable tetrabenzo-
chichibabin derivatives has been characterized. The 2-0S triplet
biradical ground state preference is related to the steric repulsion
between anthracene units and the thermodynamic stabilization
induced by the fluorenyl spin delocalizing unit, while 1-CS exhibits
a closed-shell quinoidal structure in the ground state and a
butterfly-like geometry.

» Finally, we have characterized the reversible double o-
dimerization (in solution) and the formation of stair-chain
polymers (in solid state) of a new naphtodithiophene derivative (1-
NDT) and established the importance of the role that the weak
biradical character of the I-NDT monomer has on the formation of
the corresponding four-center weak intermolecular bond formed.

With this research we have been able to establish relationships
between the molecular structure and stabilization of open-shell systems
in a wide variety of molecular platforms. In terms of stabilization of low
spin biradicals, the set of molecules studied have allowed us to undertand
how the Double Spin Polarization Mechanism works at the molecular
level, information that can be very useful for the synthesis of new and
stable singlet open-shell biradicals.
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APENDICE A: INDICE DE SIGLAS MAS FRECUENTES

y: Funcion de Onda

i: Momento dipolar inducido

B3LYP: Becke, three-parameter, Lee-Yang-Parr
CAM: Coulomb Attenuating Method

CS: Closed Shell

DCM: Dichloromethane

DFT: Density Functional Theory

DI: Diimide

DSP: Double Spin Polarization

E: Campo Eléctrico

ECC: Effective Conjugation Coordinate

ESR: Electron Spin Resonance

FT: Fourier Transform

H: Campo Magnético

HOMO: Highest Occupied Molecular Orbital
IC: Interaccion de Configuraciones

ICP-MS: Inductively Coupled Plasma Mass Spectrometry

IDPL: Indacenodifenaleno
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IR: Infrared

Jii- Integral de Coulomb para un Unico centro
jii Integral de Coulomb para dos centros

k: Integral de Canje

LCAO: Linear Combination of Atomic Orbitals
LUMO: Lowest Unoccupied Molecular Orbital
MO: Molecular Orbital

NBMO: Non Bondig Molecular Orbital
Nd:YAG: Neodymium doped Ytrium Aluminium Garnet
NDT: Naphtodithiophene

NIR: Near Infrared

OFET: Organic Field Effect Transistor

0OS: Open Shell

PAHs: Hidrocarburos Policiclicos Aromaticos
p-QDM: para-quinodimetano

RMN: Resonancia Magnética Nuclear

S: Singlete

SOMO: Singly Occupied Molecular Orbital

SP: Spin Polarization

SQUID: Superconducting Quantum Interference Device
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T: Triplete

THF: Tetrahydrofuran

TIPS: Triisopropylsilyl

TME: Trimetilenetano
TMM: Trimetilenmetano

U: Unrestricted

a: Tensor de polarizabilidad

AEs.t: Singlet-triplet gap

193



VOVIVYW 30
avalisy¥3aAINn

ealualY uoloeB|NAIg

£ sauoloe21|qng . )
ewl 4



Apéndice B

APENDICE B: LISTA DE ARTICULOS

El trabajo de investigacion desarrollado en la presente Tesis
Doctoral ha dado lugar a las siguientes publicaciones:

Capitulo 4: Derivados de Perileno bis(dicianometileno)-sustituidos:

> Pushing Extended p-Quinodimethanes to the Limit: Stable Tetracyano-
oligo(N-annulated perylene)quinodimethanes with Tunable Ground
States

Zeng, Z.; Ishida, M.; Zafra, J. L.; Zhu, X.; Mo Sung, Y.; Bao, N.;
Webster, R. D.; Lee, B. S.; Li, R-W.; Zeng, W.; Li, Y.; Chi, C.; Ldépez
Navarrete, J. T.; Ding, J.; Casado, J.; Kim, D. and Wu, J.

J. Am. Chem. Soc,, 2013, 135 (16), pp 6363-6371

> Tetracyanoquaterrylene and Tetracyanohexarylenequinodimethanes
with TunableGround states and Strong Near-Infrared Absorption

Dr. Zebing Zeng, Sangsu Lee, José L. Zafra, Dr. Masatoshi Ishida, Xiaojian
Zhu, Zhe Sun, Yong Ni, Prof. Richard D. Webster, Prof. Run-Wei Li, Prof. Juan T.
Lopez Navarrete, Prof. Chunyan Chi, Prof. Jun Ding, Prof. Juan Casado,Prof.
Dongho Kim and Prof. Jishan Wu

Angew. Chem. Int. Ed, 2013, 52, pp 8561-8565

> Turning on the biradical state of tetracyano-perylene and
quaterrylenequinodimethanes by incorporation of additional thiophene
rings

Zebing Zeng, Sangsu Lee, José L. Zafra, Masatoshi Ishida, Nina Bao, Richard
D. Webster, Juan T. Loépez Navarrete, Jun Ding, Juan Casado, Dongho
Kim and lJishan Wu

Chem. Sci. 2014, 5, pp 3072-3080

195



Apéndice B

Capitulo 5: Derivados Cetrénicos:

» Kinetically Blocked Stable Heptazethrene and Octazethrene: Closed-
Shell or Open-Shell in the Ground State?

Yuan Li, Wee-Kuan Heng, Byung Sun Lee,Naoki Aratani,José L. Zafra, Nina
Bao,Richmond Lee, Young Mo Sung, Zhe Sun, Kuo-Wei Huang, Richard D.
Webster, Juan T. Ldpez Navarrete, Dongho Kim, Atsuhiro Osuka, Juan
Casado, Jun Ding, and Jishan Wu

J. Am. Chem. Soc., 2013, 134 (36), pp 14913-14922

» Zethrene biradicals: How pro-aromaticity is expressed in the ground
electronic state and in the lowest energy singlet, triplet, and ionic
states

José Luis Zafra, Rafael C. Gonzdlez Cano, M. Carmen Ruiz Delgado, Zhe
Sun, Yuan Li, Juan T. Lépez Navarrete, Jlishan Wu and Juan Casado

J. Chem. Phys. 140, 054706 (2014)

Capitulo 6: Derivados tetrabenzo-chichibabin

> Stable Tetrabenzo-Chichibabin’s Hydrocarbons: Tunable Ground State
and Unusual Transition between Their Closed-Shell and Open-Shell
Resonance Forms

Zebing Zeng, Young Mo Sung, Nina Bao, Davin Tan, Richmond Lee, José L. Zafra,
Byung Sun Lee, Masatoshi Ishida, Jun Ding, Juan T. Lépez Navarrete, Yuan Li,
Wangdong Zeng, Dongho Kim, Kuo-Wei Huang, Richard D. Webster, Juan
Casado, and Jishan Wu

J. Am. Chem. Soc,, 2013, 134 (35), pp 14513-14525

196



Apéndice B

Capitulo 7: Derivados de Naftoditiofeno

» Giant and Reversible Chromism by Double o-Bond? Dimerization of a
New Janus-Type o-Diradical with Quinoidal-Aromatic Antagonistic
Faces

José L. Zafra, Naoyuki Yanai, Takamich Mori, Itaru Osaka, Lili Qiu, Miklos
Kertesz, Juan T. Lépez Navarrete, Kazuo Takimiya, Juan Casado

Submitted

» Vibrational Infrared and Raman Fingerprints of the Double o-Bond with
A m-geometry. On the Key Role of the Diradicaloid Precursor

José L. Zafra, Rafael C. Gonzalez Cano, Naoyuki Yanai, Takamich Mori, Itaru
Osaka, Lili Qiu, Miklos Kertesz, Juan T. Lépez Navarrete, Kazuo Takimiya, Juan
Casado

Submitted

197



JJOURNAL OF THE AMERICAN CHEMICAL SOCIETY

pubs.acs.org/JACS

Pushing Extended p-Quinodimethanes to the Limit: Stable
Tetracyano-oligo(N-annulated perylene)quinodimethanes with

Tunable Ground States

Zebing Zeng,Jr Masatoshi Ishida,i José L. Zafra,} Xiaojian Zhu,|| Young Mo Sung,i Nina Bao,* .
Richard D. Webster,” Byung Sun Lee,” Run-Wei Li,! Wangdong Zeng,” Yuan Li," Chunyan Chi,’
Juan T. Lépez Navarrete,® Jun Ding,*'J‘ Juan Casado,** Dongho Kim,** and Jishan Wu* "V

1‘Depat‘tment of Chemistry, National University of Singapore, 3 Science Drive 3, 117543, Singapore

iSpectroscopy Laboratory for Functional 7-Electronic Systems and Department of Chemistry, Yonsei University, Seoul 120-749,

Korea

§Department of Physical Chemistry, University of Malaga, Campus de Teatinos s/n, 229071 Malaga, Spain
IKey Laboratory of Magnetic Materials and Devices, Ningbo Institute of Materials Technology and Engineering, Chinese Academy of

Sciences, Ningbo 315201, People’s Republic of China

‘Department of Materials Science & Engineering, National University of Singapore, 119260, Singapore
#Division of Chemistry & Biological Chemistry, School of Physical & Mathematical Sciences, Nanyang Technological University, 21

Nanyang Link, 637371, Singapore

Vinstitute of Materials Research and Engineering, A*STAR, 3 Research Link, 117602, Singapore

© Supporting Information

ABSTRACT: p-Quinodimethane (p-QDM) is a fundamental building
block for the design of 7-conjugated systems with low band gap and
open-shell biradical character. However, synthesis of extended p-QDMs
has usually suffered from their intrinsic high reactivity and poor solubility.
In this work, benzannulation together with terminal cyano-substitution
was demonstrated to be an efficient approach for the synthesis of a series
of soluble and stable tetracyano-oligo(N-annulated perylene)-
quinodimethanes nPer-CN (n = 1—6), with the longest molecule having

e
O

nCN

n=1 2 3 4 5 6 Cs: closed-shell
SB: singlet biradical
cs SB SB SB B TB TB: triplet biradical

12 para-linked benzenoid rings! The geometry and electronic structures of these oligomers were investigated by steady-state and
transient absorption spectroscopy, nuclear magnetic resonance, electron spin resonance, superconducting quantum interference
device, and FT Raman spectroscopy assisted by density functional theory calculations. They showed tunable ground states,
varying from a closed-shell quinoidal structure for monomer, to a singlet biradical for dimer, trimer, and tetramer, and to a triplet
biradical for pentamer and hexamer. Large two-photon absorption cross-section values were observed in the near-infrared range,

which also exhibited a clear chain-length dependence.

I. INTRODUCTION

p-Quinodimethane (p-QDM) (Figure 1) and its biradical form
were originally proposed as products in the pyrolysis of p-
xylene." It has a large biradical character in the ground state due
to recovery of the aromaticity of the central benzenoid ring, and
thus it is highly reactive. Great efforts have been made to
prepare stable p-QDM derivatives and its extended analogues.
For example, substitution of the terminal methylene sites in p-
QDM and p-dibenzoquinodimethane by four phenyl groups
resulted in relatively stable Thiele’s hydrocarbon® and highly
reactive but still characterizable Tschitschibabin’s hydro-
carbon,? respectively. Terminal substitution by cyano group
turned out to be another efficient approach, and several stable
p-QDM derivatives such as 7,7,8,8-tetracyanoquinodimethane
(TCNQ),* 13,13,14,14-tetracyano-4,5,9,l0-tetrahydro-2,7-pyre-
noquinodimethane (TCNTP),” and 13,13,14,14-tetracyano-
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2,7-pyrenoquinodimethane (TCNP)® have been successfully
prepared (Figure 1). The tetracyanodiphenoquinodimethane
(TCNDQ) without any substitution on the diphenoquinoid
moiety (Figure 1), however, could not be isolated as it tended
to simultaneously polymerize.6 The further extension of
TCNTP and TCNP frameworks is problematic because of
their poor solubility and limited functionalization sites. An
alternative approach to extend quinoidimethanes is to replace
the benzenoid ring by other heterocycles such as thiophene and
thiazole, and some soluble and stable tetracyano-heteroqui-
noids” have been prepared and used as acceptors in charge-
transfer conductors® and as semiconductors for n-channel or
ambipolar field-effect transistors.” Among them, a series of
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Figure 1. Structural evolution of extended p-QDMs.

Scheme 1. Synthesis of nPer-CN“
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“Reagents and conditions: (a) (i) malononitrile, NaH, Pd(PPh;),Cl, reflux, 48 h; (ii) HCI (2M), air; (b) pinacolborane, PdCl,(PPh;),, 1,2-
dichloroethane/Et;N, 90 °C, 24 h; (c) Pd(PPh;),, Cs,CO;, toluene/DMF, 90 °C, 24 h; (d) NBS (2 equiv), DCM/DMF, 0—25 °C, overnight; (e)
(i) malononitrile, NaH, Pd(PPh;),Cl,, reflux, 48 h; (i) HCl (2M); (jii) p-chloranil, CHCl;, room temperature.

quinoidal oligothiophenes up to hexamer displayed interesting
chain-length dependence of their ground-state electronic
structures, with the pentamer and hexamer showing significant
singlet biradical character.'® Incorporation of a p-QDM moiety
and its analogues such as 2,6-naphthoqui.nodimthane“ and 2,6-
anthraquinodimethane'? into a fused 7-conjugated framework
has proved to be an efficient way to generate polycyclic
hydrocarbons with potential open-shell biradical ground states,
and typical examples include indenofluorenes, bis-
(phenalenyls),"* and zethrenes.'® These polycyclic hydro-
carbons exhibit unique optical, electronic, and magnetic
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properties and have promising applications in nonlinear
optics,l(’ organic electronics,17 organic spi.ntronics,w and energy
storage devices.'”

Although many useful materials based on p-QDM have been
prepared and well investigated in recent years, how to make
largely extended p-QDMs is still a big challenge due to their
intrinsic high reactivity arising from their increasing biradical
character with extension of their chain length. Solubility of
course is another critical concern. Recently, we demonstrated
that benzannulation is an efficient approach to stabilize the
highly reactive Tschitschibabin’s hydrocarbon.”® Inspired by
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this success, in this research we demonstrate that by using a N-
annulated perylene (NP) as a building block, we are able to
prepare a series of soluble and stable oligo(N-annulated
perylene)quinodimethanes nPer-CN (n = 1-—6), with the
longest molecule having 12 para-linked benzenoid rings (Figure
1). The NP was chosen on the basis of the following
considerations: (1) the quinoidal NP can be regarded as a
structure where the p-diphenoquinoid is annulated by two
aromatic benzene rings, and thus stability will be improved; (2)
flexible alkyl chain can be easily attached to the N-site and thus
resolve the solubility problem; and (3) selective functionaliza-
tion can be easily conducted at the peri»ed§es of NP and allows
us to prepare higher order oligomers. ! In addition, the
electron-withdrawing cyano-groups at the terminal methylene
sites will further stabilize the systems. The ground-state
geometry and electronic structure of these oligomers were
systematically investigated by steady-state absorption and
transient absorption (TA), variable-temperature (VT) nuclear
magnetic resonance (NMR), electron spin resonance (ESR),
superconducting quantum interference device (SQUID)
measurements, and FT Raman spectroscopy assisted by density
functional theory (DFT) calculations. Our research disclosed
interesting chain-length dependence of their ground states and
optical, electrochemical, and magnetic properties.

Il. RESULTS AND DISCUSSION

Synthesis. As shown in Scheme 1, all of the target
compounds nPer-CN (n = 1—6) were prepared by Takahashi
(:(mpli.ngZZ from the corresponding dibromo-oligo(N-annulated
perylenes), followed by oxidative dehydrogenation. For the
monomer Per-CN, short alkyl substituent (2-ethylhexyl) can
provide sufficient solubility. However, for higher oligomers
nPer-CN (n = 2—6), a long branched dove-tailed chain (2-
decyltetradecyl) has to be employed to ensure sufficient
solubility for the intermediates and final products. The
dibromo-NPs 1 and 2 and the monobromo-NP 3 were first
synthesized by controlled bromination with N-bromosuccini-
mide (NBS) according to previous reports.21 Pd-catalyzed
Takahashi coupling of 1 with malononitrile in the presence of
sodium hydride in anhydrous THF worked smoothly and
afforded the Per-CN as a deep blue solid in 80% yield after
acidification and simultaneous oxidation in air. The higher
order oligomers were synthesized by repetitive Suzuki
coupling/bromination reactions. The NP monoboronic ester
4 as a key intermediate was prepared by Miyaura borylation
reaction from 3. Suzuki coupling between 3 and 4 gave the NP
dimer S, which was brominated with NBS to afford the
dibromo-NP dimer 6. Suzuki coupling between 6 and 4
generated NP tetramer 7, and subsequent bromination
provided the dibromo-NP tetramer 8. Similar Suzuki
coupling/bromination protocol from 8 gave the dibromo-NP
hexamer 10. The dibromo- NP trimer 12 was prepared by
Suzuki coupling between 2 and 4, followed by bromination
with NBS. Subsequent Suzuki coupling with 4 and bromination
afforded the dibromo-NP pentamer 14. The quinoidal
oligomers nPer-CN (n = 2—6) were then prepared in tens of
milligram scale by similar Takahashi coupling reaction from the
corresponding dibromo-NP oligomers (6, 12, 8, 14, and 10)
followed by oxidation with p-chloranil in chloroform in 76—
37% vyields. In these cases, oxygen in air can only oxidize the
dihydro-intermediates very slowly; thus a stronger oxidant such
as p-chloranil has to be used to ensure a complete
dehydrogenation. All of the target molecules nPer-CN are
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soluble in common organic solvents such as chloroform,
toluene, and THF. The compounds were stable enough to be
readily obtained as analytically pure products in both solid and
solution except that the hexamer 6Per-CN in solution was
moderately sensitive to light and it partially decomposed on
silica gel column, which prevented us from separating even
longer oligomers. All of the intermediates were well
characterized by 'H and *C NMR and mass spectrometry
(MS), and the purity of the final products was confirmed by
high-resolution MS and by high performance liquid chroma-
tography (HPLC) (see the Supporting Information).

Magnetic Properties. The 'H and '*C NMR spectrum of
the smallest derivative, Per-CN, in CDCl; at 298 K exhibits
well-resolved resonance signals, indicating that Per-CN has a
closed-shell quinoidal structure in the ground state. In contrast,
the higher nPer-CN (n = 2—6) showed NMR silence even at
low temperature (—100 °C in CD,Cl,), indicating that these
extended quinodimethanes derivatives have a large biradical
character in the ground state (vide infra). Accordingly, ESR
measurements of all samples except Per-CN displayed
featureless broad signals in both solid state and solution
centered with g, = 2.0031 (Figure S1 in the Supporting
Information). The signal broadening and absence of AM, = +2
forbidden transitions would be due to the long-distance spin—
spin dipole interaction within the molecules and the extended
spin-delocalization.'*'** The VT ESR measurements for the
powders of nPer-CN (n = 2—6) disclosed the significant
temperature dependency of the signal intensities; the intensity
decreased with decreasing temperature for 2Per-CN—4Per-
CN, indicating that they all have a singlet biradical ground state,
which is in equilibrium with a higher energy triplet biradical
state. The change however became rather slight for 4Per-CN as
compared to that of 2Per-CN. The trend reversed in case of
SPer-CN and 6Per-CN; that is, the ESR intensity increased
when lowering the temperature. This infers that the biradicals
in the higher oligomers behave more like two individual
radicals, presumably due to the very weak coupling through a
long distance between two unpaired electrons.

The singlet—triplet energy gap AEs r (ie, —2J/kp) was
estimated by SQUID measurements on the powder form of
nPer-CN (n = 2—6) at S—300 K by means of careful fitting of
the curves by the Bleaney—Bowers equation®® (Figure 2 and
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Figure 2. yT—T curves in the SQUID measurements for the powder
of nPer-CN (n = 2—6). The solid lines are the fitting curves according
to Bleaney—Bowers equation; g-factor was taken to be 2.
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Table 1. Photophysical and Electrochemical Data of nPer-CN“

)

Aubs G, o E'y(ox)
compd  (nm) (M em™) t(ps)  (GMD 163}

Per-CN 579 61400 17.2 ISOOI)
626 66000

2Per-CN 351 20230 8.6 1060° 0.36
620 28 300 0.54
901 54700

3Per-CN 451 34 800 35 770¢ 0.35
635 67 600 1.0
930 22 600

4Per-CN 460 72200 3.1 710¢ 031
635 70 800 0.80
930 21400

SPer-CN 466 84900 29 730° 0.30
635 59 600 0.89
929 17 300

6Per-CN 469 10 4400 2.7 710¢ 0.30
634 45400 0.84
927 13000

Elpeg  HOMO LUMO E B AEg 1
i) (V) (V) & & (keal/mol)

—0.54 —4.26 1.74
-0.78
-15
—0.45 =5.11 —4.50 0.61 0.89 0.342
—0.41 —=5.08 —4.52 0.53 093 0.107
—0.44 —-5.05 —4.53 0.52 093 —0.064
—0.45 —=5.04 —4.47 0.57 0.93 —0.556
—0.43 —=5.03 —4.50 0.53 093 —0.883

“Jabs: absorption maximum measured in THE. é,,,: molar extinction coefficient at the absorption maximum in the unit of M~' cm™. 7 is singlet
excited lifetime obtained from TA. E, ,* and E, ,” are half-wave potentials of the oxidative and reductive waves, respectively, with potentials vs Fc/
Fc* couple. HOMO and LUMO energy levels were calculated according to equations: HOMO = —(4.8 + E,,>*") and LUMO = —(4.8 + E &),
where E,,°™ and E,,"*" are the onset potentials of the first oxidative and reductive redox wave, respectively. EgEC: electrochemical energy gap

derived from LUMO-HOMO. E;™": optical energy gap derived from lowest energy absorption onset in the absorption spectra. AES?:
triplet energy gap estimated from SQUID measurements. “6®, . is the maximum TPA cross section at the wavelength of 1200 nm. ¢,

maximum TPA cross section at the wavelength of 1700 nm.

singlet—
is the

Table 1). The AE;_r values were estimated as 0.342 and 0.107
kcal/mol for 2Per-CN and 3Per-CN, respectively, further
confirming that both compounds have a singlet biradical
ground state, with the two unpaired electrons weakly coupled.
Such small AEg_ values allow the facile thermal excitation to
the higher energy triplet biradical state. A very small AEg ¢
(—0.064 keal/mol) was estimated for 4Per-CN, indicating very
weak coupling between the two radicals. Given the unavoidable
error during the data fitting for this borderline molecule, the
ground state of 4Per-CN is better described as a singlet
biradical with very large biradical character based on the VT
ESR measurements, which is also in agreement with DFT
calculations to be discussed later. In passing from 4Per-CN to
SPer-CN and 6Per-CN, the AEg 1 became —0.56 and —0.88
keal/mol, respectively, implying a triplet biradical ground state.
However, considering the long distance between the two
radicals, these two compounds may be better described as two
individual radicals.

Raman Characterizations. Raman spectroscopy is a
unique tool to evaluate the electronic ground state of
conjugated biradicals and to understand macroscogic magnetic
and optical data with molecular level information,0%156204 T
warrant a maximum population of the ground electronic state,
either singlet or triplet, the FT-Raman spectra of the nPer-CN
samples were recorded at —180 °C (Figure 3). For Per-CN, the
Raman bands at 1705, 1600, and 1458 cm™' are clearly
associated with the quinoidal structure (C=C stretching
modes) between the two dicyano groups corroborating its
singlet closed-shell nature. In 2Per-CN, the Raman spectrum
experiences a frequency down-shift of the above three
important bands toward 1687, 1584, and 1441 cm™,
respectively. This spectroscopic feature reflects the weakening
of the C=C bond strength of the quinoidal path due to the
recovery of aromatic-like rings for the perylene units. This
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Figure 3. FT-Raman spectra of the nPer-CN at —180 °C in the solid
state: (a) Per-CN; (b) 2Per-CNj; (c) 3Per-CN; (d) 4Per-CN; (e)
SPer-CN; and (f) 6Per-CN.

quinoid-to-aromatic tuning of the molecular backbone is the
molecular confirmation of the formation of biradical species in
2Per-CN. From Per-CN to 2Per-CN, a new band appeared at
1378 cm™ due to the creation of the CC interperylene
stretching mode with a predominant single C—C character
further affirming its biradicaloid state. From 2Per-CN to 3Per-
CN, the characteristic FT-Raman bands were further down-
shifted because of increased aromatic stabilization by the
incorporation of an additional perylene unit, which reveals a
more remarkable biradical character of the molecular frame-
work. The frequency down-shift of the interperylene (C—C)
modes (by 35 cm™') is particularly noticeable because it
overexpresses the aromatic character of the open-shell structure
of the ground electronic state of 3Per-CN. However, this large
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biradical aromatization incorporates backbone flexibility (con-
strained in quinoidals structures), which produces interperylene
dihedral rotations easily fuelled by steric crowing. Acting
together, the planar distortions and the strong perylene
aromatization clearly account for the large —35 cm™
displacement. In going from 3-PerCN to 4-PerCN, the
interperylene C—C stretch down-shifts by 7 cm™, indicating
that the distortive effect increased and conjugation (aromatiza-
tion) decreased (increased). From 4-PerCN to SPer-CN and
6Per-CN, the spectra remained unchanged in frequencies, and
their spectral profiles were essentially identical. This might
indicate that molecular conjugation is already saturated in 4-
PerCN and interperylene rotations are fully relaxed. This
molecular spectroscopic information is relevant because
saturation of conjugation confines its effect to the molecular
center (equivalent to ~4 NP units) of SPer-CN and 6Per-CN
decoupling the two radical centers and deactivating the double
spin polarization effect that produces the stabilization of the
triplet state in the two largest molecules. In other words,
conjugation length (CL) in SPer-CN and 6Per-CN is smaller
than the molecular length (ML) supposing a transition from a
singlet biradical ground electronic state (CL &~ ML in 2Per-CN,
3Per-CN, and 4Per-CN) to a triplet ground electronic state
(CL < ML in 5Per-CN and 6Per-CN).

From a viewpoint of molecular structures, quinoidal nPer-
CN may exist as cis/trans isomers. For example, the two NP
units in quinoidal 2Per-CN could adopt a trans- or a cis-
configuration through the ethylene linkage (Figure 4a).
However, its corresponding biradical resonance form may
interconvert them by rotating along the single C—C bond. To
identify cis/trans isomerization, IR and Raman spectroscopies
can be used invoking the mutual exclusion principle, which is

ci
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Figure 4. (a) An equilibrium between cis- and trans-2Per-CN via a
biradical transition state; and (b) FT infrared and Raman spectra of
2Per-CN in the solid state at different excitation wavelengths (532,
633, 785, and 1064 nm).
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verified in molecules that contain an inversion center among
the operations of symmetry, for example, in trans-2Per-CN
(ie, Cy). The Raman spectra excited at 785 nm and the
infrared spectra of 2Per-CN are clearly complementary (Figure
4b), meaning that those bands especially active in infrared are
weakly active or inactive in Raman, and vice versa. This
suggests that 2Per-CN in its ground electronic state is mostly
in the trans-form between its two NP units. However, by
exciting with the 532/1064 nm Raman lasers, the correspond-
ing spectra did not strictly follow the IR/Raman comple-
mentary rule (Figure 4b), which suggests that there could exist
in 2Per-CN a certain quantity of cis-isomer (C,, molecular
symmetry). Thus, the infrared signal averages all possible
isomers, while the Raman spectrum, with different excitation
wavelengths, can selectively probe one or the other isomer even
in minority. The presence of a significant fraction of cis-isomer
in 2Per-CN might result from the high energy barrier required
to overcome the perpendicular transition state imposed by the
medium biradical character. In this regard, for the larger
molecules, the progressive interperylene C—C bonds weaken-
ing will decrease the cis—trans energy barrier facilitating the
dominance of the all-trans conformer, which is the disposition
that better mitigates steric repulsions.

Optical Properties. This series of nPer-CN used in this
study exhibit different one-photon absorption (OPA) spectral
features as the number of rylene core increased (Figure S and
Table 1). The monomer Per-CN displayed an intense
absorption band with maximum at 626 nm (log & = 4.82; &:
molar extinction coefficient in M~ em™), along with a
shoulder at 579 nm, which is relatively similar to that of TCNP
(Amax = 557 nm, log & = 4.12).° In contrast, the absorption
spectrum of 2Per-CN consisted of three major absorption
bands appearing with absorption maxima at 351, 620, and 901
nm, respectively. The characteristic structured long-wavelength
absorption bands were observed in the near IR region
extending up to 1400 nm, with a very small optical energy
gap of 0.89 eV. Such remarkable red-shift of the lowest
excitation band and the band shape change as compared to Per-
CN imply a transformation of their electronic ground state. The
trimer 3Per-CN also showed a very broad near IR band
extending to 1400 nm as observed in 2Per-CN and relatively
intense band with 4, of 635 nm in the visible region. This
optical feature is entirely seen in further higher nPer-CN (n =
4—6). Notably, it was found that the wavelengths of lowest
transition band are not further extended despite the extension
of chain length, and the relative intensity of higher energy
bands emerged around 450—470 nm are remarkably enhanced
upon the number of rylene core increases in nPer-CN. This
characteristic band around 450—470 nm may originate from the
absorption of aromatic NP cores,” which indicates the recovery
of the aromatic-like rylene cores by means of perturbation of
the quinoidal electronic structures of higher nPer-CN
associated with terminal spin localization.

Femtosecond TA measurements were carried out to explore
the excited-state dynamics of nPer-CN (Figure 6, Table 1, and
Figure S2 in the Supporting Information). The TA spectrum of
Per-CN exhibited a ground-state bleaching (GSB) signal
around 628 nm, as well as a small excited-state absorption
(ESA) band in the 450—510 nm spectral region. The decay
profiles probed at 628 nm were fitted by two exponential
functions of 2.7 and 17.2 ps. This short singlet excited state
lifetime of Per-CN is well in agreement with the nonfluorescent
properties. In the case of open-shell derivative, 2Per-CN, one
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Figure 5. One-photon and two-photon absorption spectra of nPer-CN. The spectra were recorded in chloroform and THEF, respectively: (a) Per-
CN; (b) 2Per-CN; (c) 3Per-CN; (d) 4Per-CN; (e) 5Per-CN; and (f) 6Per-CN.
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Figure 6. Femtosecond transient absorption spectra of nPer-CN
measured in tetrahydrofuran at room temperature (296 K): (a) Per-
CN; (b) 2Per-CN; (c) 3Per-CN; (d) 4Per-CN; (e) SPer-CN; and (f)
6Per-CN.

distinct GSB signals around 550—650 nm and two relative
higher intensity ESA bands in spectral regions similar to those
of Per-CN were observed, with a shorter excited-state lifetime
of 8.6 ps. This fast decay kinetic profile of 2Per-CN is
considered to reflect an acceleration of the nonradiative internal
conversion rates arising from the smaller energy gap between
the lowest excited state and the open-shell ground state. The
TA spectra of further higher nPer-CN (n = 3—6) demonstrated
similar spectral features; two major ESA bands in the 480—570
and 645—780 nm regions were observed with shorter singlet
excited lifetimes of 2.7—3.5 ps. Considering the similar optical
energy gaps among these derivatives estimated in steady-state
absorption spectra, this kinetic trend of fast decay of the excited
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state could be due to the molecular flexibility with the larger
rylene arrays.

As it is known that an open-shell (singlet) biradical character
can enhance the two-photon absorption activity,'"'2° TPA
measurements were conducted for nPer-CN by using the open-
aperture Z-scan method to clarify the structure—TPA relation-
ship (Figure S, Table 1, and Figure S3 in the Supporting
Information). The excitation wavelength was scanned in the
near IR region from 1200 to 2100 nm where one-photon
absorption contribution is negligible. Large TPA cross sections
were observed for the closed-shell Per-CN with the maximum
value of 6 = 1300 GM at 1200 nm, which could be due to
that the quinoidal molecular structures bearing fluctuated
atomic bonds may have larger hyperpola\rizabilities.7‘6 As
expected, open-shell higher nPer-CN also exhibited strong
TPA response in the region of 1650—2100 nm, with the
maximum TPA cross-section values of 6 = 1060, 770, 710,
730, and 710 GM, respectively, observed at 1700 nm. In
comparison with typical hydrocarbon chromophores, relatively
lar%er cross sections in NIR region were obtained. This trend of
6 may be correlated to the resonance enhancement of the
transitions observed in OPA spectra and the degree of their
biradical characters, because the intermediate biradical indices
have proved to enhance the second hyperpolarizability (),
which is the origin of the third-order nonlinear optical (NLO)
properties?‘7 This result demonstrates the important insights
into the correlation between a biradical character index and
structural backbones to enhance the TPA property.

Electrochemical Properties. Cyclic voltammetry and
differential pulse voltammetry measurements were performed
to investigate the electrochemical properties of these oligomers
(Figure 7, Table 1, and Figure S4 in the Supporting
Information). Most of the compounds displayed multiple
chemically reversible reductive and/or oxidative electron
transfer processes, indicating that the reduced/oxidized states
survived fully or partially on the voltammetric time scale (which
is for at least a few seconds). Per-CN in dichloromethane
exhibited two chemically reversible reductive processes with
half-wave potentials E',, = —0.54 V and E",, = —0.78 V. The
E'),-values were determined from the midpoint of the anodic
(E,™) and cathodic (E,*) peak potentials [E,;, = (E,™ +
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Figure 7. Cyclic voltammograms of (a) Per-CN; (b) 2Per-CN; (c)
3Per-CN; (d) 4Per-CN; (e) 5Per-CN; and (f) 6Per-CN in dry
dichloromethane with 0.1 M Bu,NPF as supporting electrolyte, Ag/
AgCl as reference electrode, Au disk as working electrode, Pt wire as
counter electrode, and scan rates at 100, 20, 20, 20, 20, and 20 mV/s,
respectively.

EP"“)/ 2] when the anodic (i,™) to cathodic (ip“d) peak current
ratios were equal to unity (i,"/i, = 1). Per-CN showed
another reduction process at more ne§ative potentials (E;/, ~
—1.5 V vs Fc/Fc") where the i,°/i,""ratio was <1 (at a scan
rate of 100 mV s7'), indicating that the highly reduced state
was relatively short-lived. The iP"d-value for the most negative
reduction process of Per-CN was much greater than the two
less negative processes, indicating that more electrons were
transferred. No oxidative wave was observed for neutral Per-
CN. All of the other compounds (2Per-CN to 6Per-CN) could
be reduced in one chemically reversible process (or partly
chemically reversible process) at negative potentials and
oxidized in at least two processes at positive potentials, but
with the oxidation processes displaying varying degrees of
chemical reversibility. 2Per-CN was electrochemically oxidized
in two chemically reversible processes at E';;, = 0.36 V and
E'y, = 054 V vs Fc/Fc', together with one chemically
reversible reduction process at E';, = —0.45 V vs Fc/Fc*, with
the reduction process showing twice the peak current of each
oxidation process (indicating the transfer of a higher number of
electrons). 3Per-CN exhibited a chemically reversible oxidative
process at E;;, = 0.35 V vs Fc/Fc* (consisting of two closely
overlapping peaks) and another oxidation process at E'; ;, & 1.0
V vs Fc/Fc* (where the ip"x/ip'e‘j-ratio >1), together with one
chemically reversible reductive process at E';;, = —0.41 V vs
Fc/Fc'. A similar CV profile was observed for 4Per-CN, with
one chemically reversible oxidation process at E;, =0.31 V vs
Fc/Fc*, one oxidation process at ~0.80 V vs Fc/Fc*, and one
reduction process at E',;, = —0.44 V vs Fc/Fc". For SPer-CN
and 6Per-CN, two major oxidation processes and one
reduction process were detected, at potentials similar to those
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observed for 3Per-CN and 4Per-CN. However, two additional
oxidation processes with much smaller peak currents
(indicating the transfer of lesser numbers of electrons) were
also detected at potentials between the two major oxidation
processes. A summary of the half-wave potentials is provided in
Table 1. In situations where the i,/ ip“d»ratios were different
from unity, the reversible half-wave potentials are difficult to
determine accurately, and thus the reported E';),-values are
only approximate. Rather low electrochemical energy gaps were
estimated for nPer-CN (n = 2—6) as 0.61, 0.53, 0.52, 0.57, and
0.53 eV, respectively. Such chain-length dependence of
electrochemical behavior must be correlated to the change of
7-conjugation and electronic structure in these extensive
homologues.

Theoretical Calculations. DFT (B3LYP) and 6-31G(d,p)
basis set calculations were carried out to establish a better
understanding of the spectral and magnetic findings obtained in
a series of nPer-CN (see details in the Supporting
Information). Limited by the computation capacity, the
calculation was performed for only shorter derivatives, Per-
CN up to tetramer 4Per-CN. For the shortest oligomer Per-
CN, a closed-shell structure was predicted as the ground state,
agreeing with all experimental results (Figure SS in the
Supporting Information). The energy of the triplet state
(TB) is higher by +16.36 kcal/mol than that of the singlet
(closed shell (CS)/biradical (SB)) solutions. As it is expected,
the open-shell SB states of 2Per-CN obtained by using an
unrestricted broken-symmetry wave function method (BS-
UB3LYP/6-31G(d,p)) turned out to have the lowest energy
than those of the corresponding CS and TB one, and the
singlet—triplet energy gaps (AEgy_rp) were estimated to be
0.755 keal/mol, which is close to the experimental values (e.g.,
0.342 keal/mol for 2Per-CN) (Figure S6 in the Supporting
Information). From the structural point of views in 2Per-CN,
the energy of trans-isomer can be possibly considered as an
energetic minimum geometry in the ground state. The small
energy difference (0.377 kcal/mol) between the trans- and cis-
forms leads us to consider that each geometry can be easily
interconverted through free rotation of C—C bonds, which is
consistent with the vibrational Raman observations (Figure S7
in the Supporting Information). Thus, the higher oligomeric
nPer-CN (n = 3—4) were calculated as all trans-forms, which
supported the ground-state singlet biradical structures with
further smaller AEgy 5 of 0.042 and 0.002 kcal/mol,
respectively (Figures S8 and S9 in the Supporting Information).
With decreasing distinct singlet—triplet energy gaps, it is
noteworthy that the singlet biradical character (y) of nPer-CN
(n = 2—4) estimated by the CASSCF(2,2)/6-31G calculation®®
gave larger LUMO occupation numbers of 0.85, 0.99, and 0.99,
respectively. These larger (almost saturated: 0 < y < 1) biradical
characters for higher series are well consistent with the
experimental observations of distinct magnetic susceptibility
behaviors.

As in the investigation of the molecular geometries and the
frontier molecular orbitals, a typical disjointed feature in the
singly occupied molecular orbital (SOMO) profiles of the
biradical species was found; the unpaired electrons (a and f)
were mainly delocalized at the backbone of terminal rylene
units bearing malononitrile groups (Figures $10—S12 in the
Supporting Information). Accordingly, large spin densities on
the terminal malononitrile-substituted rylene units in the nPer-
CN are retained with antiparallel spin electron patterns (Figure
8). The electronic structure of 2Per-CN in a ground state is
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Figure 8. Calculated (UB3LYP) spin density distribution: (a) 2Per-
CN; (b) 3Per-CN; and (c) 4Per-CN. Blue and green surfaces
represent & and f spin densities, respectively. Isovalue is 0.002.

thus best represented by the resonance of closed-shell Kekulé
and biradical canonical forms as shown in Figure 1.
Furthermore, this characteristic spin distribution pattern is
found to be remarkable in the higher derivatives (n > 3),
indicating that two terminal spin radicals are less electronic
coupled due to the disruption of the effective 7-bond character
with the twisted orientations of rylene core units.

The fact of the larger singlet biradical character of nPer-CN
would be also manifested by the bond elongations and dihedral
angles between each perylene unit in the molecular structures.
In comparison to the quinoidal Per-CN (Figure SS in the
Supporting Information), the singlet biradical 2Per-CN and
their higher ones showed longer bond lengths for the exo
methylene bonds as the weakening of the C=C bonds was
observed in vibrational studies. Upon an increase of the index y,
dihedral angles of the singlet biradical nPer-CN between the
NP cores are getting larger (55—64°) and close to that of the
triplet biradical states (Figures S6, S8, S9 in the Supporting
Information). Moreover, the determination of nucleus
independent chemical shift (NICS) values® (e.g, NICS(1)
and NICS(1),,) indicates more benzenoid character of the six-
membered rings of the NP moieties in the singlet biradical
species of nPer-CN as prolonging the molecular lengths
(Figure S13 in the Supporting Information). These geometric
findings suggest that the generation of aromaticity of rylene
cores arising from biradical electronic structures would be one
driving force to push the unpaired electrons out to the terminal
edges of the molecules with breaking 7 bonds. In addition, the
large strain arising from streric repulsion between the NP units
in the quinoidal form can be partially released in the biradical
form, which could be regarded as another importance driving
force.

On the basis of the open-shell biradical nature of nPer-CN
(n = 2—6), the characteristic low-lying excited states assigned
by the admixing spin-associated (H, H — L, L) double excited
electron configurations were identified by time-dependent BS-
UB3LYP/6-31G(d,p) level calculations (Figure SI4 in the
Supporting Information). The lowest energy transitions (S, —
S,) are 0.98 eV (1210 nm, f = 0.0012) for 2Per-CN, 1.12 €V
(1109 nm, f = 0.0028) for 3Per-CN, and 1.10 eV (1128 nm, f =
0.1863) for 4Per-CN, respectively. The smaller energy gaps are
consistent with the larger biradical character of nPer-CN,
because a HOMO—-LUMO gap is closely related to the
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promotion of electrons from HOMO to LUMO. The other
simulated transitions given by this UB3LYP method are
consistent with the experimental spectra (Tables S1-S3 in
the Supporting Information).

1ll. CONCLUSION

We have demonstrated an efficient method to prepare a series
of soluble and stable extended benzoquinodimethanes
oligomers nPer-CN (n 1-6) with the conjugated
benzoquinoid units longer than any other extended p-QDMs
reported to date. Their electronic structure and geometry in the
ground state were investigated by various experiments assisted
by DFT calculations. Our results disclosed a clear chain-length
dependence of the photophysical and electrochemical proper-
ties as well as magnetic properties. This series of molecules
exhibited tunable ground-state structures, with Per-CN as a
closed-shell hydrocarbon, 2Per-CN—4Per-CN as open-shell
singlet biradical species, and the higher order compounds SPer-
CN and 6Per-CN as triplet biradicals. Such a difference was
caused by steric repulsion between the neighboring perylene
units in the oligomers as well as the recovery of aromaticity of
the quinoidal NP rings in the biradical forms, with the
experimental evidence from Raman spectra and theoretical
calculations. The unique nature of these oligomers in the
ground state is responsive for the chain-length-dependent
optical, electrochemical, and magnetic findings. Theoretical
calculations helped to further understand the experimental
observations. This series of compounds provide important
information to understand the nature of chemical bonding and
the fundamental chemical and physical phenomenon of largely
extended quinoidal systems. Moreover, they are promising
candidates for nonlinear optics, ambipolar field effect
transistors, and organic spintronics due to their unique optical,
electronic, and magnetic properties.
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Recently, there has been increasing interest in singlet open-
shell polycyclic hydrocarbons,! which possess unique optical,
electronic, and magnetic properties for potential applications
in organic electronics,” non-linear optics,”” spintronics,”” and
energy storage devices.! A general design is to embed
a quinoidal unit such as p-quinodimethane (p-QDM), 2,6-
naphthoquinodimethane and 2,6-anthraquinodimethane into
a polycyclic hydrocarbon framework, and the obtained
hydrocarbons can show a singlet biradical nature owing to
the recovery of aromaticity of the proaromatic subunit and
the spin-polarization at the terminal carbon atoms. With
diverse synthetic approaches, numerous examples of this type
of hydrocarbons, including bisphenalenyls,® indenofluor-
enes, and zethrenes'® have been developed as open-shell
biradical species. In addition, zigzag-edged nanographenes,
such as higher-order acenes,””! periacenes,"” and anthenes,!!!
can show a singlet biradical ground state owing to the gain of
additional aromatic sextet rings in the biradical form. More-
over, quinoidal hydrocarbons embedded with m-extended p-
QDM structure,' quinoidal oligothiophenes,"* and quinoi-
dal porphyrins and its dimers!'! are intriguing in view of their
unique chemical and physical properties.

We recently have synthesized a series of tetracyanooli-
go(N-annulated perylene (NP)) quinodimethanes (Per-CN
and nPer-CN, n=2-6, Figure 1) as soluble and stable n-
extended p-QDMs." The smallest member of this series, Per-

N
L 1) nPer-CN
Citas (n = 2-6)

CraHas

CioHa1

Figure 1. Chemical structures of Per-CN, nPer-CN, QR-CN, and the two
resonance structures of HR-CN.

CN, has a closed-shell quinoidal structure, while the longer
oligomers all exhibit a ground-state biradicaloid character.
The chain-length dependent physical properties (for example,
magnetic, optical, electronic) lead us to prepare new oligo-
meric quinoidal derivatives containing fully fused NP units for
a systematic investigation of the structural effect on the open-
shell biradical nature of n-extended quinodimethanes. In this
study, the tetracyanoquaterrylenequinodimethane (QR-CN)

[¥] Dr. Z. Zeng, Z. Sun, Y. Ni, Prof. C. Chi, Prof. J. Wu
Department of Chemistry, National University of Singapore
3 Science Drive 3, 117543, Singapore (Singapore)
E-mail: chmcc@nus.edu.sg

chmwuj@nus.edu.sg
S. Lee, Dr. M. Ishida, Prof. D. Kim
Department of Chemistry, Yonsei University
Seoul 120-749 (Korea)
E-mail: dongho@yonsei.ac.kr
J. L. Zafra, Prof. ]. T. Lépez Navarrete, Prof. |. Casado
Department of Physical Chemistry, University of Malaga
Campus de Teatinos s/n 229071 Malaga (Spain)
E-mail: teodomiro@uma.es

casado@uma.es
X. Zhu, Prof. R.-W. Li
Key Laboratory of Magnetic Materials and Devices
Ningbo Institute of Materials Technology and Engineering
Chinese Academy of Sciences, Ningbo 315201 (China)
Prof. R. D. Webster
Division of Chemistry & Biological Chemistry
School of Physical & Mathematical Sciences

Angew. Chem. Int. Ed. 2013, 52, 8561-8565

© 2013 Wiley-VCH Verlag GmbH & Co. KGaA, Weinheim

Nanyang Technological University

21 Nanyang Link, 637371, Singapore (Singapore)

Prof. J. Ding

Department of Materials Science & Engineering
National University of Singapore, 119260 (Singapore)
E-mail: msedingj@nus.edu.sg

Prof. J. Wu

Institute of Materials Research and Engineering, A*STAR
3 Research Link, 117602, Singapore (Singapore)

[**] J.W. acknowledges the financial support from MOE Tier 2 grant
(MOE2011-T2-2-130) and IMRE Core funding. The work at Yonsei
Univ. was supported by WCU programs (R32-2010-10217-0) and an
AFSOR/APARD grant (no. FA2386-09-1-4092). The work at Spain
was supported by the Ministerio de Educacién y Ciencia of Spain
and by FEDER funds.

@ Supporting information for this article is available on the WWW

under http://dx.doi.org/10.1002/anie.201305348.

WWILEY i

ONLINE LIBRARY

8561



Angewandte

8562

Communications

and tetracyanohexarylenequinodimethane (HR-CN), with
highly planar fused structures, were synthesized, and their
ground-state electronic properties were investigated by
various steady-state and time-resolved spectroscopic tech-
niques and magnetic susceptibility measurements (Figure 1).
Understanding the electronic structures of QR-CN and HR-
CN would be of importance to extract information about the
steric effect on the biradical resonance contribution by
comparison with with non-fused derivatives (that is, 2Per-
CN and 3Per-CN). The dihedral angles between the rylene
units in nPer-CN were dependent on the distinct biradical
character (y). Therefore the fully fused quinodimethane cores
in QR-CN and HR-CR would be informative derivatives to
evaluate the nature of chemical bonding characters. Further-
more, the rylene derivatives belong to an important family of
organic dyes," and therefore the largely extended m-con-
jugation in quinoidal QR-CN and HR-CN would result in
asmall energy gap, giving a strong electronic absorption in the
near-infrared (NIR) region.

Synthesis of m-extended quinoidal rylenes horizontally
longer than perylenes is still a challenging subject because of
the intrinsic chemical instability. Furthermore, the intramo-
lecular C—C bond formation between adjacent rylene units
either by oxidative cyclodehydrogenation"®”! or by base-
mediated Michael addition followed by aromatization in air is
a difficult step."®'™ Our initial attempts of direct intra-
molecular cyclization of nPer-CN by using various oxidants
(for example, FeCl; or DDQ/Sc(OTf);) or bases all gave
complicated mixtures. Therefore, we have changed the
strategy by using Takahashi cross-coupling™ reaction of the
pre-constructed fused quaterrylene (9) and hexarylene (10)
dibromide precursors with marononitrile (Scheme 1). A
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Scheme 1. Reagents and conditions: a) NBS (1 equiv), CH,Cl,, 0°C;

b) pinacolborane, [PdCl,(PPh;),], 1,2-dichloroethane/Et;N, 90°C;

¢) [PA(PPh,),], Cs,CO;, toluene/DMF, 90°C; d) NBS (2 equiv), CH,Cl/
DMF, 0-25°C; e) DDQ/Sc(OTf);, toluene, reflux; f) i) malononitrile,
NaH, [Pd(PPh;),Cl,], reflux; i) HCl (2m), 0-5°C.
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highly branched aliphatic ether substituent at the N-position
(for details of the synthesis, see the Supporting Information)
was used to ensure sufficient solubility of both the inter-
mediate compounds (9 and 10) and the final products.” The
dibromo- NP dimer 5 and trimer 6 were prepared by stepwise
coupling reactions starting from the monomer 1. Bromination
of 5and 6 by NBS gave the dibromo- NP dimer 7 and trimer 8,
respectively, in high yields. The key intermediates 9 and 10
were successfully prepared by oxidative cyclodehydrogena-
tion of the corresponding precursors 7 and 8 with DDQ/
Sc(OTf);."" ¥ The absorption spectra of 9 and 10 are similar
to those of the previously reported N-annulated quaterry-
lene!™ and hexarylene,!'” respectively (Supporting Informa-
tion, Figure S1). The longer fused rylenes (for example,
dibromooctarylene) were not obtained under the same
conditions because of the difficulty in purification of the
crude product (containing imcomplete reaction products).
Subsequent Takahashi coupling of 9 and 10 with malononi-
trile followed by simultaneous oxidation in air afforded the
desired products QR-CN and HR-CN. These products were
carefully purified by column chromatography followed by
preparative thin-layer chromatography. The purity of the final
products was confirmed by high-resolution MALDI mass
spectrometry and high performance liquid chromatography
(see the Supporting Information).

The electronic structures of QR-CN and HR-CN were
investigated by a combination of electron spin resonance
(ESR), a superconducting quantum interference device
(SQUID), and Raman spectroscopy as well as the density
functional theory (DFT) calculations. The solid-state EPR
spectra of QR-CN exhibited no active signals, though no clear
'HNMR spectrum of QR-CN was obtained, which is
presumably due to the strong aggregation in solution. This
implies a closed-shell ground state structure of QR-CN. In
contrast, a broad ESR signal with a g-tensor of g.=2.0029
recorded at 153 K suggested an existence of open-shell
species in HR-CN, as seen in the non-fused 3Per-CN
(Supporting Information, Figure S2)."! Accordingly, the
temperature-dependent magnetic susceptibility behaviors of
HR-CN (5-380K) obtained by SQUID measurements
revealed that HR-CN has a singlet biradical electronic
structure in the ground state (Supporting Information, Fig-
ure S3). Upon careful fitting of the plots by using the
Bleaney-Bowers equation,?! the exchange interaction, 2J/
kg was estimated to be —2120 K. The singlet-triplet energy
gap (AEggs) of about 4.21 kcalmol™' was found to be
significantly larger than that of 3Per-CN (0.107 kcalmol ™).

To get further insights on the shape of the electronic
ground state, resonant Raman spectral'>1*152 were recorded
for Per-CN, QR-CN, and HR-CN (Figure 2A) with laser
excitations at 532, 785, and 1064 nm, respectively, which
coincide with their most intense Vis-NIR electronic absorp-
tions in Figure 3. The most intense bands of Per-CN (1705,
1594, and 1458 cm™') are typical markers for closed-shell
quinoidal structure. On passing to QR-CN, some of these
Raman bands experience a simultaneous frequency downshift
and splitting, that is, the 1705 and 1594 cm ! bands evolved
into the 1700/1659 cm ' and 1582/1566 cm ™' pairs, respec-
tively. At the same time, two new bands appeared at 1536 and

Angew. Chem. Int. Ed. 2013, 52, 85618565



Intensity

1800 1700 1500 1400 1300

Raman shift (cm™)

1200 1100 1000

Figure 2. A) Solid-state resonant Raman spectra of a) Per-CN

(Aexe =532 nm), b) QR-CN (e =785 nm), and c) HR-CN

(Aexe =1064 nm). Asterisks denote bands that do not change within the
series. B) Calculated (UCAM-B3LYP/6-31G(d.p)) spin-density distribu-
tion of HR-CN (singlet biradical, the methyl group was used for the N-
subsitutents); the blue and green surfaces represent o and 3 spin
densities, respectively.

1386 cm ™!, which are likely associated with the new bonds
planarizing the NP units. The frequency downshift of the
v(C=C) modes might result from: 1) increased conjugation
that is due to the increment of m-electrons, which relaxes the
bond length alternation path; and 2) an aromatization of the
quinoidal benzenes owing to the gaining of biradical character
which also weakens the inter-rylene CC bonds. On passing to
HR-CN, the most intense Raman bands are those at
1556 cm™' (1594 cm™" in Per-CN and 1566 cm™ in QR-CN)
and at 1383 cm ! (1386 cm ' in QR-CN), the latter revealing
a further weakening of the inter-rylene C—C bonds upon QR-
CN—HR-CN. The bands at 1386 cm ' and 1383 cm ™' in QR-
CN and HR-CN are related with those at 1378 cm™" in 2Per-
CN and 1343cm™' in 3Per-CN. We have interpreted the
frequencies of these Raman modes as indicative of a medium
open-shell character for 2Per-CN and a large open-shell
character for 3Per-CN both with a singlet biradical ground
state.['" This comparison reveals that: 1) QR-CN and HR-CN
both have singlet ground electronic states; and 2) the relative
weights of the open-shell property are expressed as follows:
QR-CN < 2Per-CN, HR-CN < 3Per-CN, and HR-CN < 2Per-
CN. Summing up, HR-CN has a higher singlet open-shell
character than QR-CN but still moderate and not comparable
to that of 3Per-CN. This spectroscopic finding can be
interpreted in terms of double-spin polarization, which
favors the singlet open-shell form versus the triplet owing to
preferred conjugation of the unpaired electrons in the singlet
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Figure 3. OPA spectra (left vertical axis) and TPA spectra (right vertical
axis) of (a) QR-CN and (b) HR-CN in toluene. TPA spectra are plotted
at Ao/2.

format, which causes an enlargement of the singlet-triplet
energy gap. In our case, the planar structure of the oligorylene
would certainly favor conjugation, which would enlarge the
singlet-triplet gap and reduce the open-shell character. In
contrast, for 2Per-CN and 3Per-CN, the large steric repulsion
between the NP units drives the molecules into a much more
accentuated open-shell biradical state.

On the basis of these experimental findings, unrestricted
broken-symmetry DFT (UCAM-B3LYP/6-31G(d,p)) calcu-
lations were carried out for a better understanding of the
ground state of open-shell HR-CN. The optimized geometry
of HR-CN demonstrated the highly planar core with a curved
quinoidal backbone restricted by N-fusion of five-membered
rings (Supporting Information, Figure S4). The molecular
orbital profiles of the singlet biradical state of HR-CN exhibit
a characteristic disjoint feature as seen in the singlet biradical
molecules.'>131%2] The spin electrons are delocalized over
the whole n-framework (Figure 2B; Supporting Information,
Figure S5). The theoretically predicted singlet-triplet energy
gap (AEgg.1p) is 6.02 kcalmol ™!, which is well correlated with
the experimentally determined value (see above).”®) The
singlet biradical character (y) of HR-CN was determined to
be 0.064 by using CASSCF(2.2)/6-31G calculation. Compared
to that of non-fused 3Per-CN, the fact that HR-CN has
a larger singlet-triplet energy gap and a smaller biradical
index indicates the core geometry should be responsible for
the degree of biradical nature. The dihedral angle between
the rylene cores would be one of the critical factors for fine-
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tuning the electronic configuration of quinoidal molecules.
The restricted CAM-B3LYP calculation for QR-CN and Per-
CN produced the similar planar geometries to that of HR-CN.
Analyses on the calculated bond lengths and the nucleus
independent chemical shift (NICS) values (for example,
NICS(1) and NICS(1),,) reveal that more aromatic benzenoid
characters of the six-membered rings of the rylene moieties
are seen as prolonging the molecular lengths from Per-CN,
QR-CN to HR-CN (Supporting Information, Figures S6 and
S7). This feature supports that the recovery of the aromaticity
is the major driving force for the increased singlet biradical
character.

Along with the different electronic structures, the char-
acteristic optical properties of the fused quinoidal rylenes
were realized in the one-photon absorption (OPA) and two-
photon absorption (TPA) spectra of QR-CN and HR-CN
(Figure 3). QR-CN has a green color in dichromethane
solution, and its absorption spectrum revealed quite similar
spectral feature to that of Per-CN but showed a remarkable
red-shit of the band (approximately 254 nm) with a dras-
tic increase of the extinction coefficient (e=1.2x
10°Lmol'em™" for QR-CN and 6.6 x 10* Lmol 'em™" for
Per-CN). This supports the notion that QR-CN has a closed-
shell quinoidal structure in the ground state, the same as Per-
CN. The time-dependent (TD) DFT stick spectra of closed
shell QR-CN and Per-CN are consistent with this conclusion
(Supporting Information, Figure S8). In a sharp contrast, the
OPA spectrum of HR-CN displays characteristic optical
features; the intense band at 979nm (e=2.1x
10° Lmol 'em ™) together with a shoulder at longer wave-
length (1107 nm) was observed. The narrower optical
HOMO-LUMO gap was estimated to be 0.97 ¢V, and the
lowest energy absorption band structures were identified by
TD-DFT calculation approach as admixing the doubly
excited electronic configuration '@y, into the ground
state (Supporting Information, Figure S8).?* This result is
consistent with that HR-CN is a ground singlet biradical
species. It is also worthy to note that due to negligible
absorption in the visible region (400-700 nm), HR-CN is
almost colorless in solution, thus it represents a rare organic
dye with very strong NIR absorption but transparent in visible
spectral window. This finding would meet up with the
technological applications, such as for security printing.

The excited electronic properties of fused quinoids, QR-
CN and HR-CN, were analyzed by time-resolved optical
spectroscopy. Interestingly, the singlet excited lifetimes of the
series of quinoids were found to increase upon extension of
the rylene cores (Per-CN (17 ps)™*) < QR-CN (24 ps) < HR-
CN (29 ps)) by femtosecond transient absorption measure-
ment, albeit their larger molecular sizes (Supporting Infor-
mation, Figure S9). This is an opposite trend to those of Per-
CN species, which may imply that the recovery of the
aromatic rylene cores especially in HR-CN would contribute
to their excited state dynamics.

The intermediate singlet biradical character (0<y <1) is
known as a diagnostic parameter that enhances nonlinear
optical responses in open-shell biradical molecules.”! The
two-photon absorption (TPA) measurements for Per-CN,
QR-CN, and HR-CN were conducted in toluene in the NIR
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region from 1300 to 2200 nm where one-photon absorption
contribution is negligible (Figure 3; Supporting Information,
Figure S10). QR-CN exhibited a 0@,,,=1400 GM at
1800 nm which is slightly larger than Per-CN (0@,.,=
1300 GM at 1200 nm). In particular, the significantly larger
value of 0@, = 3300 GM excited at 2000 nm for HR-CN was
observed compared to that of 3Per-CN (0®,,, =770 GM)!™!
despite smaller singlet indices of 0.06 for HR-CN (vs 0.99 for
3Per-CN). This could be due to the extended conjugation
induced by increased rigidity of HR-CN, which greatly
enhances the second hyperpolarizability and improves the
third-order optical nonlinearity including the TPA perfor-
mance.”

QR-CN showed amphoteric redox behavior with three
oxidation processes at E;,™=0.18, 0.36, 0.84 V and four
reduction waves at E;,"'=—0.87, —0.97, —1.50, —=2.15 V (vs
Fc/Fc*, Fe = ferrocene) in cyclic voltammetry and differential
pulse voltammetry experiments (Supporting Information,
Figure S11). In contrast, Per-CN does not show any detect-
able oxidation waves,"” indicating that the larger extended
nusystem in QR-CN can stabilize multiple positive/negative
charges. The HOMO and LUMO energy levels were deter-
mined to be —4.83 and —4.03 eV, respectively, from the onset
potentials of the first oxidation and reduction waves.
Unfortunately, HR-CN did not exhibit the well-resolved
redox waves possibly due to intrinsically strong m—m stacking
between the highly planar hexarylene cores.

In summary, two new soluble and stable quinoidal rylene
molecules QR-CN and HR-CN were successfully prepared.
With extension of the rylene core size, the ground state
electronic structures of these quinoidal derivatives are
changed from a closed-shell singlet for Per-CN and QR-CN
to an open-shell singlet biradical for HR-CN. As being
different from the non-fused oligomeric rylenes (that is, 2Per-
CN and 3Per-CN), QR-CN and HR-CN showed very strong
OPA and TPA response in the NIR range owing to the
extended m-conjugation as well as the appropriate singlet
biradical character. Our research demonstrated that stable,
highly extended quinoidal polycyclic hydrocarbons can be
achieved by rational design and appropriate synthetic strat-
egy, which leads to new opportunities to develop new NIR
chromophores and semiconductors for photonics, electronics
and spintronics.
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Turning on the biradical state of tetracyano-
perylene and quaterrylenequinodimethanes by
incorporation of additional thiophene rings¥

Cite this: DOI: 10.1039/c4sc00659¢
Zebing Zeng,? Sangsu Lee,® José L. Zafra,® Masatoshi Ishida,” Nina Bao,
Richard D. Webster,® Juan T. Lopez Navarrete,*® Jun Ding,*® Juan Casado,*®
Dongho Kim*® and Jishan Wu*"

Polycyclic hydrocarbon with a singlet biradical ground state has recently become a hot topic among various
studies on 7t-conjugated systems and it is of importance to understand the fundamental structure—biradical
character—physical properties relationship. In this work, we found that after incorporation of two additional
thiophene rings into the closed-shell tetracyano-perylene (Per-CN) and quaterrylenequinodimethanes
(QR-CN), the obtained new quinoidal compounds QDTP and QDTQ became a singlet biradical in the
ground state due to the recovery of aromaticity of the thiophene rings in the biradical form and
additional steric repulsion between the thiophene rings and the rylene unit. The ground state geometries
and electronic structures of QDTP and QDTQ were systematically studied by variable-temperature
nuclear magnetic resonance, electron spin resonance, superconducting quantum interference device
measurements and FT Raman spectroscopy, assisted by density functional theory calculations. Both
compounds were found to be a singlet biradical in the ground state with a small singlet—triplet energy
gap and the biradical character was enlarged by elongation of the 7-conjugation length. Strong one-
photon absorption and large two-photon absorption cross-sections were observed for both compounds
in the near-infrared region. Our studies demonstrated that a slight structural modification could
significantly change the ground state and the electronic, optical and magnetic properties of a pro-
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www.rsc.org/chemicalscience aromatic m-conjugated system, and finally lead to new materials with unique properties.

devices.® A fundamental reason for the appearance of a singlet
biradical ground state can be ascribed to the gain of additional
aromatic sextet rings in the biradical form in comparison to the
closed-shell form. Good examples are Kubo's teranthene and
quarteranthene molecules in which three and four additional
aromatic sextet rings are obtained in the respective biradical
forms, which can compensate the energy required to break an
sp>-sp” double bond.” Other examples are quinoidal hydrocar-
bons including indenofluorenes,® bis(phenalenyls)® and zeth-
renes,' in which a pro-aromatic quinodimethane unit such as
p-quinoidimethane (p-QDM), 2,6-naphthoquinodimethane and
2,6-anthraquinodimethane is embedded into an aromatic
framework. In addition, extended p-QDMs' and their thio-
phene analogs' with chain-length dependent ground states
were recently reported. For example, our group has synthesized
a series of tetracyano-oligo(N-annulated perylene (NP))quino-

Introduction

Recently, polycyclic hydrocarbons (PHs) with a singlet biradical
ground state’ have attracted much attention due to their unique
optical, electronic and magnetic properties and promising
applications for non-linear optics,> molecular electronics,
organic photovoltaics,* organic spintronics® and energy storage
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dimethanes (Per-CN and nPer-CN, n = 2-6, Fig. 1)."“ It was
found that the monomer Per-CN has a closed-shell ground
state while all of the higher oligomers nPer-CNs have a
biradical ground state, and the steric repulsion between the NP
units serves as the major driving force to rupture the
quinoidal structure into a biradical configuration. When the
two NP units in 2Per-CN are fused together, the obtained
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Fig.1 Chemical and resonance structures of Per-CN, nPer-CNs, QR-
CN, QDTP and QDTQ.

tetracyano-quaterrylenequinodimethane QR-CN  (Fig. 1)
becomes a closed-shell quinoid in the ground state due to the
efficient double spin polarization through a planarized qua-
terrylene framework.*"”

In principle, the closed-shell Per-CN and QR-CN can be also
drawn in an open-shell biradical form similar to nPer-CNs, and
then the particular questions arise: (1) how to turn on their
biradical state, and (2) what are the differences between their
physical properties under different ground states? Answers to
these questions will help us to understand the fundamental
structure-biradical character-physical properties relationship and
thereby enable a tailored design. We expected that incorpora-
tion of a thiophene ring between the dicyanomethane moiety
and the NP unit may significantly increase the biradical char-
acter of the molecules due to the recovery of the aromaticity of
the quinoidal thiophene in the biradical form (Fig. 1). The
thiophene ring was chosen rather than the benzene ring due to
the synthetic feasibility for the former (vide infra). To validate
this assumption, quinoidal perylene QDTP and quaterrylene
QDTQ containing two thiophene units were designed and
synthesized (Fig. 1). Their geometries and electronic structures
in the ground state were systematically investigated by variable-
temperature nuclear magnetic resonance (VI-NMR), electron
spin resonance (ESR), superconducting quantum interference
device (SQUID) measurements and FT Raman spectroscopy,
assisted by density functional theory (DFT) calculations. Their
physical properties were studied by steady-state and transient
absorption (TA) spectroscopy, two-photon absorption (TPA) and
cyclic voltammetry. Our studies revealed that both QDTP and
QDTQ showed a singlet biradical ground state with very
different physical properties from those of Per-CN and QR-CN.
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Results and discussion
Synthesis

As shown in Scheme 1, the target compounds QDTP and QDTQ
were prepared by Takahashi coupling® from the corresponding
dibromo-dithienoperylene 3 and dibromo-dithienoquaterrylene
7, followed by oxidative dehydrogenation. Firstly, two thiophene
units were attached to the active peri-position of NP by a two-
fold Stille coupling reaction between the dibromo-NP 1 and
tributyl-(thiophen-2-yl)stannane to give the dithienoperylene 2
in 75% yield (Scheme 1). Compared to the simple monomer Per-
CN, longer branched aliphatic chain (R,, 2-hexyldecyl) was
introduced to surmount the solubility problem for the subse-
quent synthetic steps. Bromination of compound 2 with two
equiv. N-bromosuccinimide (NBS) afforded the key interme-
diate 3 in 87% yield. Takahashi coupling reaction of 3 with
malononitrile gave the crude precursor, which was partially
dehydrogenated in the air. Subsequent oxidation of the crude
product by a catalytic amount of p-chloranil in acetonitrile
resulted in immediate precipitation of the target compound
QDTP from the mixture, which was further carefully purified by
silica gel column chromatography.

The synthesis of the more extended dithienoquaterrylenequi-
nodimethane QDTQ is challenging because a fused quaterrylene
framework has to be built up first. Our previous attempts to
conduct direct intramolecular oxidative cyclodehydrogenation of
the dibromo-NP dimer 4 carrying two 2-decyltetradecyl substitu-
ents (R, in Fig. 1) gave an insoluble mixture due to the strong -7
stacking of the obtained quaterrylene molecules, which
hampered the subsequent coupling reactions.”” Therefore, a
highly branched alkyl ether group (R, Fig. 1) has to be used. In
this study, we fortunately found that the dibromo-dithieno-NP
dimer 6 with the 2-decyltetradecyl chains can be successfully
cyclodehydrogenated by using 2,3-dichloro-5,6-dicyano-1,4-ben-
zoquinone (DDQ) and Sc(OTf); and afforded the key intermediate
7, which is soluble in common organic solvents and possesses an
absorption spectrum similar to the previously reported bis-N-
annulated quaterrylene** (Fig. S1 in the ESIt). The good solubility
of 7 can be explained by the existence of large torsional angle
between the thiophene ring and the quaterrylene unit which
partially suppresses the -7 stacking and thus there is no need to
introduce the synthetically demanding R; substituents. The
intermediate 6 was prepared by a similar Stille coupling-followed-
by-bromination sequence starting from the dibromo-NP dimer
4."* Compound 7 was then converted into the target compound
QDTQ by similar Takahashi coupling followed by spontaneous
oxidation in air without the need to use additional oxidants such
as p-chloranil. Both QDTP and QDTQ are soluble in common
solvents such as chloroform, toluene and THF. These deeply
coloured products are stable in both solid state and in solution,
except that QDTQ partially decomposed on a silica gel column,
which prevented us from separating even longer homologs. The
high-resolution mass spectra (MALDI-TOF) agreed well with their
corresponding molecular weight, and the purity of the final
products was further confirmed by high performance liquid
chromatography and elemental analysis (see ESIT).
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Scheme 1 Synthesis of QDTP and QDTQ. Reagents and conditions: (a) tributyl-(thiophen-2-yl)stannane, Ph(PPhs),, toluene—DMF, 80 °C, 24 h;
(b) NBS (2 equiv.), DCM/DMF, 0-25°C, 4 h; (c) (i) malononitrile, NaH, Pd(PPhs),Cly, reflux, 48 h; (i) HCL (2 M); (iii) p-chloranil, CHsCN, r.t.; (d) DDQ,
Sc(OTf)s, toluene, reflux, 24 h; (e) (i) malononitrile, NaH, Pd(PPh3),Cly, reflux, 60 h; (i) HCL (2 M), air.

Magnetic properties

ESR measurements of the solids of both QDTP and QDTQ dis-
played intense one-line signals at g. = 2.0030 and the intensity
decreases when the temperature is lowered (Fig. S2 in ESIt).
While QDTQ in various solvents showed strong ESR signals, a
solution of QDTP only exhibited a weak ESR signal under the
same condition probably due to smaller spin concentration.
The VT 'H NMR spectra of QDTP recorded in THF-dy are shown
in Fig. 2a. Sharp resonance signals well-assigned to proton “a”
“b” and “c” of the central NP unit were observed upon cooling
from 298 to 220 K. In contrast, the resonance for proton “d”
showed obvious changes with temperature, which was signifi-
cantly broadened at 298 K but became sharper as the temper-
ature decreased. Nevertheless, no clear peaks were detected for
protons “e” and “f” on the thiophene rings at room temperature
but the resonances appeared at low temperatures. These find-
ings indicate that QDTP exists as a singlet biradical in the
ground state, which is in equilibrium with a thermally excited
triplet biradical. From a view point of molecular structures, the
quinoidal QDTP may exist as three conformers with different
configurations through the ethylene linkage (Fig. 2b). DFT
calculations predicted a small energy difference (ca. 1 kecal
mol ') between the different conformers and the energy barrier
from the highest-energy conformer 3 to the middle-energy
conformer 2 and then to the lowest-energy conformer 1 is also
small (ca. 3.8 kecal mol ') (Fig. 2b), which allow a fast inter-
conversion between different conformers at the room temper-
ature. The large biradical character may weaken the double
bond character between the thiophenes and the rylene unit and
lead to a small rotation energy barrier. In fact, calculations also
predicted that the bond length between the thiophene rings and
the rylene unit is 1.43 A (see ESI{) in the ground state, indi-
cating a large single bond character. Such a small energy barrier
isomerization process can explain the observed complicated

This journal is © The ociety of Chemistry 2014

NMR spectra at low temperatures (e.g., 200 K), that is to say,
inter-conversion is slower than the NMR time scale when the
temperature is below a certain point. On the other hand,
compound QDTQ showed NMR silence even at very low
temperature (—100 °C in CD,Cl,), indicating that this extended
derivative has a larger biradical character and a very small
singlet-triplet energy gap (AEs), resulting in a large pop-
ulation of triplet species.

SQUID measurements were conducted for the powders of
QDTP and QDTQ at 5-380 K and the temperature dependent
magnetic signal changes indicated that both compounds have a
singlet biradical ground state (Fig. 3). The singlet-triplet energy
gap AEs_p (i.e., 2J/ks) were estimated to be —4.71 keal mol *
(—2368 K) for QDTP and —0.16 kcal mol ' (—80.8 K) for QDTQ
by careful fitting of the data with Bleaney-Bowers equation."
The small singlet-triplet gaps allow facile thermal excitation to
the higher energy triplet biradical state and lead to NMR signal
broadening. In particular, the QDTQ has a very small singlet—
triplet gap and the triplet biradical species become dominant at
room temperature and thus it is NMR silent.

Raman characterizations

Raman spectroscopy is a unique tool to evaluate the electronic
ground state of conjugated biradicals and to understand
macroscopic magnetic and optical data with molecular level
information.'**"'““'® To provide new insights into the correla-
tion between their structures and properties, resonance Raman
experiments on QDTP and QDTQ were conducted at laser
wavelengths of 785 and 633 nm respectively (Fig. 4), which are
in resonance with their strongest electronic absorptions (vide
infra) due to their singlet ground electronic states. We compare
in Fig. 4 these spectra with those of the non-thiophenic
homologues with the same rylene core, Per-CN (Aex. = 532 nm)
and QR-CN (Aexe = 785 nm)."*?
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Fig. 2 (a) Variable temperature *H NMR spectra (aromatic region) of
QDTP in THF-dg. The resonance assignment referred to the structure
shown in Fig. 1. (b) Energy diagram of three conformers of QDTP and
their inter-conversion transition states.

The intense quinoidal bands of Per-CN at 1705, 1594, and
1458 em™* (Fig. 4a) became weaker and frequency down-shifted
in QDTP at 1678 and 1581 and 1398 cm ™ respectively (Fig. 4b).
In particular, the » (C=C) modes of the bonds attaching the
dicyano groups to the thiophene cores change from 1458 ecm ™"
in full quinoidal Per-CN to 1398 cm ' in QDTP, revealing the
evolution from a C=C character towards a weaker C-C feature.
The new band at 1493 cm ' could be assigned to a C=C
stretching mode of the two thiophene rings as a similar strong
Raman band with frequency at 1492 cm™' was reported for
aromatic dimethyl-bithiophene.” As a result, the most stable
configuration of QDTP in the ground state can be ascribed to a
singlet biradical promoted by the aromatization of the thio-
phene and NP moieties. As for the » (C=N) bands around 2200
em™', these are clearly observed as medium intensity
Raman bands for closed-shell structures and experience a
strong weakening, turning undetectable, in open-shell biradical
species.’?”'® This is the case of Per-CN and QR-CN with the
well-resolved bands at 2211 and 2201 cm™ ' (this latter is
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Fig. 3 xT-T curves in the SQUID measurements for the powder of (a)
QDTP and (b) QDTQ. The solid lines are the fitting curves according to
Bleaney-Bowers equation; g-factor was taken to be 2.
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Fig. 4 Solid-state resonant Raman spectra of (a) Per-CN (exc = 532
nm); (b) QDTP (Aexc = 785 nm), (c) QR-CN (Aeyc = 785 nm); and (d)
QDTQ (Jexe = 633 nm).

borderline between closed-shell and open-shell) respectively,
while no bands are observed within the same signal-to-noise
ratio in QDTP and QDTQ revealing their biradical shapes. For
the non-thiophenic derivatives, the Raman spectrum experi-
enced a splitting and the appearance of new bands due to the
existence of new bonds on Per-CN — QR-CN (Fig. 4c). Several
medium-weak bands around 1600 cm ' in QDTQ could be
attributed to modes of the central benzenoid moieties due to
their aromatic shapes. The most intense Raman band was at
1257 em ™' in QDTQ and was absent in QDTP and hence
ascribable to the tetrabenzo fused innermost group. Such
intense Raman bands at the frequencies between 1250 and

his journal is © The
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1300 cm ™" have been reported in fused benzenoid polycyclic
hydrocarbons.* The bands at 1485 and 1391 cm ™" in QDTQ can
be related with the thiophenic bands at 1493 and 1398 em ™" in
QDTP bearing a pseudo-aromatic character for the bithiophene
moiety. Assuming the biradical character for QDTP and QDTQ,
the larger separation between the two electrons in the radical
centers of the latter benefits charge repulsion and produces a
decrease of the singlet-triplet energy gap, in concordance with
the SQUID measurements. The singlet-triplet gaps in the non-
thiophenic compounds are expected to be significantly larger
due to their closed-shell ground state forms. Comparing QDTP
and QR-CN, both with four pro-aromatic rings, the expression of
biradical character in the former is related with the possibility
of rotation around the thiophene-rylene single bond in the
biradical state which has been described as the driving force for
the closed-shell rupture in the nPer-CN compounds. In line with
this argument, Fig. S3 (ESIf) compares the 785 nm Raman
spectra of QDTP in solid state and in dichloromethane (DCM)
solution. Both spectra display the 1493 cm™" intra-ring thio-
phene aromatic band at the same value, while that at 1398 cm ™"
in solid displaces to 1391 cm ™" in DCM revealing the distortion
of the dicyanomethylene groups relative to the thiophenes as a
result of the greater flexibility in the biradical state.

Given the small singlet-triplet energy gap, —0.16 kcal mol™*
in QDTQ, the first excited triplet might be significantly popu-
lated at room temperature by thermally activated intersystem
crossing from the singlet ground electronic state. In contrast
with the NMR data, the existence of triplets in ambient condi-
tions allows us to obtain their spectra by tuning the laser Raman
excitation along the Vis-NIR spectrum. The Raman spectra of
QDTQ obtained with the 532 and 1064 nm are shown in Fig. 5
together with that of at 785 nm due to its ground state singlet.
For QDTQ, the spectrum with 532 nm excitation was almost
identical to that at 633 nm corresponding to the singlet open-
shell species (Fig. 5b and c). However, when excited with the
1064 nm laser, the spectrum is in resonance with the broad
weak absorption extending from 1000 to 1300 nm which is a
distinctive property of QDTQ regarding QDTP (see below). This
1064 nm spectrum significantly changes and up to four new
bands (marked with circles in Fig. 5) were in co-existence with
those of the singlet. The most noticeable aspect was the strong
band at 1404 cm ™" together with that at 1490 cm ™" which are
due to the thiophene moieties. The enhancement of these two

25 °C
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Raman intensity
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-170 °C|

=
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Raman shift / cm™

3
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Fig. 5 (Left) Raman spectra of QDTQ at different excitation wave-
lengths: (a) 1064 nm, (b) 633 nm, (c) 532 nm. (Right) 1064 nm FT-
Raman spectra of QDTQ in solid state at different temperatures.

This journal is © The ociety of Chemistry 2014

View Article Online

Chemical Science

bands upon resonance with this NIR band could indicate the
preferred reorganization of the electronic structure around the
terminal thiophenes in the new species. This is in accordance
with this species being the biradical triplet since the wave-
function of the molecular orbitals with the unpaired electrons
in the triplet configuration must display zero overlap which is
achieved by localizing them further apart in the thiophenes.
Due to the small singlet-triplet gap, we could expect some
changes in the relative intensity of the singlet and triplet as a
function of the temperature. Fig. 5 also shows the spectra at
room temperature together with that at —170 °C. Upon cooling
we observed that the intensity of the 1490/1404 cm ' bands
seemingly decrease regarding those at 1550 cm™ ' or, in other
words, the population of the triplet decreases regarding that of
the singlet upon lowering the temperature. This is in agreement
with: (i) the singlet being the ground electronic state, and (ii) the
triplet being very close in energy to the singlet. Interestingly by
exciting QDTP with the 532 nm laser we obtained a Raman
spectrum with new features regarding that at 785 nm which are
similar to those described for the triplet species of QDTQ. The
detection of the triplet in the Raman experiment of QDTP, in
despite of being 4.71 kcal mol ™" higher, is a consequence of the
selective outstanding resonant intensity enhancement with the
532 nm excitation.

Optical properties

Compounds QDTP and QDTQ exhibited very different one-
photon absorption (OPA) spectra in DCM compared to their
corresponding closed-shell counterparts Per-CN and QR-CN,
respectively.***** While the characteristic band at 626 nm
together with a shoulder absorption at 579 nm was assigned to
the typical quinoidal structure of Per-CN,'“ one intense
absorption band with maximum at 874 nm (log ¢ = 4.56), along
with two unresolved shoulders at 765 and 1005 nm in the NIR
region, was observed for QDTP (Fig. 6a). Remarkably, the
longest absorption tail reached the wavelength region of ~1400
nm, leading to a very small optical energy gap (0.94 eV). This big
difference in the absorption band structure indicates that QDTP
has a different ground-state electronic structure from the qui-
noidal Per-CN. QR-CN has a very similar band structure to Per-
CN, with an intense absorption band at 880 nm and a shoulder
at 798 nm."” On passing to QDTQ, a band maximum at 685 nm
(log ¢ = 4.34) with one shoulder at 626 nm was detected
(Fig. 6b). This intense band experienced an obvious blue-shift
in comparison with QDTP (approximately 189 nm), resulting
in an absorption spectrum quite similar to that of the fused bis-
N-annulated quaterrylene.' The most outstanding character is
the existence of three overlapping bands in the infrared region
with the absorption maxima at 1052, 1103 and 1384 nm,
respectively. This spectral evolution is comparable to the band
structure change from quinoidal Per-CN to the biradicals of
higher series (nPer-CNs, n > 2),"* and ascribable to the signifi-
cant population of triplets in ambient conditions. An optical
energy gap of 0.75 eV was determined for QDTQ. All these
compounds showed no fluorescence due to their open-shell
character.
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Fig. 6 OPA spectra (solid line and left vertical axis) and TPA spectra
(blue symbols and right vertical axis) of (a) QDTP and (b) QDTQ
recorded in DCM. TPA spectra are plotted at Ae,/2.

Femtosecond transient absorption measurements were per-
formed to explore the excited-state dynamics of QDTP and
QDTQ (Fig. S4 in ESIt). Compound QDTP has a short singlet
excited lifetime (¢ = 1.6 ps), which is much shorter than that of
Per-CN (1 = 17.2 ps)."* This fast decay indicates an acceleration
of the non-radiative internal conversion arising from the
shorter energy gap between the lowest excited state and the
open-shell ground state. The decay profiles of QDTQ probed at
700 nm were fitted by a biexponential function with 7, = 0.4 ps
and 1, = 11 ps (Fig. S4 in ESIT), which are also faster than that
for QR-CN (7 = 24 ps). The short excited-state lifetimes of QDTP
and QDTQ are in good agreement with their non-fluorescent
properties. Two-photon absorption measurements were carried
out for QDTP and QDTQ in DCM by the Z-scan technique in the
NIR region from 1600 to 2400 nm where one-photon absorption
contribution is negligible (Fig. 6 and S5 in ESI, T the TPA spectra
are plotted at A./2 for comparison with the OPA spectrum).
Large TPA cross sections (71”) were observed for both quinoidal
chromophores, with oﬁ)ax = 1000 GM at 1700 nm for QDTP, and
UE,LX = 1700 GM at 2400 nm for QDTQ, which are comparable to
the case of the biradicals nPer-CNs (n = 2-5)."*

Electrochemical properties

Cyclic voltammetry and differential pulse voltammetry were
used to investigate the electrochemical properties of QDTP and
QDTQ (Fig. 7 and S6 in ESI{). In contrast to the Per-CN without
obvious oxidative waves,"* QDTP demonstrated amphoteric
redox behaviour with two chemically reversible oxidative
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processes with half-wave potential (E7);) at —0.37 and 0.48 V,
two chemically irreversible oxidation waves with Ef), —0.03
and —0.69 V, and one reductive process with half-wave potential
(E%9) at —1.37 V (vs. Fe/Fc’, Fe: ferrocene). The HOMO and
LUMO energy levels were determined to be —4.40 and —3.57 eV,
respectively, from the onset potentials of the first oxidation and
reduction wave. On passing to QDTQ, five closely overlapping
oxidative processes with ES); at —0.49, —0.21, —0.04, 0.37, 0.70 V
were observed, together with four overlapping chemically irre-
versible reductive processes with §7‘2 at —1.50, —1.35, —1.09,
—0.98 V. Accordingly, the HOMO and LUMO energy levels of
QDTQ were estimated to be —4.23 and —3.86 eV, respectively.
Rather low electrochemical energy gaps of 0.83 and 0.37 eV were
determined for QDTP and QDTQ, respectively.

Theoretical calculations

Broken-symmetry DFT (BS-UB3LYP/6-31G**) calculations were
carried out to provide further understanding of the electronic
structures and spectral findings in QDTP and QDTQ. The
calculations revealed that both compounds have a singlet bir-
adical ground state, agreeing with all experimental results. The
singlet-triplet energy gap AEs + for QDTP and QDTQ was esti-
mated to be —1.45 and —1.35 keal mol *, respectively, and both
show a relatively large deviation from the SQUID data, indi-
cating the challenges to calculate a large open-shell system.
However, the trend of increasing the conjugated length leading
to a smaller singlet-triplet energy gap is in good agreement with
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Fig.7 Cyclic voltammograms of (a) QDTP and (b) QDTQ in dry DCM
with 0.1 M BusNPFg as supporting electrolyte, Ag/AgCl as reference
electrode, Au disk as working electrode, Pt wire as counter electrode,
and scan rate at 50 and 20 mV s, respectively.
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observations for other polycyclic hydrocarbons. The singlet
biradical characters (y) of QDTP and QDTQ were estimated to be
0.81 and 0.93 by the CASSCF(2,2)/6-31G calculations.® The
larger biradical character for QDTQ is consistent with the
observed stronger ESR signal and larger magnetic susceptibility
in SQUID experiments in comparison to QDTP. The molecular
orbital profiles of QDTP and QDTQ exhibit a characteristic
disjoint feature for the singly occupied molecular orbital
(Fig. 87 and S8 in ESIT), which is a requisite to display small
singlet-triplet gaps as seen in many singlet biradicals. The spin
densities in these biradical species were distributed throughout
the whole molecular framework and largely delocalized at the
backbone of terminal malononitrile-substituted thiophene
units (Fig. 8). This can further explain the more significant NMR
signal broadening for the thiophene ring protons than those of
NP units as shown in Fig. 2a.

Theoretical calculations also demonstrated an optimized
geometry for the singlet biradical of QDTP with a moderate
dihedral angle (34.3) between the thiophene and NP unit
(Fig. S9 in ESIt) in agreement with the flexibility property
described above. On passing to QDTQ, the dihedral angle of the
singlet biradical becomes slightly smaller (33.0°) (Fig. S9 in
ESIT). This dihedral angles resulting from twisting the C=C
bonds of the backbones play roles in generation of the biradical
contribution. In comparison to the quinoidal Per-CN,"*“ these
singlet biradicals showed longer bond lengths for the exo
methylene bonds as the weakening of the C=C bonds was
observed in the vibrational studies. It is also noteworthy that the
C=C bonds between thiophene and rylene rings displayed a
longer length in all states (closed-shell, singlet biradical and
triplet) compared to the other double bonds along the -
extended quinodimethane chain (Fig. S9 in ESIt), indicating
that the thiophene rings have a large aromatic character. On the
basis of calculated nucleus independent chemical shift (NICS)
values®* (NICS(1) and NICS(1),,), both singlet biradicals of QDTP
and QDTQ exhibited more benzenoid character for the NP
moieties and aromatic characteristic for the thiophene units

. %S

()
s

ﬁ .‘:'«‘ i

Fig. 8 Calculated (UB3LYP) spin density distribution of (a) QDTP and
(b) QDTQ. Blue and green surfaces represent o. and B spin densities,
respectively. Isovalue is 0.002. The long branched N-alkyl chains are
replaced by methyl groups during the calculations.
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(Fig. $10 in ESIt), which are consistent with the Raman spectral
findings. It also suggests that the recovery of aromaticity of the
central rylene core and the side thiophene rings would be a
driving force for the formation of singlet biradical in the ground
state together with the conformational effect between the
thiophenes and rylene.

Time-dependent DFT calculations were conducted to predict
the electronic absorption spectra of QDTP and QDTQ (Fig. S11
in ESIT). The characteristic low-lying excited states assigned by
the admixing spin-associated (H, H — L, L) double excited
electron configurations® were well identified in these biradical
species and the lowest energy transitions (S, — S,) are pre-
dicted to be 1.02 eV (1200 nm, f= 0.0137) for QDTP and 0.78 eV
(1574 nm, f = 0.0199) for QDTQ, respectively. Such smaller
energy gaps are favourable to promote electrons from HOMO to
LUMO and lead to an open-shell singlet biradical ground state.
The other calculated transitions are close to the experimental
observations (Tables S1 and S2 in ESI{).

Conclusions

In conclusion, two new soluble and stable tetracyano-dithie-
noperylene and dithienoquaterrylenequinodimethanes (QDTP
and QDTQ) were successfully prepared and their electronic
structures and geometries in the ground state were systemati-
cally investigated by various experimental methods and DFT
calculations. Both of them have a singlet biradical ground state
and such an evolution from closed-shell quinoids (Per-CN/QR-
CN) to singlet biradicals (QDTP/QDTQ) can be explained by the
recovery of two additional aromatic thiophene rings in the
biradical resonance forms together with the conformational
flexibility around the thiophene-rylene connections. With
extension of the conjugation length, the biradical character y
increases from QDTP to QDTQ due to the decreased energy gap.
Both chromophores showed very strong one-photon absorption
and large two-photon absorption response in the near infrared
region. Our studies demonstrated that the ground state of a
closed-shell polycyclic hydrocarbon can be converted into a
singlet biradical state by accurate tuning of its structure and
aromaticity. In response to the change of ground state, the
optical, electronic and magnetic properties of the open-shell
species are significantly different from the closed-shell species.
The obtained materials also possess potential applications for
non-linear optics, ambipolar field effect transistors and organic
spintronics and these studies are underway in our laboratories.
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ABSTRACT: Polycyclic aromatic hydrocarbons with an open-shell
singlet biradical ground state are of fundamental interest and have
potential applications in materials science. However, the inherent high
reactivity makes their synthesis and characterization very challenging.
In this work, a convenient synthetic route was developed to synthesize
two kinetically blocked heptazethrene (HZ-TIPS) and octazethrene
(OZ-TIPS) compounds with good stability. Their ground-state
electronic structures were systematically investigated by a combination
of different experimental methods, including steady-state and transient

HZ-TIPS
Closed-shell

OZ-TIPS
Singlet Open-shell Biradical

absorption spectroscopy, variable temperature NMR, electron spin

resonance (ESR), superconducting quantum interfering device (SQUID), FT Raman, and X-ray crystallographic analysis, assisted
by unrestricted symmetry-broken density functional theory (DFT) calculations. All these demonstrated that the heptazethrene
derivative HZ-TIPS has a closed-shell ground state while its octazethrene analogue OZ-TIPS with a smaller energy gap exists as

an open-shell singlet biradical with a large measured biradical character (y = 0.56). Large two-

hoton absorption (TPA) cross

sections (6*)) were determined for HZ-TIPS (6. = 920 GM at 1250 nm) and OZ-TIPS (a@gm = 1200 GM at 1250 nm). In
addition, HZ-TIPS and OZ-TIPS show a closely stacked 1D polymer chain in single crystals.

1. INTRODUCTION

Open-shell polycyclic aromatic hydrocarbons (PAHs)" are of
interest for understanding fundamental chemical and physical
phenomenon (e.g, the nature of chemical bonding). In
addition, their unique electronic, nonlinear optical (NLO),2
and magnetic properties make them suitable for functional
materials in electronic devices,® quantum information process-
ing systems,* lithium ion batteries,” and organic spintronics.®
However, the open-shell structure of these molecules renders
them vulnerable to degradation reactions; therefore, instability
remains a key obstacle for their practical applications. Recent
progress in synthetic methods has led to successful synthesis
and characterization of several types of stable open-shell PAHs:
(1) p-quinodimethane7 and o-quinodimethane™ derivatives, in
which the open-shell biradical resonance form contributes

<7 ACS Publications — © 2012 American Chemical Society

largely to the ground-state electronic structure due to the
recovery of aromaticity of the quinodimethane unit; (2)
phenalenyl’ and bisphenalenyl'® derivatives, in which the
radicals are thermodynamically stabilized by delocalization
throughout the phenalenyl moiety; and (3) low band gap PAHs
with Kekulé structure, such as teranthene, in which the breaking
of a double bond is compensated by recovery of three Clar’s
sextet rings."" Higher order acenes'” and periacenes'® are also
predicted to show open-shell character in the ground state, but
there is no reported example so far. In most cases, kinetic
blocking of the reactive radical sites with bulky groups is
necessary to obtain stable materials, even if they are
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thermodynamically stabilized by 7-electron delocalization or by
substitution with electron-withdrawing groups.

Remarkable open-shell biradical character was predicted for
the zethrene family, a type of Z-shaped PAH which can also be
regarded as a dibenzoacene. Theoretical calculations predicted
their enhanced static second hyperpolarizability and large two-
photon absorption (TPA) cross section.'* The large biradical
character for heptazethrene and octazethrene can be explained
by recovery of an aromatic benzene or naphthalene ring in the
biradical resonance form, as indicated in Chart 1. Although the

Chart 1. Resonance Structures of Heptazethrene and
Octazethrene, and Structures of HZ-TIPS and OZ-TIPS

= 0Z-TIPS

smallest member of the zethrene family, i.e. zethrene, was also
predicted to have a significant biradical character, so far all
reported zethrene and its derivatives'® have showed a closed-
shell ground state. The synthesis of parent hepmzethrenel was
not successful due to its high reactivity. We recently reported
the first synthesis of a heptazethrene derivative, the
heptazethrene diimide (HZ-DI, Chart 1), and demonstrated
that it existed as a singlet open-shell biradical in the ground
state.'” HZ-DI showed reasonable photostability in solution;
however, the material slowly decomposed during storaée either
in solution or in solid. The higher order octazethrene'® and its
derivatives have never been reported due to their expected
extremely high reactivity. In this paper, we report an efficient
synthetic route for a new kinetically blocked heptazethrene
derivative (HZ-TIPS), in which the most reactive sites
(indicated by arrows in Chart 1) are substituted by bulky
triisopropylsilylacetylene (TIPS) groups (Chart 1). By using a
similar concept, the first stable octazethrene derivative (OZ-
TIPS, Chart 1), which was found to have a singlet open-shell
ground state, was also obtained. The ground-state electronic
structures of both compounds were systematically studied by
various experiments and density functional theory (DFT)
calculations. Their NLO properties and solid-state packing were
also investigated in detail.

2. RESULTS AND DISCUSSION

Synthesis and Structural Characterization. Our pre-
vious synthetic methods for the zethrene diimide'" and
heptazethrene diimide'” using intramolecular transannular
cyclization afforded the final products in low yields. Herein,

the heptazethrene diketone 4 was chosen as a key intermediate
for the high-yield synthesis of HZ-TIPS (Scheme 1). Suzuki

Scheme 1

“Reagents and conditions: (a) 2-methylnaphthalen-1-yl-1-boronic
acid, 3 equiv, Pd(PPh;),/ Na,COs, toluene/EtOH, reflux, 82%; (b)
NaOH, 8 equiv, THF/MeOH, 70 °C, 95%; (c) PPA, reflux, 93%; (d)
i-Pr,SiC=CMgCl, THF, rt; (e) SnCl,, rt, 2 h; 87% for HZ-TIPS and
35% for OZ-TIPS, over two steps.

coupling between the diester 1'* and 2-methylnaphthalen-1-yl-
1-boronic acid*® followed by acidification of the product 2 gave
the diacid 3 in an overall 78% yield. The desired diketone 4 was
then obtained from 3 under reflux for 3 h with polyphosphoric
acid (PPA). The introduction of a methyl group at the 2-
position of the naphthalene moiety prevents the formation of a
five-membered ring containing isomers and also improves the
solubility of the diketone 4. Addition of 4 with excessive
triisopropylsilylacetylene Grignard reagent followed by reduc-
tion with SnCl, provided HZ-TIPS in 87% yield. Using a
similar strategy, the octazethrene derivative OZ-TIPS was
prepared from the corresponding diketone §'* in 35% yield.
The structures of HZ-TIPS and OZ-TIPS were unambiguously
identified by 1D 'H (*C) NMR, 2D NOE/COSY/NOESY
NMR spectroscopy, high-resolution mass spectrometry (Figure
$1-S10 in the Supporting Information (SI)), and single-crystal
analysis (vide infra).

Steady-State and Transient Absorption Spectroscopic
Measurements of HZ-TIPS and OZ-TIPS. The solution of
HZ-TIPS has a blue color and shows a well-resolved one-
photon absorption (OPA) spectrum with a p-band at 634 nm
(Figure 1 and Table 1), which is ty?ical for many closed-shell
PAHs, such as rylenes and acenes.”! HZ-TIPS also exhibits a
moderate fluorescence quantum yield (16%) with emission
maximum at 704 nm (Figure S11 in SI). In addition, HZ-TIPS
displays a well-resolved "H NMR spectrum even under elevated
temperatures (e.g, 100 °C in CDCLCDCI,, Figure SI in SI).
All these indicate that HZ-TIPS likely has a closed-shell
structure in the ground state, which is in contrast to its
analogue HZ-DI, which possesses the same heptazethrene
chromophore but with a different substituent.'” For compar-
ison, HZ-DI shows a different absorption band characteristic of
a biradicaloid species and there is almost no fluorescence.'”
OZ-TIPS has a blue-to-green color and the absorption
spectrum displays a well-resolved band in the far-red and
near-infrared region, with maxima at 795, 719, 668, and 613

dx.doi.org/10.1021/7a304618v | J. Am. Chem. Soc. 2012, 134, 14913-14922
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Figure 1. UV—vis—NIR absorption spectra of HZ-TIPS and OZ-TIPS
in chloroform.

nm. The band shape is different from HZ-TIPS but is similar to
other open-shell PAHs such as teranthene'' and HZ-DL”
Moreover, OZ-TIPS exhibits a low fluorescence quantum yield
of 1.5% with emission maximum at 807 nm (Figure S11 in SI).
All these data indicate that OZ-TIPS may exist as an open-shell
biradical in the ground state, and the lowest energy absorption
band likely originates from the presence of a low-lying excited
singlet state dominated by a doubly excited electronic
configuration (H, H—L, L), as theoretically and experimentally
demonstrated by the quinoidal oligothiophene oligomers.ZZ

Femtosecond transient absorption (TA) measurements were
then carried out to explore the excited-state photophysical
properties of HZ-TIPS and OZ-TIPS. The TA spectra of HZ-
TIPS and OZ-TIPS exhibit ground-state bleach signals around
630 and 670 nm as well as weak excited-state absorption bands
in 450—550 and 700—750 nm spectral regions, respectively
(Figure 2). The singlet excited-state lifetimes of HZ-TIPS and
OZ-TIPS were estimated to be 3.4 and 1.6 ns, respectively,
which are consistent with the fluorescence lifetimes measured
by the time-correlated single-photon-counting (TCSPC)
technique (Figure S12 in SI). The radiative decay rate constants
can be calculated by k, = @ /7 Also, because we already know
7 and k,, the nonradiative deactivation rate constants can be
estimated through 7, = 1/(k, + k) (Table 1). While the
nonradiative decay rate of OZ-TIPS was faster than that of HZ-
TIPS, the radiative decay rate of OZ-TIPS was observed much
slower than that of HZ-TIPS. The difference in the radiative
decay rates as well as the nonradiative decay rates between OZ-
TIPS and HZ-TIPS is thought to reflect their respective
electronic character.

VT NMR, ESR, and SQUID Measurements. Variable
temperature (VT) 'H NMR spectra of OZ-TIPS were recorded

450 500 550 600 650 700 750
Wavelength (nm)

0.5 CETMT

Time (ps)
450 500 550 600 650 700 750
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Figure 2. Transient absorption spectra of HZ-TIPS (a) and OZ-TIPS
(b) in chloroform. Insert are the decay curves.

wa 83 sz 1 eo 78 78 77 78 75 74

Figure 3. Variable-temperature "H NMR spectra (aromatic region) of
OZ-TIPS in CDCl; and assignment of all aromatic protons. The
resonance assignment referred to the structure shown in Chart 1.

J/ 40°C
7.

B 72 pem

in CDCl; (Figure 3). In contrast to HZ-TIPS, the resonances
from the octazethrene core in OZ-TIPS are significantly
broadened at room temperature and further broadened at
elevated temperatures. However, these peaks become obviously

Table 1. Photophysical and Electrochemical Data of HZ-DI, HZ-TIPS, and OZ-TIPS®

Aabs, Emax PL QY T k.
compd (nm) M@ (m) (%) (ns) (s
HZDI 641, 701, 747, 24382 - - - -
27

HZ- 584, 634 60000 704 16 34 47 x 10

TIPS
oz- 613, 668, 719, 83300 807 15 16 94x10°

TIPS 795

“Aups: absorption peak wavelength. &, molar extinction coefficient at the absorption

oy E, ' E " HOMO LUMO Ef¢ B
() (%) W) @) @) (V) (@)
0.62, 0.93 —0.65, —0.69 =522 —4.23 0.99 116
2.5 x 10° 0.17, 0.69 —1.48, —1.86 —4.87 =341 1.46 1.82
62 x 10° 002,022, —1.30, —1.56, —473 =360 L13 150
0.61 —-1.82
PL: photolumi ence 1

P

fluorescence quantum yield. 7 fluorescence lifetime. k,: radiative decay rate constant. k,,: nonradiative deactivation rate constant. E,"? and E,4'*
are half-wave potentials of the oxidative and reductive waves, respectively. HOMO and LUMO are determined from the oxidation and reduction
onset, respectively. Eg“‘: electrochemical energy gap. EgOP‘: optical energy gap.
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sharper as the temperature decreases to 0 °C. This is a typical
phenomenon for other PAHs with a singlet open-shell ground
state. The NMR signal broadening results from a thermally
excited triplet species, which is slightly higher in energy than
the singlet biradical state.'®'"” Further decrease of temper-
ature led to signal broadening and upfield shift of the
resonances of the octazethrene core, particularly for the
protons a, b, and h, which can be explained by enhanced
aggregation at lower temperature. The existence of strong
intermolecular association in solution is supported by the
crystallographic analysis to be discussed later on.

Solution and solid powder of HZ-TIPS did not show any
electron spin resonance (ESR) signal, even at elevated
temperatures (up to 400 K), further supporting its closed-
shell structure. The solution of OZ-TIPS did not show any
ESR signal, too; however, its powder exhibited a ESR signal at g
= 2.0026 (Figure 4a), and the intensity decreases with a
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Figure 4. (a) ESR spectrum of OZ-TIPS in powder measured at room
temperature. (b) yT—T plot for the solid OZ-TIPS. The measured
data was plotted as open circles, and the fitting curve was drawn using
the Bleaney—Bowers equation with g = 2.00.

decrease of temperature, presumably due to the lower
population of triplet species at lower temperature. However,
zero-field splitting and Am, = +2 transition were not observed,
probably due to long mean spin—spin separation, and a similar
phenomenon was also observed in a meso-diketo hexaphyrin
biradical.”® The singlet—triplet energy gap (AEg) of OZ-TIPS
was estimated by superconducting quantum interfering device
(SQUID) measurements for a powder sample at 5S—380 K. The
measurements showed an increasing susceptibility above 220 K
(Figure 4b), and careful fitting of the data by using Bleaney—
Bowers equation®* gave a 2J/ky = —1946 K (0.168 eV or 3.87
kecal/mol). These measurements prove that OZ-TIPS has a
singlet open-shell ground state, which can be thermally excited
to its triplet excited state at room temperature due to a small
singlet—triplet energy gap (AEgr ~ 3.87 kcal/mol). The
percentage of the triplet species at room temperature was thus
estimated to be about 0.14%. This also means that there is very
low spin concentration in the dilute solution of OZ-TIPS,
which can explain the ESR silence in solution. However, in the

powder form, the increased spin concentration allowed
detection of the paramagnetic signal by ESR. SQUID
measurement on HZ-TIPS only revealed diamagnetism.

FT Raman Spectroscopic Measurements. Raman spec-
troscopy has proven to be very useful for the characterization of
benzene-type aromatic biradicals, either singlets or triplets.”®
This is based on the fact that there exist characteristic benzene
vibrational Raman bands around 1600 cm™ that are very
sensitive to the electronic configuration within the six-
membered benzene ring, either “benzoquinoidal” or “benzoar-
omatic”. Benzoaromatic Raman modes are associated with
frequency bands higher than 1600 cm™, while benzoquinoidal
modes always appear at lower frequencies due to the overall
CC bond weakening of the benzenoid ring by the loss of
aromaticity. Therefore, FT 1064 nm Raman spectroscopy was
used to further probe the electronic configuration of the p-
xylylene and 2,6-naphthodimethane units in HZ-TIPS and OZ-
TIPS.

At room temperature, a diagnostic ¥(C=C) band at 1590
cm ™! was observed for HZ-TIPS, while this band was shifted to
1602 cm™ in OZ-TIPS (Figure S). Such a change could be
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Figure S. Solid-state 1064 nm FT-Raman spectra of OZ-TIPS (a) and
HZ-TIPS (b) with the regions of interest expanded (left) and variable-
temperature Raman spectra of OZ-TIPS (right). Arrows highlight the
intensity inversion.

explained by the evolution of a p-quinodimethane-like structure
in the closed-shell HZ-TIPS to a pseudoaromatic naphthalene
structure in the open-shell OZ-TIPS (highlighted in Figure S).
Variation of temperature did not result in significant change
for the Raman spectrum of HZ-TIPS. However, for OZ-TIPS,
thermal heating delineates a progressive 1602/1595 cm™!
intensity inversion (Figure S, indicated by arrow). In the
diagnostic 1600 cm™" region, the spectrum displays a single
band at 1602 cm™ at —170 °C accompanied by a very weak
signal at 1591 cm™". With the heating of the sample from room
temperature up to 130 °C, a band at 1595 cm™! appears and
becomes the strongest. Overall the thermal heating leads to a
progressive 1602/1595 cm™! intensity inversion, and impor-
tantly, the cycle is reversible (i, the spectrum is completely
recovered by cooling the sample from 130 °C to room
temperature). Our recent studies on a viologen sample with
similar singlet and triplet biradical forms showed that its triplet
form djsglaced at lower frequency compared with its singlet
biradical > Thus, for OZ-TIPS, we can assign the 1602 cm™!
band at low temperatures to its singlet biradical species and the
downshifted band at 1595 cm™ at 130 °C to its triplet species.
By heating, therefore, we promote a singlet-to-triplet
intersystem crossing, which is in consistent with the VT
NMR, ESR, and SQUID measurements, as discussed above.
To further confirm the assignment, UCAM-B3LYP/6-31G*
theoretical calculations of the Raman spectra were conducted
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for the relevant singlet and triplet species of HZ-TIPS and OZ-
TIPS (Figure 6). The main two bands of the theoretical
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Figure 6. Left: Theoretical UCAM-B3LYP/6-31G* and experimental
Raman spectra (in OZ-TIPS, the experimental spectrum corresponds
to that at —170 °C). Right: UCAM-B3LYP/6-31G* theoretical Raman
spectrum of OZ-TIPS in its first triplet excited state together with the
experimental spectrum at +130 °C. The rest of the bands of the singlet
species are denoted as red circles.

spectrum of HZ-TIPS at 1581 and 1520 cm ™ (difference of 61
cm™") correlate with the experimental ones at 1590 and 1534
cm™" (difference of 56 cm™"). The band at 1581 cm™ can be
described as a CC stretching mode located in the central
benzene ring, which represents a motion of the parallel CC
bonds of this ring bearing a quinoidal pattern (seen in Figure 7

0Z-TIPS
(1592 cm)

Hz-TIPS 0Z-TIPS

"\'If (1581 cm) )7\/ (1626 cm)

Figure 7. Theoretical vibrational eigenvectors associated with the most
relevant bands of the theoretical spectra.

is its theoretical vibrational eigenvector). This 1581 cm™" band
splits into two components in OZ-TIPS at 1592 and 1580 cm™
(difference of 12 cm™), which might be related with the
experimental bands at 1602 and 1591 cm™" (difference of 11
cm ™). The vibrational eigenvector of the 1592 cm™" theoretical
band can be described as a CC stretching placed at the two
innermost fused benzene rings in Figure 7. In contrast to that at
1581 cm™' in HZ-TIPS, the OZ-TIPS mode describes an
aromatic-like motion in which the six CC bonds of each
benzene vibrate with significant amplitude (in the quinoidal
mode this motion is restricted to the parallel quinoidal CC
bonds).

Figure 6 also compares the Raman spectrum of OZ-TIPS at
+130 °C with the UCAM-B3LYP/6-31G* theoretical one of its
triplet species. In the 1600 cm™ region, the theoretical
spectrum only predicts one intense band at 1626 cm™. As a
result, this theoretical band must be assigned to the sole band
that increases its intensity with the heating, that is, the band at
1595 cm™. The normal mode associated with this band in
Figure 7 resembles that associated with the 1592 cm™" band of
the open-shell singlet species of OZ-TIPS. Therefore, the
bands at 1602 and 1591 cm™" measured at —170 °C in OZ-
TIPS are due to the singlet open shell species. The Raman

band of the triplet appears nearby, at 1595 cm™, but it
selectively shows enhancement with the increase of the
temperature due to the singlet—triplet equilibrium.

DFT Calculations on the Ground-State Electronic
Structures. Unrestricted symmetry-broken DFT calculations
using the UCAM-B3LYP method”® were conducted to further
understand the ground-state electronic structures. The AEgy
values were calculated to be 8.1 and 4.4 kcal/mol for HZ-TIPS
and OZ-TIPS, respectively (triplet above singlet), and the
computed energy differences between the closed-shell singlet
and the open-shell singlet biradical states were —3.7 and —11.3
keal/mol for HZ-TIPS and OZ-TIPS, respectively, suggesting
that both molecules may contain a certain degree of the singlet
biradical property in the ground state. More informative singlet
biradical characters y, of 0.159 and 0.434 were obtained for
HZ-TIPS and OZ-TIPS, respectively, to represent their
biradical natures between the closed-shell and pure diradical
states (0 to 1). While HZ-TIPS was predicted to have some
lower degree of singlet biradical character in the ground state,
our experimental data suggested its closed-shell electronic
structure. Such difference between theory and experiment has
been observed for other PAHs, especially for those having
borderline biradical characters.’” However, the trends that
increasing the conjugated units leads to a decrease of AEg r and
an increase in the y, values are in good agreement with
observations in the related systems.w'”'m’ The calculated
singly occupied molecular orbital (SOMO) profiles of the a
and S spin of OZ-TIPS shown in Figure 8 revealed a typical

"z:t/{}

SOMO-a SOMO-B

Spin distribution

Figure 8. Calculated (UCAM-B3LYP) SOMOs for the a and f
electrons and spin density distribution of the singlet biradical of OZ-
TIPS. Blue and green surfaces represent « and f spin density,
respectively. To simplify calculation, the triisopropylsilyl groups are
replaced by triethylsilyl units.

disjoint feature, indicating a large singlet biradical character for
this molecule. The spin densities in OZ-TIPS are evenly
distributed throughout the whole octazethrene and ethynylene
moieties (Figure 8), which is different from that of the
bisphenalenyls, in which the spin density is mainly delocalized
at the two terminal phenalenyl units.'®

TPA Spectroscopic Measurements and Evaluation of
the Singlet Biradical Character y. As a general rule, we have
found that the third-order NLO response reflects variations in
the electronic structure as well as the conformational geometry
of the molecules, giving rise to the underlying static and
dynamic polarizability.”® In contrast with HZ-TIPS, OZ-TIPS
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has an unusual ground-state structure with an open-shell
configuration, which should be one of the most attractive issues
in understanding the TPA—structure correlation between these
derivatives. The large TPA activities of bis(phenalenyl)
hydrocarbons with benzene and naphthalene spacers possessin,

an intermediate singlet biradical character have been reported.

To characterize NLO properties, the TPA values of HZ-TIPS
and OZ-TIPS were measured by using a wavelength-scanning
open aperture Z-scan method in the wavelength range from
1200 to 1650 nm, where one-photon absorption contribution is
negligible. In relevance to the structure-correlation of radical
character, while the TPA cross-section of the closed-shell
system HZ-TIPS was determined to be 920 GM at 1250 nm,
OZ-TIPS possessing a singlet biradical character exhibited an
enhancement of TPA cross section value of 1200 GM at 1250
nm (Figure 9 and Figure S13 in SI). Such an enhancement on
the third-order NLO property can be explained by the larger
singlet biradical character of OZ-TIPS.

—HZ-TIPS OPA a)| —ozTIPS OPA
s HZ-TIPS TPA cross section @ - OZ-TIPS TPA cross section () 2000
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Figure 9. OPA (black solid line and left vertical axis) and TPA spectra
(blue symbols and right vertical axis) of (a) HZ-TIPS and (b) OZ-
TIPS in chloroform. TPA spectra are plotted at A,./2.

On the basis of the OPA and TPA data and the AEg. value
obtained from the SQUID measurement, the singlet biradical
character y value of OZ-TIPS was evaluated to be 0.56 by using
the following equation

|
| 1wSig

y=1- |1 |
\j Es, s,

where Eg ¢ and Eg, s, correspond to the energy of the lowest-

energy peaks in the one- and two-photon absorption spectra
(795 nm = 1.60 eV and 800 nm = 1.55 €V, respectively, in the
case of OZ-TIPS), and Er, s, corresponds to the energy gap
between triplet and singlet ground states (3.87 kcal/mol =
0.168 €V for OZ-TIPS).”’

Electrochemical Properties. Cyclic voltammetry was
performed to investigate the redox behaviors of HZ-TIPS
and OZ-TIPS (Figure 10, and the data are collected in Table
1). Excellent electrochemical amphotericity was observed for
both HZ-TIPS and OZ-TIPS. HZ-TIPS undergoes two
reversible oxidations with half-wave potential (ng” %) at 0.17
and 0.69 V and two reversible reductive waves with half-wave
potential (E,o"/?) at —1.48 and —1.86 V (vs Fc*/Fc). OZ-TIPS
shows three reversible oxidation waves with (E, /) at 0.02,
0.22, and 0.61 V and three reversible reductive waves with
E.* at —1.30, —1.56, and —1.82 V (vs Ec*/Fc). A low
electrochemical energy band gap (ESEC) was determined as 1.13
eV for OZ-TIPS, 0.33 eV lower than that of HZ-TIPS. For

Current
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Figure 10. Cyclic voltammograms of HZ-TIPS and OZ-TIPS in
DCM with 0.1 M Bu,NPF, as supporting electrolyte, Ag/AgCl as
reference electrode, Au disk as working electrode, Pt wire as counter
electrode, and scan rate at 50 mV/s.

comparison, HZ-DI has a much smaller E,*¢ (0.99 eV) than
HZ-TIPS (1.46 eV), and the same trend was observed for their
optical energy gaps (E, OPY e, Egopl = 1.16 eV for HZ-DI and
1.82 eV for HZ-TIPS ETable 1). Considering that both HZ-DI
and HZ-TIPS have the same heptazethrene core, such a
difference in the energy gap should account for their different
ground states. This observation provided further evidence that
a small energy gap is a crucial precondition for the formation of
a singlet open-shell ground state.'”""

X-ray Crystallographic Analysis. Single crystals of HZ-
TIPS and OZ-TIPS suitable for crystallographic analysis were
successfully grown from solution and their structure and 3D
packin(g structure determined at 90 K are shown in Figure
1123 Both molecules are completely flat with point symmetry
and exhibit large bond length alternation for the p-xylene
framework in HZ-TIPS and the 2,6-naphthodimethene frame-
work in OZ-TIPS. Importantly, the exo-methylene double
bonds, C2C15 [1.398(2) A] in HZ-TIPS and C3C6
[1.4088(19) A] in OZ-TIPS, are both significantly longer
than those in typical olefins (1.33—1.34 A), suggesting the
contribution of biradical character. The slightly but distinctly
longer exo-methylene bond in OZ-TIPS is in accordance with
their different singlet biradical character.

Interestingly, both HZ-TIPS and OZ-TIPS are packed into a
1D infinite chain via intermolecular 7—7 interactions, with an
average 7-stacking distance of 3.38 and 3.35 A, respectively.
Such distance is larger than those in the phenalenyl dimer® and
in the 1D polymer chain of Kubo’s bisphenalenyls,'® in which
intermolecular covalent 7-bonding is believed to form between
the phenalenyl radicals. Thus, the intermolecular interactions in
our systems are dominated by 7— interactions with very less
covalent character. Such difference may originate from the
closed-shell structure of HZ-TIPS and the homogeneous spin
distribution in OZ-TIPS.

Photostability Test. Compounds HZ-TIPS and OZ-TIPS
remained unchanged in the solid state and in chloroform
solution for at least 3 months when stored at 4 °C under
nitrogen protection and in the absence of light. In contrast,
solid HZ-DI decomposed in 1 week under the same conditions.
The half-lives of HZ-TIPS and OZ-TIPS in chloroform upon
ambient light irradiation in air at room temperature were found
to be as long as 4 days and 34 h, respectively (Figure S14—18 in
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Figure 11. X-ray single-crystal structures of HZ-TIPS and OZ-TIPS, with bond length labeled for the central p-xylylene and 2,6-naphthodimethane
units, and their top view and side view packing structures. Hydrogen atoms are omitted for clarity.

SI). The decomposition is likely due to addition of one or two
oxygen molecules onto the heptazethrene or octazethrene
backbone, as indicated by MALDI-TOF mass spectrometry
(Figure $19—520 in SI). The relatively good photostability of
OZ-TIPS comes from the large extended delocalization of the
biradicals and the kinetic blocking of the most reactive sites by
TIPS groups.

3. CONCLUSION

In summary, kinetically blocked heptazethrene (HZ-TIPS) and
octazethrene (OZ-TIPS) were prepared by a new synthetic
approach. The attachment of the TIPS group at the most
reactive site efficiently stabilizes the otherwise unstable
biradicals. Both compounds show good stability both in the
solid state and in solution due to kinetic blocking, which is
important for their practical applications. Their electronic
structures in the ground state were systematically investigated
by a series of experimental methods assisted by DFT
calculations. Steady-state absorption spectroscopic measure-
ments disclosed the distinguished difference of the band
structure between the open-shell OZ-TIPS and the closed-shell
HZ-TIPS. Transient absorption and fluorescence spectra
provided further information on the excited state lifetime,
which again showed obvious difference between the open-shell
and closed-shell structure. VI NMR, ESR, and SQUID were
used to probe the magnetic properties, and the observed
paramagnetism for the open-shell OZ-TIPS can be explained
by the thermally excited singlet-to-triplet transition, which is an
important feature of the singlet biradicaloids. More importantly,
the singlet—triplet energy gap can be evaluated by VT ESR and
SQUID experiments. FT-Raman spectroscopy was used to
further probe the ground-state electronic structure. The
quinoidal resonance form and the aromatic biradical resonance
form can be nicely distinguished in their vibrational spectra, and
even the singlet—triplet transition can be followed by the VT
Raman measurements. Unrestricted symmetry-broken DFT
calculations were used to understand the electronic structure
and singlet biradical character. X-ray crystallographic analysis
provided further information about the bond length, which is

closely related to the ground-state electronic structure. Both
compounds form a closely packed 1D infinite chain in single
crystals via 7—7 stacking, indicating their potential applications
for ambipolar field effect transistors and spintronics. In
addition, both compounds show large TPA cross sections,
which is in agreement with theoretical predictions on the open-
shell singlet biradicaloids. The large TPA response and good
stability of these new compounds indicate their potential
applications in nonlinear optics. By collecting all these
experimental data and theoretical calculations, a clear picture
of the ground state structure can be figured out: the HZ-TIPS
has a closed-shell ground state while the higher order OZ-TIPS
has an open-shell singlet biradical ground state. Remarkably,
the singlet biradical character y = 0.56 for OZ-TIPS was
obtained by a combination of the OPA, TPA, and SQUID data.

In contrast to our previously reported open-shell heptazeth-
rene diimide (HZ-DI)," the HZ-TIPS has a closed-shell
ground state, although it has the same heptazethrene core. This
can be explained by the relatively large energy gap of the latter,
indicating that a small energy gap is crucial for an open-shell
ground state structure. It is noteworthy that the first stable
octazethrene derivative OZ-TIPS was synthesized, which has
been pursued by chemists for a long time. The design concept
and the new synthetic strategy starting from the corresponding
diketone likely can be applied to the synthesis of other stable
open-shell polycyclic hydrocarbons or hybrid structures. The
characterization methods reported here can be regarded as a
comprehensive and systematical approach to investigate singlet
biradicaloids in the future.

4. EXPERIMENTAL SECTION

The synthetic details and the general characterization methods (e.g.,
NMR and MS) are described in the Supporting Information.

Steady-state UV—vis absorption and fluorescence spectra were
recorded on a Shimadzu UV-1700 spectrometer and a RF-5301
fluorometer, respectively.

The electrochemical measurements were carried out in anhydrous
DCM with 0.1 M Bu,NPF as the supporting electrolyte at a scan rate
of 0.05 V/s at room temperature under the protection of nitrogen. A
gold disk was used as working electrode, platinum wire was used as
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counting electrode, and Ag/AgCl (3 M KCl solution) was used as
reference electrode. The potential was externally calibrated against the
ferrocene/ferrocenium couple.

Continuous wave X-band ESR spectra were obtained with a Bruker
ELEXSYS ES00 spectrometer using a variable-temperature Bruker
liquid nitrogen cryostat.

A superconducting quantum interference device magnetometer
MPMS-XL was used for the magnetic characterization. The temper-
ature-dependent magnetic susceptibility (y,,;;) was measured for the
HZ-TIPS and OZ-TIPS samples under a constant magnetic field of
1000 Oe in the temperature range of 5—380 K.

FT—Raman spectra were measured using an FT—Raman accessory
kit (FRA/106—S) of a Bruker Equinox SS FT—IR interferometer. A
continuous-wave Nd—YAG laser working at 1064 nm was employed
for excitation, at a laser power in the sample not exceeding 30 mW. A
germanium detector operating at liquid nitrogen temperature was
used. Raman scattering radiation was collected in a back-scattering
configuration with a standard spectral resolution of 4 cm™". 2000 scans
were averaged for each spectrum. A variable-temperature cell Specac
P/N 21525, with interchangeable pairs of quartz windows, was used to
record the FT-Raman spectra at different temperatures. The variable
temperature cell consists of a surrounding vacuum jacket (0.5 Torr),
and combines a refrigerant Dewar and a heating block as the sample
holder. It is also equipped with a copper constantan thermocouple for
temperature monitoring between —170 and 150 °C. Samples were
inserted into the heating block part or the Dewar/cell holder assembly
in the form of pure solids dispersed in KBr pellets, and Raman spectra
were recorded after waiting for thermal equilibrium in the sample. The
samples in KBr pellets were prepared in an oxygen and water-free bag.

The femtosecond time-resolved transient absorption spectrometer
used for this study consisted of a femtosecond optical parametric
amplifier (Quantronix, Palitra-FS) pumped by a Ti:sapphire
regenerative amplifier system (Quantronix, Integra-C) operating at 1
kHz repetition rate and an accompanying optical detection system.
The generated OPA pulses had a pulse width of ~100 fs and an
average power of 1 mW in the range 450—800 nm, which were used as
pump pulses. White light continuum (WLC) probe pulses were
generated using a sapphire window (2 mm thick) by focusing of small
portion of the fundamental 800 nm pulses, which were picked off by a
quartz plate before entering into the OPA. The time delay between
pump and probe beams was carefully controlled by making the pump
beam travel along a variable optical delay (Newport, ILS250).
Intensities of the spectrally dispersed WLC probe pulses were
monitored by miniature spectrograph (OceanOptics, USB2000+).
To obtain the time-resolved transient absorption difference signal
(AA) at a specific time, the pump pulses were chopped at 25 Hz and
absorption spectra intensities were saved alternately with or without
pump pulse. Typically, 6000 pulses were used to excite samples and to
obtain the TA spectra at a particular delay time. The polarization angle
between pump and probe beam was set at the magic angle (54.7°)
using a Glan-laser polarizer with a half-wave retarder to prevent
polarization-dependent signals. The cross-correlation fwhm in the
pump—probe experiments was less than 200 fs, and the chirp of WLC
probe pulses was measured to be 800 fs in the 400—800 nm regions.
To minimize chirp, all reflection optics were used in the probe beam
path, and a quartz cell of 2 mm path length was employed. After
completing each set of fluorescence and TA experiments, the
absorption spectra of all compounds were carefully checked to rule
out the presence of artifacts or spurious signals arising from, for
example, degradation or photo-oxidation of the samples in question.

Time-resolved fluorescence lifetime experiments were performed by
the TCSPC technique. As an excitation light source, we used a
homemade cavity-dumped Ti:sapphire oscillator, which provides a
high repetition rate (200—400 kHz) of ultrashort pulses [100 fs at full
width at half-maximum (fwhm)] pumped by a continuous wave (cw)
Nd-YVO, laser (Coherent, Verdi). The output pulse of the oscillator
was frequency-doubled by a 1 mm thickness of a second harmonic
crystal (barium borate, BBO, CASIX). The fluorescence was collected
by a microchannel plate photomultiplier (MCP-PMT, Hamamatsu,
R3809U-51) with a thermoelectric cooler (Hamamatsu, C4878)

connected to a TCSPC board (Becker & Hickel SPC-130). The
overall instrumental response function was about 25 ps (fwhm). A
vertically polarized pump pulse by a Glan-laser polarizer irradiated
samples, and a sheet polarizer, set at an angle complementary to the
magic angle (54.7°), was placed in the fluorescence collection path to
obtain polarization-independent fluorescence decays.

The two-photon absorption spectrum was measured in the NIR
region using the open-aperture Z-scan method with 130 fs pulses from
an optical parametric amplifier (Light Conversion, TOPAS) operating
at a repetition rate of 3 kHz generated from a Ti:sapphire regenerative
amplifier system (Spectra-Physics, Hurricane). After passing through a
10 cm focal length lens, the laser beam was focused and passed
through a 1 mm quartz cell. Since the position of the sample cell could
be controlled along the laser beam direction (z axis) using the
motorcontrolled delay stage, the local power density within the sample
cell could be simply controlled under constant laser intensity. The
transmitted laser beam from the sample cell was then detected by the
same photodiode as used for reference monitoring. The on-axis peak
intensity of the incident pulses at the focal point, Iy, ranged from 40 to
60 GW cm™. For a Gaussian beam profile, the nonlinear absorption
coefficient can be obtained by curve fitting of the observed open-
aperture traces T(z) with the following equation

BI1 = )

& =t = T o]

where aj is the linear absorption coefficient, [ is the sample length, and
zo is the diffraction length of the incident beam. After the nonlinear
absorption coefficient has been obtained, the TPA cross section o of
one solute molecule (in units of GM, where 1 GM = 107" cm* s
photon™' molecule™) can be determined by using the following
relationship

Pl 1076 N,d
hv

where N, is Avogadro’s constant, d is the concentration of the
compound in solution, / is Planck’s constant, and v is the frequency of
the incident laser beam.

Theoretical calculations were carried out by using the Gaussian 09
suite of programs. The initial geometry optimization of HZ-TIPS and
OZ-TIPS was performed with the UCAM-B3LYP level of theory on
the singlet state and the Handy and co-workers’ long-range corrected
version of B3LYP 6-31G¥, and all electron basis sets were employed
for all atoms.?**>" The resulting DFT solution (singlet “closed-shell”:
zero spin density on all atoms) was further tested for its stability with
the STABLE=OPT keyword’® A spin symmetry broken DFT
solution was found with lower energy. Then the Guess=Read keyword
was used to perform the optimization at the UCAM-B3LYP level
(singlet open shell). Frequency calculations were conducted to ensure
that these structures are indeed local minima. To simplify calculation,
the triisopropylsilyl groups are replaced by triethylsilyl units.
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A analysis of the electronic and molecular structures of new molecular materials based on zethrene
is presented with particular attention to those systems having a central benzo-quinoidal core able
to generate Kekulé biradicals whose stability is provided by the aromaticity recovery in this central
unit. These Kekulé biradicals display singlet ground electronic states thanks to double spin polar-
ization and have low-energy lying triplet excited states also featured by the aromaticity gain. Pro-
aromatization is also the driving force for the stabilization of the ionized species. Moreover, the low
energy lying singlet excited states also display a profound biradical fingerprint allowing to singlet
exciton fission. These properties are discussed in the context of the size of the zethrene core and of
its substitution. The work encompasses all known long zethrenes and makes use of a variety of ex-
perimental techniques, such as Raman, UV-Vis-NIR absorption, transient absorption, in situ spectro-
electrochemistry and quantum chemical calculations. This study reveals how the insertion of suitable
molecular modules (i.e., quinoidal) opens the door to new intriguing molecular properties exploitable

@ CrossMark
¢

Zethrene biradicals: How pro-aromaticity is expressed in the ground
electronic state and in the lowest energy singlet, triplet, and ionic states

in organic electronics. © 2014 AIP Publishing LLC. [http://dx.doi.org/10.1063/1.4863557]

I. INTRODUCTION

Zethrene molecules refer to a family of Z-shaped poly-
cyclic hydrocarbons in which two phenalenes are head-to-
head fused together with or without a benzenoid spacer.'
They can be also regarded as dibenzo-acenes. The small-
est member of this family contains a total of six condensed
rings where two phenalenes are fused directly and was orig-
inally named as zethrene (Z), although the term “zethrene”
is used to refer to the whole family of Z-shaped quinoidal
hydrocarbons. The next parent zethrene is that with seven
rings (heptazethrene, HZ) where the additional fused ben-
zene goes between the two phenalenes, a ring which features
a para-benzoquinoidal or para-benzoquinodimethane subunit
(Scheme 1). Higher order zethrenes with more benzenoid
rings are called octazethrene (OZ), nonazethrene (NZ), and
so on. These molecular subunits are key syntons to de-
velop Kekulé biradicals*” given their pro-aromatic character
which might eventually favour the sacrifice of one of the -
conjugated double bonds generating the biradical state (see
Scheme 1).

In Kekulé biradicals, there is always a resonance form
with all electrons paired in a singlet closed-shell config-
uration which contributes to stabilize the singlet ground
electronic state with the parent triplet configuration of the
biradical always residing very close in energy to the ground
electronic singlet.® Singlet-triplet conversion within small en-
ergy gaps is an advantageous property in organic electronics’
and spintronics:'? for example, they can behave as switchable
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systems in response to soft external stimuli (temperature or
magnetic excitations).

‘Wau et al. have recently reported new routes for the syn-
thesis of several zethrene derivatives.''~!* These compounds
have two main structural characteristics: (i) their central acene
cores are composed of heptazethrenes and octazethrenes (see
Fig. 1); (ii) these cores are substituted at the terminal phena-
lene groups either with electron-acceptor or protecting groups
in order to stabilize the biradical forms and to increase
solubility and processability. In this way, they were able
to prepare soluble heptazethrene diimide (HZ-DI)'!'> and
triisopropylsilylethynyl (TIPS)-substituted heptazethrene'
(HZ-TIPS) and octazethrene'® (OZ-TIPS) derivatives (see
Fig. 1). In this paper, we will study all these zethrenes to-
gether and will attempt to elucidate which electronic con-
figuration, either closed-shell quinoidal or open-shell (biradi-
cal) aromatic (Scheme 1), better describes their ground elec-
tronic state. We will also interrogate about the structure of the
corresponding low-energy lying triplet excited states and of
the ionized species (anions and cations). We will extend the
study of the excited states to those required to explain their
particular photophysical behavior. The information derived
from this study might help to mechanistically understand
the magnetic, electro-optical, and charge transfer properties
of the new zethrene compounds pursuing to envisage new
applications.

Raman spectroscopy, in its different modalities, has been
shown to be a unique tool to evaluate the ground elec-
tronic state of polyconjugated molecules'* and to discern be-
tween the molecular structures of singlet and triplet in Kekulé
biradicals.”>"'® Typical CC stretching modes of the ben-
zene ring are especially active in the Raman mechanism and
hence their associated band frequencies represent valuable

© 2014 AIP Publishing LLC
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SCHEME 1. Aromatic-to-quinoidal balance in the formation of a Kekulé biradical and the singlet-triplet equilibrium in the prototypical case of unsubstituted

heptazethrene, HZ.

spectroscopic observables to follow the quinoidal-to-aromatic
structural change in the benzene moieties of the zethrene core
(see Scheme 1).

In this paper, we carry out a comparative study of the
molecular properties mentioned above for these two families
of substituted zethrenes (Fig. 1) focusing on the character of
the ground electronic state. To this end, we will discuss the
experimental Raman spectra, the absorption electronic spec-
tra, the transient absorption spectra (using microsecond flash-
photolysis), and the in situ UV-Vis-NIR absorption spectra
for the electrochemically generated charged species, together
with the ex situ Raman spectra of anions and cations. To guide
the spectroscopic analysis, the experimental data will be com-
plemented with quantum chemical calculations.

Il. EXPERIMENTAL
A. Synthesis

The synthesis of HZ-DI with two solubilising 3,7-
dimethyloctyl substituents was accomplished with the
same protocol for the synthesis of the related 2,6-
diisopropylphenyl-substituted heptazethrene diimide
analog'"-'? and this new heptazethrene diimide deriva-
tive can be obtained in much higher overall yield. The
detailed synthetic procedures and characterization data are
shown in the supplementary material.>> The syntheses of the
TIPS substituted heptazethrene (HZ-TIPS) and octazethrene
(OZ-TIPS) derivatives were already reported by us.'?

B. Raman spectroscopy

FT-Raman spectra of 1064 nm were obtained in an FT-
Raman accessory kit (FRA/106-S) of a Bruker Equinox
55 FT-IR interferometer. A continuous-wave Nd-YAG laser

working at 1064 nm was employed for excitation. A germa-
nium detector operating at liquid nitrogen temperature was
used. Raman scattering radiation was collected in a back-
scattering configuration with a standard spectral resolution of
4.cm™". Scans (1000-3000) were averaged for each spectrum.
Raman spectra with the excitation lasers at 532, 633, and
785 nm were collected by using the 1 x 1 camera of a Bruker
Senterra Raman microscope by averaging spectra during
50 min with a resolution of 3-5 cm~!. A CCD camera op-
erating at —50 °C was used for the Raman detection.

C. Optical and spectroelectrochemical
characterization

UV-vis-NIR spectra were recorded in a 1 cm path-length
quartz cell on a 845x UV-visible Agilent spectrophotometer.
In situ UV-Vis-NIR spectroelectrochemical studies were
conducted on a Cary 5000 spectrophotometer from Varian
operating in a maximal 175-3300 nm range. A C3 epsilon
potentiostat from BASi was used for the electrolysis using
a thin layer cell from a demountable omni cell from Specac.
In this cell a three electrodes system was coupled to conduct
in situ spectroelectrochemistry. A Pt gauze was used as
the working electrode, a Pt wire was used as the counter
electrode, and a Ag wire was used as the pseudo-reference
electrode. The spectra were collected a constant potential
electrolysis and the potentials were changed in interval
of 100 mV. The electrochemical medium used was 0.1 M
(C4Hg)4NPF in fresh distilled CH,Cl,, at room temperature
with sample concentrations of 1073 M.

D. Flash-photolysis characterization

Transient absorption spectra were measured in fresh 103
M solutions in degassed tetrahydrofuran by means of a laser

FIG. 1. Chemical structures of the studied zethrenes formulated in their closed-shell quinoidal forms.
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flash-photolysis system from Luzchem with a pulsed Nd: YAG
laser, using 355 nm and 532 nm as excitation wavelengths.
A L0255 Oriel xenon lamp was employed as the detecting
light source. The apparatus is completed with a 77200 Oriel
monochromator, and an Oriel photomultiplier (PMT) system.
The oscilloscope was a TDS-640A Tektronix. The energy sin-
gle pulses were of approximately 15 mJ.

E. Theoretical calculations

Quantum-chemical calculations were done in the frame-
work of the density functional theory. Simulations were per-
formed in the gas-phase to obtain the equilibrium structures
and the electronic properties of the ground electronic state
(Sp), and first excited triplet states (T;). The B3LYP?*?!
and CAM-B3LYP?? exchange-correlational functionals and
the 6—31G(d,p)23'24 basis set were used in all calculations,
as implemented in the Gaussian’09 package.> To simulate
the open-shell ground-state structures by DFT we used the
broken-symmetry option with the key guess = mix key-
word and the unrestricted wavefunctions at the (U)B3LYP
or (U)CAM-B3LYP levels. The unrestricted methodologies
were also used for the open-shell radicals (radical cation and
anions) and triplet states. The time-dependent DFT (TD-DFT)
approach®®?” was used to obtain the relevant excited states
transitions (i.e., energies and oscillator strengths) and for the
optimization of the lowest excited singlet states.

Ill. RESULTS AND DISCUSSION
A. Singlet-triplet energy gap discussion

‘We have carried out quantum chemical calculations at the
(U)CAM-B3LYP/3-21G** level to get insights on the energy
balance involved in the formation of the biradicals. Fig. 2 dis-
plays the absolute energy differences between the open- and
closed-shell singlets and between the open-shell (biradical)
singlets and triplets of the diimide and TIPS-functionalized
zethrenes. As an extension, these energy data have been ob-
tained for other members of the zethrene series, zethrene (Z),
heptazethrene (HZ), and octazethrene (OZ) whose chemical
structures are shown in Fig. 2.

204 I O E=E(T)- E(SOS)
A E=E(SOS)- E(SCS) @

3 104
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g 0 & & O HZ O
w F 3
9 54 N
¢ |
15

Zz HZ oz

FIG. 2. (U)CAM-B3LYP/3-21G** energy differences (AE, see inset) be-
tween the singlet open shell (SOS), triplets (T), and singlet closed shell
(SCS) states for the unsubstituted zethrenes (red symbols), diimide substi-
tuted zethrenes (blue symbols), and TIPS substituted zethrenes (green sym-
bols). See Table S1 for the total formation energies.
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In the unsubstituted series, the singlet biradical is sta-
bilized starting from the heptazethrene. On the other hand,
terminal substitution with diimides favours the singlet bi-
radical configuration since their strong participation in the
overall acene molecular 7-conjugation. In contrast, the sub-
stitution of heptazethrene with TIPS groups stabilizes the
closed-shell quinoidal structure since these groups are not
much involved in the m-conjugation and only produce a ki-
netic stabilization.'*> We have recently addressed the effects of
the acceptor strength in the formation of the biradical struc-
tures in tetracyanoquinodimethane quinoidal oligothiophenes
and learnt that the electron-withdrawing effect of these accep-
tors reduces the bond length alternation pattern of the conju-
gated sequence, weakens the conjugated double bonds and fa-
cilitates its rupture to form an open-shell biradical.'>~'? This
explanation might be the case for the electron-withdrawing
diimide substitution.

The enlargement of the acene backbone progressively
stabilizes the open-shell biradical since the involvement of
more rings that get aromatic. Thus, for octazethrenes indepen-
dently of the substitution, the singlet biradical is more stable
than its closed-shell structure.

In these Kekulé biradicals, the open-shell singlet is more
stable than the triplet (independently of the substitution pat-
tern and of the acene length). This is contrary to the Hund’s
rules which tell us that high spin states are always preferred.
This suggests that the stabilizing mechanism of the singlet bi-
radical is double spin polarization (DSP) which, in essence,
describes a preferred conjugation of the two radical centers
(SOMO orbitals) towards the bridge (doubly occupied or-
bitals: HOMO, HOMO-1, etc.) in the singlet format.2%2
Overall, the energy stabilization by aromatization favours the
stabilization of the biradical over the closed-shell form, while
the DSP mechanism always prefers the singlet over the triplet.

B. Raman spectra and molecular structures

Fig. 3 displays the optimized geometries for the ground
electronic state (Sp) and triplet excited state (T) of some rep-
resentative heptazethrenes.

It is observed that HZ-TIPS has a quinoidal pattern in the
central benzene in line with its closed-shell character. How-
ever, HZ-DI already shows certain aromatization of this cen-
tral ring revealing the biradical fingerprint in the ground elec-
tronic state. For comparison, the optimized geometry of the
first triplet excited state of HZ-DI is also displayed in Fig. 3
where the aromatic character within the central ring is accen-
tuated. For the HZ, the structural description of the Sy and T}
is similar to that of HZ-DI.

Fig. 4 discloses the Raman spectra of HZ-DI in solid
state obtained with different excitation wavelengths together
with its electronic absorption spectra. The benzenoid CC
stretching frequency region in the Raman spectrum is cen-
tral to discern between singlets and triplets (Scheme 1).'>!8
Among the many benzene rings in these zethrenes, we must
indicate that those CC stretching modes of the benzenes
where 7 -conjugation is maximal (the central core) are greatly
intensified and therefore we mostly detect them in the Raman
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Sy(HZ-TIPS) Sy(H2)

S,(H2-DI) T,(HZ-DI)

FIG. 3. (U)CAMB3LYP/3-21G** optimized geometries for the singlet ground electronic state (Sg) of HZ-TIPS, HZ, and HZ-DI together with that of the

triplet excited state (T;) of HZ-DI.

spectral region of 1600 cm~'. In addition, these modes con-
tain the following structure-spectroscopic relationships: (i)
for benzene rings bearing an aromatic structure, the CC Ra-
man bands usually appear at 1600 cm~' (or higher) and (ii)
for benzene rings disclosing a quinoidal structure, these CC
bands are shifted to lower frequencies, up to 1580-1570 cm™!
for well defined benzo-quinoidal units. These vibrational as-
signments for HZ-TIPS and OZ-TIPS can be consulted in
detail in Ref. 13.

We notice that by exciting with the 633 nm laser in
Fig. 4 (and similarly with the 785 nm one) the Raman spec-
trum is simplified in consonance with the resonance effect
with the strongest electronic absorption band. In this spec-
trum, the most intense Raman band in the benzene region is at
1590 cm~! accompanied by a small shoulder at 1595 cm™!.
The 532 nm laser, however, excites the high energy side of the

main electronic absorption, giving rise to an additional band
at 1610 cm~!. The Raman bands at 1595 cm™! can be related
to the benzenoid rings possessing a transitional structure be-
tween full quinoidal and full aromatic. However, the bands at
1610 cm~! must be correlated to the well-defined aromatic-
like molecular segments. In accordance with the energetic and
structural description in the above section, the ground elec-
tronic state of HZ-DI discloses an open-shell biradical struc-
ture that imparts a partial aromatization of its central part,
hence the 1595 cm™! feature, midway between full aromatic
and full quinoidal, is well associated with the CC stretching
of this pseudo-aromatic moiety. The 1610 cm~! band relates
with a more accentuated aromatic structure and might be as-
sociated with the HZ-DI triplet biradical in equilibrium with
the singlet biradical at room temperature. Although the triplet
has a small or very small population we can obtain its Raman

1610 1595

Raman intensity
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e 633
785
1064

i —

Absorbance
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Raman shift / cm™'
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1100 1000

FIG. 4. (Left) Raman spectra of HZ-DI with different excitation wavelength: (a) 532 nm, (b) 633 nm, (c) 785 nm, and (d) 1064 nm. (Right) Electronic
absorption spectra of HZ-DI in CH,Cl, solution (broken line) and in solid state (solid line).
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FIG. 5. FT-Raman spectra of 1064 nm in solid state of (a) HZ-DI, (b) HZ-
TIPS, and (c) OZ-TIPS. Insets as deduced for the theoretical geometries in
Fig. 3 represent the molecular structure of the central core.

spectrum due to the resonant Raman effect with the triplet
absorptions existing in the 532 nm region (see below). The
1698 cm~!' Raman band related with the C=0 stretching
mode of the diimide group must be mentioned. This mode
usually has weak or very weak Raman intensity and its detec-
tion here as a medium intensity band reveals the involvement
of the diimide acceptors in the total w-electron conjugation
such as already mentioned.

Fig. 5 displays the FT-Raman spectra of the three
zethrenes. For OZ-TIPS, the most intense band in this region
is at 1602 cm~! while for HZ-TIPS is at 1590 cm™!. This,
from a structural point of view, denotes the aromatic char-
acter of the naphthyl core in OZ-TIPS and the much more
quinoidal character of the central benzene in HZ-TIPS in
consonance with the biradical character of the singlet ground
electronic state of OZ-TIPS and with the closed-shell shape
for HZ-TIPS. Interestingly, the Raman band at 1595 cm™" in
HZ-DI is in between those of HZ-TIPS and OZ-TIPS reaf-
firming its transitional character from a benzo-quinoidal to a
benzo-aromatic form of the ground electronic state of the di-
imide derivative.

C. UV-Vis absorption spectra and excited states

Fig. 6 displays the absorption spectra of HZ-TIPS, OZ-
TIPS, and HZ-DI in dichloromethane. For HZ-TIPS, we
have carried out TD-DFT excited state calculations in order
to distinguish the contributions of the singlet and triplet in
the electronic absorption spectra. Since HZ-TIPS has a non
biradical singlet ground electronic state, TD-DFT performs
with good accuracy for its closed-shell wavefunction.

The spectrum of HZ-TIPS displays the main features at
536, 582, and 630 nm which are spaced by vibrational ener-
gies (1474 and 1309 cm~") allowing to interpret them as vi-
bronic components of the most active S — S| one-electron
transition (theoretically predicted at 584 nm). TD-DFT calcu-
lations reproduce an excitation at 390 nm (3.16 eV) with zero
oscillator strength or dark excited state (i.e., same symmetry
than the ground electronic state) which is candidate to orig-
inate a two-photon absorption feature in the two-photon ab-
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FIG. 6. (a) (U)CAM-B3LYP/6-31G** TD-DFT theoretical spectra of HZ-
TIPS: absorption of the singlet closed-shell (Sp — S, transitions) in red;
absorption of the triplet excited state (T} — T, transitions) in blue. UV-Vis
absorption spectra in CH,Cl, of (b) HZ-TIPS, (c) OZ-TIPS, and (d) HZ-DI.
Zooms of the 400-550 nm region in dotted blue lines.

sorption experiment at half this energy. Fig. 6 also displays the
theoretical absorption excitations of the triplet which always
appear around 400-500 nm, in the high energy side of main
singlet-singlet absorption band. No bands are assignable to
triplet absorptions in the experimental spectrum of HZ-TIPS.

OZ-TIPS displays the same three vibrational compo-
nents of the strong Sy — S| excitation at 563, 609, and
664 nm which are spaced by a vibrational component around
1350 cm™!. The band at 717 nm, which is new in compar-
ison to HZ-TIPS, might be assignable to a new vibronic
component at 1112 cm~!. The main vibronic component at
1350 cm~! and the satellite at 1112 cm~" correspond to the
main bands of the Raman spectrum of OZ-TIPS (see Fig. 5)
supporting the assignment as a double vibronic progression of
the So — S band (see Figure S1 for the theoretical vibronic
spectrum).®> At longer wavelengths, 797 nm, a weak absorp-
tion is detected which might be related with a absorption to
a excited state of the same symmetry than the ground elec-
tronic state (dark state, see Sec. IIT D). A mechanism for the
activation of two-photon excitations in the one-photon spec-
trum goes through the vibrational mixing of the two electronic
states of the same symmetry by the action of a totally sym-
metric vibrational mode such as the totally symmetric CC
stretching mode strongly active at 1350 cm™! in the Raman
spectrum, 3!

Due to the singlet open-shell biradical character of the
So of OZ-TIPS, its triplet excited state is much closer to
the Sy and, as a result, it should be more populated at room
temperature. We enlarge the absorption spectral profile of
OZ-TIPS in the 400-500 nm triplet region (see Fig. 6) where
we see the existence of new weak absorptions that can be
tentatively assigned to a small but significant population of
the triplet species.

D. Flash-photolysis and triplet excited states

In order to get further insight on the singlet-triplet bal-
ance in these zethrenes, Fig. 7 displays the flash-photolysis
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excitation: 355 nm (a)

excitation: 532 nm (b)
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FIG. 7. Microsecond transient spectra after flash-photolysis at (a) 355 nm
and at (b) 532 nm in THF at room temperature for HZ-TIPS.

spectra of HZ-TIPS obtained after laser pulses at 355 and
532 nm followed by recording the transient absorption spec-
tra in the microsecond regime.

Two main features are observed in these spectra: (i) the
depletion, or photo-bleaching, of the ground electronic state
absorption and (ii) the growing of an absorption at 445 nm
that arises at the expenses of the ground state absorption (isos-
bestic point at 550 nm). There are bands at longer wavelengths
than 800 nm which nicely compare with the absorption spec-
tra of the radical anion of HZ-TIPS. The 445 nm transient
band nicely correlates with the most intense theoretical tran-
sition predicted at 476 nm for the main excitation of the triplet
species of HZ-TIPS in Fig. 6.

In our previous publication,'* we discussed the nanosec-
ond transient absorption spectra of HZ-TIPS, which, sur-
prisingly, display identical shape as those recorded now in
microsecond time regime revealing the generation of triplet
species in a highly efficient nanosecond process after light
excitation. This mechanism cannot be a simple intersystem
crossing which, given its inherent non-allowed nature, would
require long time scales.’” Indeed, we might ascribe it to
singlet exciton fission which is able to efficiently produce
triplet species in pico- and nano-seconds by exciting on the
most intense one-photon allowed band [(a) in Fig. 8(a), 1 'Ag

(a)

@

1'Ag (So)
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— 1 'Bu].3 Singlet exciton fission was first reported in an-
thracene to account for the low fluorescence quantum yield
in solid state.* In singlet exciton fission, the initial excita-
tion is followed by conical intersection [(b) in Fig. 8(a), 1
'Bu — 2 'Ag] which populates the second singlet excited
state, 2 'Ag. This state might have a pseudo-aromatic struc-
ture similar to that of the first triplet excited state (see Fig. 3),
by which internal conversion [(c) in Fig. 8(a)] can efficiently
yield triplets. In contrast to HZ-TIPS, the same microsecond
transient absorption experiments for OZ-TIPS and HZ-DI do
not yield any distinguishable spectra in the Vis region. How-
ever, like HZ-TIPS, OZ-TIPS gives rise to a triplet-like spec-
trum after nanosecond flash-photolysis.'? This means that the
same singlet exciton fission mechanism is likely operating in
OZ-TIPS, however, due to its smaller singlet-triplet gap, the
formed triplets deactivate very quickly and elude microsecond
detection.

E. UV-Vis-NIR spectroelectrochemistry

These compounds disclose amphoteric redox behaviour
in their cyclic voltammograms (see Figure S2)** which
consist of reversible oxidation and reduction processes.'!!?
Fig. 9 displays the absorption spectra of HZ-TIPS obtained
under controlled electrolysis in a 0.1 M tetrabutyl hexafluo-
rophosphate solution in dichloromethane. Reduction of HZ-
TIPS gives rise to four new absorptions in the Vis-NIR region
with a spectroscopic pattern characteristic of radical anions
with double bands well displaced into the near-IR region. The
existence in the cyclic voltammetry of a first one-electron re-
duction, well separated from the second reduction process,
further supports the assignment of the spectra to the anion
species.!!"!? Similar to the reduction, one-electron oxidation
gives way to the generation of the radical cation of HZ-TIPS
with an absorption spectrum very similar to that of its parent
anion. These spectral features are new marks of the quinoidal
closed-shell character of HZ-TIPS and its pro-aromatic prop-
erty which makes the molecule to adopt an aromatic form to
stabilize the excess, either anodic or cathodic. This is nicely

Me
1'Bu
AROMATIC

FIG. 8. (a) TD-DFT//CAM-B3LYP/6-31G** vertical for the relevant excited states involved in the singlet fission process for HZ-TIPS. The adiabatic energy
for the 1'Bu state is shown in parenthesis. (b) Optimized geometries for the 1 ' Ag singlet ground electronic state and the 1 'Bu first singlet excited state at the

same level of theory.
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FIG. 9. In situ UV-Vis-NIR absorption spectroelectrochemistry of HZ-TIPS: (a) one-electron reduction and (b) one-electron oxidation. N: neutral, RA: radical
anion, and RC: radical cation. Each spectrum corresponds to that obtained after stepwise variation of 100 mV from 0 V (versus an Ag wire as the pseudo-

reference electrode).

SCHEME 2. Single electron redox processes in HZ-TIPS. Structures deduced from the optimized geometries at the (U)CAM-B3LYP/6-31G** level of theory

(Fig. S3 in the supplementary material).>
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FIG. 10. In situ UV-Vis-NIR absorption reduction spectroelectrochemistry of (a) HZ-DI and (b) OZ-TIPS. N: neutral and DA: dianion. Each spectrum
corresponds to that obtained after stepwise variation of 100 mV from 0 V (versus an Ag wire as the pseudo-reference electrode).
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SCHEME 3. Double electron reduction processes in OZ-TIPS and HZ-DI. Structures deduced from the optimized geometries at the (U)YCAM-B3LYP/6-31G**

level of theory (Figure S4).%

described in the Scheme 2 for the optimized structures of
the radical anion and cation deduced by (U)CAM-B3LYP/6-
31G** calculations (see Figure $3).%

Fig. 10 displays the absorption spectra recorded during
the reduction of OZ-TIPS and HZ-DI. Reduction of both
compounds results in the decrease of the absorption of the
neutral compound and in the appearance of a well defined
band that, in contrast to the radical anion of HZ-TIPS, is
displaced at shorter wavelengths as it is typical upon direct
formation of dianions. This spectroelectrochemical result is
in accordance with the detection in the cyclic voltammetry of
OZ-TIPS of two closely consecutive one-electron reductions
overall yielding the dianion.'"'? The driving force for the for-
mation of the dianionic species in OZ-TIPS comes from the
further aromatization of the initial pseudo-aromatic naphthyl
core in the neutral biradical. In HZ-DI, together with the com-
plete aromatization of the pseudo-aromatic phenyl core in the
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FIG. 11. (Left) UV-Vis-NIR absorption spectra after oxidation in
dichloromethane with FeCl3 of (a) HZ-TIPS, (b) HZ-DI, and (c) OZ-TIPS.
(Right) FT-Raman spectra of 1064 nm of the same radical cations.

singlet biradical ground electronic state, the formation of the
dianion is further helped by the electron acceptor character of
the diimide groups (see Scheme 3 and Figure S4%°).

Fig. 11 displays the UV-Vis-NIR absorption spectra of
the radical cations of the three zethrene compounds together
with their FT-Raman spectra.

The FT-Raman spectra of the three cationic samples al-
low us to explore their molecular shapes and to corroborate
the theoretical structures of the ionized species as deduced
by calculations. We have assigned the relevant benzenoid CC
stretching mode in the three cationic samples to the Raman
bands at 1597 cm~! in HZ-TIPS, at 1601 cm~! in HZ-TIPS,
and at 1611 cm™! in OZ-DI. These bands evolve from those
in the neutral at 1590, 1595, and 1602 cm™!, respectively, re-
vealing in each case the additional aromatization of the cen-
tral core upon electron extraction. In the case of the cation of
HZ-DI, due to the electron-withdrawing effect of the diimide
groups, the charge defect is more confined in the middle of
the molecule what provokes a greater aromatization in this
central benzene than in the case of the TIPS analogue. In the
case of the Raman spectrum of the radical cation of OZ-TIPS
aromatization on oxidation covers the central naphthyl moiety
which gives rise to the higher frequency Raman band.

IV. CONCLUSION

Zethrenes are new acene derivatives with promising ap-
plications in organic electronics. We have presented a com-
plete analysis of the electronic and molecular structures of
the longer available zethrenes. Long zethrenes, due to their
quinoidal central core, can promote the formation of Kekulé
biradicals: here, we interrogate about the competition be-
tween the quinoidal closed-shell and the aromatic open-shell
biradical forms as a function of the functionalization of the
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zethrene and of the dimension of the core. The study en-
compasses a variety of experimental techniques, such as Ra-
man, UV-Vis-NIR absorption, transient absorption, and in situ
spectroelectrochemistry in combination with quantum chem-
ical calculations. We conclude that the tendency to aromati-
zation, or pro-aromaticity of the quinoidal module, leads to
the creation of Kekulé neutral biradicals stabilized in their
open-shell singlet forms by double-spin polarization. The pro-
aromatic character is also the driving force for the stabiliza-
tion of the ionized species, either by oxidation or reduction,
nicely explaining the redox amphotericity. For the neutral bi-
radicals, there is an energy close triplet excited state, also
formed by aromatization of the central core. This triplet has
been characterized by Raman spectroscopy and by transient
absorption spectroscopy. Interestingly, our study reveals that
these triplets are formed not only by thermal access from the
singlet ground electronic state but also by exciting the singlet
excited state manifold in the context of singlet exciton fission,
which is another manifestation of the biradicaloid character,
now in the excited state. This study can help to understand
the intrinsic physics and chemistry of these peculiar molec-
ular platforms and guide new chemical designs in order to
develop new electro-optical and photovoltaics applications.
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ABSTRACT: Stable open-shell polycyclic aromatic hydrocarbons
(PAHs) are of fundamental interest due to their unique electronic,
optical, and magnetic properties and promising applications in materials
sciences. Chichibabin’s hydrocarbon as a classical open-shell PAH has
been investigated for a long time. However, most of the studies are
complicated by their inherent high reactivity. In this work, two new stable
benzannulated Chichibabin’s hydrocarbons 1-CS and 2-OS were
prepared, and their electronic structure and geometry in the ground
state were studied by various experiments (steady-state and transient

absorption spectra, NMR, electron spin resonance (ESR), super-

conducting quantum interference device (SQUID), FT Raman, X-ray crystallographic etc.) and density function theory
(DFT) calculations. 1-CS and 2-OS exhibited tunable ground states, with a closed-shell quinoidal structure for 1-CS and an
open-shell biradical form for 2-OS. Their corresponding excited-state forms 1-OS and 2-CS were also chemically approached and
showed different decay processes. The biradical 1-OS displayed an unusually slow decay to the ground state (1-CS) due to a
large energy barrier (95 + 2.5 kJ/mol) arising from severe steric hindrance during the transition from an orthogonal biradical
form to a butterfly-like quinoidal form. The quick transition from the quinoidal 2-CS (excited state) to the orthogonal
biradicaloid 2-OS (ground state) happened during the attempted synthesis of 2-CS. Compounds 1-CS and 2-OS can be oxidized
into stable dications by FeCl; and/or concentrated H,SO,. The open-shell 2-OS also exhibited a large two-photon absorption

(TPA) cross section (760 GM at 1200 nm).

I. INTRODUCTION

Open-shell polycyclic aromatic hydrocarbons (PAHs) refer to a
type of hydrocarbons with one or more than one 7-electrons
that are not tightly paired into the bonding molecular orbital in
the ground state, which is different from the typical PAHs with
a closed-shell electronic structure. Open-shell PAHs are of
fundamental importance in understanding the nature of
chemical bonding and the basic chemical and physical
phenomena of 7-conjugated systems. Recent experimental
and theoretical studies have revealed that open-shell PAHs
could show unique electronic, optical, and magnetic properties

<7 ACS Publications — © 2012 American Chemical Society

and thus have promising applications in materials science.' In
the case of biradical PAHs, the two unpaired or weakly bonded
electrons can be either in a low-spin singlet or in a high-spin
triplet state. The substances with a singlet ground state can
exhibit paramagnetic property via a thermally excited transition
from singlet to triplet state if the singlet—triplet energy gap
(AEs_7) is sufficiently small.” Open-shell PAHs with
intermediate biradical characters are theoretically predicted to

Received: May 24, 2012
Published: August 14, 2012

dx.doi.org/10.1021/ja3050579 1 J. Am. Chem. Soc. 2012, 134, 14513-14525



Journal of the American Chemical Society

have enhanced second hyperpolarizability and a large two-
photon absorption (TPA) cross section as compared to the
corresponding closed-shell and pure diradical systems, and this
has been experimentally proven by several open-shell singlet
molecules such as Kubo’s bisphenalenyls4 and Osuka’s meso-
diketo hexaphyrin.® Therefore, open-shell PAHs could be used
as new efficient nonlinear optical (NLO) chromophores for
future photonics applications such as optical switching, three-
dimensional memory, optical limiting, and photodynamic
therap)h6 Open-shell PAHs usually also exhibit multiple-stage
amphoteric redox behavior, which makes them promising
materials for low threshold-voltage ambipolar field effect
transistors’ and energy storage devices (e.g, lithium ion
batteries).® In addition, certain open-shell PAHs can be
regarded as graphene nanoflakes with unique magnetic
properties and have potential applications for organic
spintronicsA9

Despite all of their intriguing properties and promising
applications, the open-shell nature of these molecules has
rendered them vulnerable to degradation reactions; therefore,
instability remains a key obstacle for their practical applications.
Recent progress in synthetic method has led to the successful
synthesis and characterization of several types of stable open-
shell PAHs: (1) u-qui.nodi.metha.ne10 and p-quinodimethane
derivatives;'! (2) phenalenyls,12 bisphenalenyl13 and tri-
sphenalenyls;M (3) teranthene;'s and (4) zethrenes.'® In
most cases, both thermodynamic stabilization by 7-electron
delocalization and kinetic stabilization by blocking of the most
reactive sites carrying high-spin density are necessary to obtain
stable materials.

Among various known open-shell PAHs, Chichibabin’s
hydrocarbon possessing a characteristic resonance structure
between a closed-shell quinonoid form and an open-shell
biradical (Chart 1) has been most extensively studied regarding
its ground-state electronic structure and physical properties."
Because of the recovery of two aromatic sextet rings in the
biradical form, the Chichibabin’s hydrocarbon exhibits large
biradical character in the ground state. However, Chichibabin’s
hydrocarbon reacts avidly with oxygen, yielding polymeric
peroxide. In addition, it also tends to dimerize and oligomerize

Chart 1. Resonance Structures of Chichibabin’s
Hydrocarbon, Tetrabenzo-Chichibabin’s Hydrocarbons, and
Its Derivatives 1-CS/1-OS and 2-CS/2-OS

Ph_Ph  Ph.s Ph

to give paramagnetic species. All of these make it challenging to
offer a clear-cut conclusion on its ground-state electronic
structure.'® Although some derivatives of Chichibabin’s hydro-
carbons have been prepared,'® side reactions such as oxidation,
dimerization, polymerization, and decomposition usually
cannot be avoided due to the high chemical reactivity of
unpaired electrons. Therefore, great attention has been focused
on synthesizing and studying long lifetime and stable
Chichibabin’s hydrocarbons.>’

Like other open-shell PAHs, the stabilization of the highly
reactive Chichibabin’s hydrocarbon can be achieved by either a
thermodynamic approach (aromatic stabilization and 7-electron
delocalization) or kinetic means (steric protection), or by both
approaches. As shown in Chart 1, our new strategy toward
thermodynamic stabilization of the Chichibabin’s hydrocarbon
is by benzannulation of the central biphenyl unit with four
aromatic benzene rings, and thus tetrabenzo-Chichibabin’s
hydrocarbon is generated. Such a design can possibly also
enhance the kinetic stability due to the steric blocking by the
two anthracene units in the case that the biradical form
dominates its ground state. Therefore, the tetrabenzo-
Chichibabin’s hydrocarbon is expected to be more stable due
to compensation by both thermodynamic and kinetic
stabilization. To improve its solubility and also to further
block the reactive sites where dimerization can happen, tert-
butyl groups are introduced onto the para-position of the four
phenyl rings in 1-CS/1-OS (Chart 1). It will be of interest to
study the inherent electronic structure of this novel hydro-
carbon, which can be drawn as a resonance structure between a
quinoidal form (1-CS) and an open-shell biradical form (1-
0S). In addition, it has been reported that the stability of a
radical center can be improved by delocalization through a
fluorenyl moiety.*’ Thus, herein the di(4-tert-butylphenyl)-
methene groups in 1-CS/1-OS are further replaced by two
fluorenyl units, and the obtained molecule can also be drawn as
a closed-shell quinoidal form (2-CS) or an open-shell biradical
(2-08) (Chart 1). The interesting question is whether such
substitution will change the ground-state electronic structure of
the tetrabenzo-Chichibabin’s hydrocarbon. Moreover, consid-
ering the large steric hindrance arising from the two anthracene
units, the geometric structures of both compounds are also of
interest, which could be significantly different from the flat
geometry of the parent Chichibabin’s hydrocarbon.'” In  this
Article, we report the detailed studies on their synthesis, their
ground-state electronic and geometric structures, and transition
between their closed-shell and open-shell resonance forms by
various experiments assisted by theoretical calculations. Their
redox behavior and oxidized species were also investigated. In
particular, the dication of the fluorenyl-containing tetrabenzo-
Chichibabin’s hydrocarbon 2-CS/2-OS provides a new
candidate for a study on charged antiaromatic species.”> In
addition, transient absorption and two-photon absorption
measurements were conducted to further understand the
photophysical properties and NLO response of these types of
possibly open-shell hydrocarbons.

Il. RESULTS AND DISCUSSION

Synthesis and Structural Characterization of 1-CS/1-
OS. The synthetic route toward 1-CS/1-OS is shown in
Scheme 1. Treatment of the bianthraquinone 3% with CBr,/
PPh; afforded the 11,11,11',11'-tetrabromo-10,10-bianthraqui-
nodimethane 4 in 90% yield. Subsequently, the tetrabenzo-
Chichibabin’s hydrocarbon, 11,11,11',11'-tetrakis(4-tert-butyl-

dx.doi.org/10.1021/ja3050579 | J. Am. Chem. Soc. 2012, 134, 14513-14525
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Scheme 1. Synthesis of Compound 1-CS and Generation of
Its Intermediate Biradical 1-OS“

“Reaction conditions: (a) CBr,, PPh,, toluene, reflux, 36 h, 90%; (b)
4-tert-butylphenylboronic acid, Pd(PPh;),, Cs,CO;—K,CO;, toluene/
H,0/EtOH, reflux, 48 h, 90%; () DDQ/CH,SO,H, CH,Cl,, room
temperature, 12 h, 75%; (d) SnCl, dichloromethane, nearly
quantitative yield from § to 1-OS.

phenyl)-10,10-bianthraquinodimethane (1-CS), was conven-
iently synthesized as a white solid in 90% yield by a 4-fold
Suzuki coupling reaction between 4-tert-butylphenylboronic
acid and the intermediate bromide 4. Careful choice of the
catalyst (Pd(PPh;),) and base (a mixture of Cs,CO; and
K,CO;) was essential to achieve a clean and high-yield reaction.

The steady-state absorption and emission spectra of
compound 1-CS in dichloromethane (DCM) are shown in
Figure la. Compound 1-CS displays an intense absorption
band in the UV—visible region with absorption maximum at
349 nm (log € = 5.54; &: molar extinction coefficient in M
em™"), along with a shoulder absorption at 298 nm. Such a
band structure is similar to that for the known bisanthraqui-
none,** indicating that the molecule likely has a closed-shell
ground state as do normal acenequinones. Compound 1-CS
shows a broad emission band with emission maximum at 436
nm, with a fluorescence quantum yield of 12%. 1-CS also
exhibited clear and sharp 'H NMR resonances at room
temperature even at elevated temperatures (e.g., 100 °C),
which further confirmed its closed-shell structure in the ground
state. Single crystals were grown by slow diffusion of methanol
into a solution of 1-CS in DCM at room temperature. X-ray
crystallographic analysis revealed that 1-CS existed in a highly
contorted, quinoidal structure (Figure 1b).>® The lengths of the
exo methylene bond and the bond between the two anthracene
units, as labeled in Figure 1b, are 1.342 and 1.349 A,
respectively, which are quite close to those in typical olefins
(1.33—1.34 A). Thus, there is no doubt that 1-CS is a closed-
shell species. In contrast to the planar geometry observed for
the parent Chichibabin’s hydrocarbon from its X-ray crystallo-
graphic structure,'”® the central bisanthracene units in 1-CS are

12
.| (a) 2 E
3.00x10° ( 3 2
* z
P 2
) & 3
225010 08 2
E
i 2
= " h)
2 1 s0x10 C
5
04 7
H
7.50x10° o
g
0.0
320 400 480 560

Wavelength (nm)

Figure 1. (a) UV—vis absorption spectrum and normalized emission
spectrum of compound 1-CS in DCM. (b) ORTEP plot of the single-
crystal structure of 1-CS with part of the C=C bond labeled with
length.

highly twisted due to steric repulsion, and the four additional
benzene rings attached to the biphenyl center behave like the
wings of a butterfly; thus, the whole molecule looks like a
butterfly in the crystal state. The closed-shell ground-state
structure of 1-CS can be ascribed to the loss of two aromatic
sextet rings when converted from a quinoidal form to a
biradical form (shown in Chart 1), which makes the quinoidal
form thermodynamically more stable.

Our intention was to conduct an intramolecular oxidative
cyclodehydrogenation reaction of 1-CS so that a fused, more
conjugated hydrocarbon can be generated. The ring cyclization
reaction was performed under the well-developed conditions
using FeCly*® or the 2,3-dichloro-5,6-dicyano-1,4-benzoqui-
none (DDQ)/CH,SO;H system® in DCM. Interestingly, no
desired ring-closed or even partially cyclized product was
found. Alternatively, an unexpected diol § was separated in
good yield after quenching the reaction with saturated sodium
bicarbonate (Scheme 1). This unexpected result indicated that
the Scholl-type reaction of 1-CS when treated with DDQ/H*
or FeCl; predominantly generated its dication likely at the exo
methylene sites, which is stabilized by charge delocalization
through the two phenyl rings and the anthracene units (vide
infra). Thus, quenching of the dication with water afforded the
diol S. The biradical 1-OS then can be easily generated in
nearly quantitative yield by reduction of the diol 5 with SnCl,
in various solvents (e.g,, toluene, chloroform, DCM, THF, etc.)
(Scheme 1), and MALDI-TOF mass spectroscopy revealed the
loss of two —OH groups after reduction. Interestingly, the
biradical 1-OS turned out to be an unstable intermediate, and it
relaxed back to the ground-state quinoidal form 1-CS at an
unusually slow rate, which will be discussed in detail in the next
section.

Unusually Slow Decay from Open-Shell 1-0S to
Closed-Shell 1-CS. The freshly generated biradical 1-OS by
reduction of § with excess SnCl, in toluene displayed a broad

dx.doi.org/10.1021/ja3050579 1 J. Am. Chem. Soc. 2012, 134, 14513-14525
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long-wavelength absorption band between 680 and 1050 nm
with maximum at 834 nm, together with a strong absorption
band centered at 507 nm (Figure 2a). This long-wavelength

Absorbance

300 400 500 600 700 800 900 1000
Wavelength (nm)

(b)

Signal Intensity / a.u.
°

3490 3500 3510 3520 3530 3540
Field (G)

Figure 2. (a) Change of UV—vis absorption spectra of the freshly
generated 1-OS biradical with time. (b) ESR spectrum of 1-OS in
chloroform recorded at room temperature.

absorption spectrum is characteristic of typical open-shell PAHs
with unpaired electrons. The existence of the biradical was
further proved by the strong electron spin resonance (ESR)
signal (g = 2.0029) showing unresolved hyperfine coupling,
obtained for the fresh 1-OS solution generated in chloroform
(Figure 2b), indicating a paramagnetic character of the biradical
at room temperature.

The time-dependent UV—vis—NIR absorption spectra of the
newly generated biradical underwent a slow decay process
(Figure 2a). That is, the absorption spectrum of the biradical 1-
0S8 slowly decreased with time (indicated by the arrow) and
reached zero absorbance in 2 days (at the three major
absorbances), and the final absorption spectrum after decay was
identical to that of 1-CS. This slow relaxation process was also
followed by 'H NMR measurements (Figure S1 in the
Supporting Information), which clearly confirmed a transition
from an unstable biradical form (1-OS) to a stable quinoidal
form (1-CS). The plot of the absorbance (In(4,)) at 834 nm of
the freshly prepared 1-OS in toluene with time revealed a
monoexponential decay from the biradical 1-OS to the
quinoidal form 1-CS at 298 K, with a half-life of around 495
min (Figure 3a). The decay reaction rate constant (k) under
this condition was determined to be 0.0014 min". To further
determine the thermodynamic parameters for this decay
process, same decay experiments were conducted at least
three times at different temperatures in toluene, and thus the
average decay reaction rate constants at respective temperature
were obtained (Figure S2 in the Supporting Information). The

(a)
= In(A)at298K
—— Linear fit

-1.50;

-1.65:

ty= 495 min

In(A)

0 100 200 300 400 500
Time (min)

(b)

-15.04

-15.54
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-16.0
AH =35.8 +1.0 kd/mol

AS’ =-189.5 + 5.1 Jl(moleK)
1859 AG' (298 K) = 95.0 + 2.5 kJ/mol
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1T

Figure 3. (a) Monoexponential decay of the absorbance at 834 nm of
the freshly generated 1-OS biradical with time at 298 K. R, 0.9934;
standard error, 0.00786. (b) In(k/T) ~ 1/T plot for the decay of 1-OS
at variable temperatures (298—337 K), based on thermodynamic data
obtained by fitting the data with Eyring equation.

value of In(k/T) was plotted with 1/T, and a straight line was
obtained (Figure 3b). The data were fit by the Eyring equation:

+ +
ln(é) = _AHT L + 1n(ﬁ) + As?

in which k is the reaction rate constant, T is the absolute
temperature, AH¥ is the enthalpy of activation, R is the gas
constant, kg is the Boltzmann constant, h is the Planck constant,
and the AS¥ is the entropy of activation. The thermodynamic
parameters for such an unusual decay process then were
obtained, with AH* = 38.5 + 5.1 k] mol ™' and AS* = —189.5 +
0.6 J mol™" K. Accordingly, the Gibbs energy of activation
AG* (AH* — TAS¥) was determined as 95.0 + 2.5 IJ mol™" at
298 K. The result means that such a transition from the
biradical form to the quinoidal form requires overcoming a high
energy barrier. The large negative AS¥ value also indicates a
conversion from a disordered structure to a highly ordered
conformation (i.e., the highly contorted butterfly structure for
1-CS).

DET calculations (UCAM-B3LYP/6-31G*)*® were then
conducted to provide a further understanding of such an
unusual decay process. The optimized geometries of the 1-CS
and 2-OS are shown in Figure 4. Molecule 1-CS also has a
butterfly-like geometry with a typical quinoidal character, which
is consistent with its single-crystal structure. For 1-OS, it
possibly exists as a singlet or a triplet biradical. In comparison
to the quinoidal 1-CS, both the singlet and the triplet 1-OS
show longer bond lengths for the exo methylene bonds and the
bond between the two anthracene units (labeled with arrow),
indicating a distinct open-shell character of 1-OS. In addition,
the biradical 1-OS adopts an orthogonal geometry for the

dx.doi.org/10.1021/ja3050579 | J. Am. Chem. Soc. 2012, 134, 14513-14525
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Figure 4. Calculated geometric structures (with part of the bonds
labeled with length in A) and the frontier molecular orbitals of the
closed-shell 1-CS and open-shell 1-OS both in singlet and in triplet
states. The bottom shows the spin density distribution of the singlet
and triplet 1-OS.

1-0S (triplet)

bisanthracene core with a dihedral angle of nearly 90°,
indicating a transition from a quinoidal structure in 1-CS to a
benzenoid form in 1-OS. This results in a large negative change
of entropy from a disordered to an ordered conformer during
the transition from 1-OS to 1-CS, which agrees well with the
large negative AS* value determined experimentally.
Calculations also revealed that the Gibbs energies of the
singlet and triplet biradical form 1-OS are located 18.4 and 15.9
kJ/mol higher than for the closed-shell 1-CS, indicating that the
quinoidal resonance form dominates the ground-state elec-
tronic and geometric structure and the 1-OS can be regarded as
a metastable excited state (see energy diagram in Figure 5). The

ORF

AG *= +118) kJ/mol

1-05 (triplet] _—
riplet) AG*=-2.5kl/mol

“Orthogonal” =———> “Butterfly”

Figure S. Calculated energy diagram for the 1-CS, 1-OS (singlet), and
1-OS (triplet) and schematic representation of a transition from a
higher-energy orthogonal biradical form to a lower-energy butterfly
conformer through a high-energy transition state.

decay process mimics the monoexponential fluorescence decay
of a chromophore from the excited state to the ground state. In
addition, the energy level for the triplet 1-OS is slightly lower
(2.5 kJ/mol) than that of the singlet 1-OS; thus the orthogonal
biradical favors a triplet state, which is also consistent with the
observed paramagnetic signal for the newly generated biradical
1-0S. Upon conversion from the free-rotated orthogonal
biradical to the lower-energy butterfly like quinoidal form, the
molecule must overcome a high energy barrier to reach a
transition state, in which the zigzag edges of the anthracene
units are in close proximity with each other and with the four 4-
tert-butylphenyl rings so that a conversion to a contorted
butterfly conformation is possible (Figure S). A considerable
energy barrier of 118 kJ/mol was calculated, which is close to
the experimental activation energy value (95 # 2.5 kJ/mol)
measured in solution at 298 K. It is worth noting that, in most
cases, the conversion between different electronic configu-
rations that are very close in energy in the ground electronic
state occurs at very short time-scale and cannot be easily
detected. However, in this case, because of a high activation
energy needed for the intersystem crossing from 1-OS to 1-CS,
an unusually slow decay process was observed experimentally.
1-CS displays the largest coefficients for the highest occupied
molecular orbital (HOMO) and the lowest unoccupied
molecular orbital (LUMO) along the quinoidal bisanthraqui-
nodimethane moiety (Figure 4), indicating an extended 7-
electron delocalization despite its highly contorted structure.
The two unpaired electrons (@ and f spin) in the singlet 1-OS
show a disjointed singly occupied molecular orbital (SOMO),
SOMO-a and SOMO-f, with orbital coefficients mainly
localized at the terminal diphenylmethene units (Figure 4),
indicating a large biradical character for 1-OS. The spin-density
distribution also presents a central symmetry with the terminal
diphenylmethene units having the largest density, while there is
still significant spin density distributed on the anthracene units
(Figure 4). This suggested that the spins are delocalized, which
can explain the good chemical stability of the intermediate
biradical against oxidation and dimerization/oligomerization.
The SOMO-a and SOMO-f profiles and the spin-distribution
of the triplet 1-OS indicate that the two spins are independent
from each other, indicating a weak radical—radical coupling.

Synthesis and Characterizations of 2-CS/2-CS. To
further tune the ground-state electronic and geometric
structure of the tetrabenzo-Chichibabin’s hydrocarbon, the
two  di(4-tert-butylphenyl)methene groups in 1-CS were
replaced by two fluorenyl units. The synthesis of 2-OS was
based on a similar synthetic concept as shown in Scheme 2.
The 10,10’-dibromo-9,9’-bianthryl 6°° was treated with 2 equiv
of n-BuLi followed by reaction with 9H-fluoren-9-one to give
the precursor diol 7 in 65% yield. Subsequent reduction of 7
with SnCl, and purification of the crude product by routine
column chromatography on silica gel afforded a deep red solid,
which was identified as the biradical 2-OS.

MALDI-TOF mass spectrum of this product agrees well with
the molecular weight of compound 2-OS. It is noteworthy that
the absorption spectral patterns with vibronic splitting observed
in the region of 300—400 nm are characteristic of that of
anthracene.”® In addition, a long absorption tail into the near-
infrared region is attributed to the lowest energy transition with
a small HOMO—LUMO energy gap of 1.28 eV. This steady-
state optical property of 2-OS suggests a representative open-
shell biradical electronic structure as we expected (cf,, Scheme
2). In this regard, this compound in THF-dg solvent did not

dx.doi.org/10.1021/ja3050579 1 J. Am. Chem. Soc. 2012, 134, 14513-14525
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Scheme 2. Synthetic Route of Compounds 2-OS and 2-CS“

2-CS

“Reaction conditions: (a) (1) n-BuLi/THF; (2) 9H-fluoren-9-one,
65%; (b) SnCl,, CH,Cl,, room temperature, 82%; (c) Pd(PBu’;),,
Cul, CsF, toluene.

show any NMR signals at room temperature even after cooling
to —100 °C, indicating the presence of a considerable
paramagnetic species. Strong ESR signal was detected for the
sample in various solutions and in the solid state. For example,
the solution of 2-OS in 2-methyl tetrahydrofuran (2-Me—
THF) showed a well-resolved quintet ESR spectrum with g =
2.0027 at 153 K (Figure 7a). Simulations indicated that most of
the hyperfine structure resulted from two sets of two equivalent
protons with hyperfine coupling constants of 4.1 and 3.2 G.
Superconducting quantum interference device (SQUID)
measurements were conducted for 2-OS in the powder form
at 5—380 K. The product of magnetic susceptibility y and
temperature T is plotted as a function of temperature in Figure
7b and the magnetic susceptibility can be well fitted with
Bleaney—Bowers equation. The singlet—triplet gap was
estimated to be 2J/ky = 166 K (1.4 kJ/mol), indicating that
the ground state for 2-OS is triplet (paramagnetic). Thus, all of
these experiments confirmed that the obtained compound was
the biradical 2-OS instead of the closed-shell form 2-CS.
Interestingly, 2-OS displayed extremely high stability, and there
was no obvious decomposition when the solution or solid was
stored under ambient air and light conditions for months,
which could be attributed to thermodynamic stabilization of the
fluorenyl moieties and kinetic stabilization by the anthracene
units.

To further understand the nature of the biradical in 2-OS, an
anthryl-substituted fluorenyl monoradical 8 (Scheme 2) was
also prepared for comparison (see detailed synthesis in the
Supporting Information). The UV—vis absorption spectrum
(Figure 6) and the ESR spectrum (Figure 7) of compound 8
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Figure 6. UV—vis—NIR absorption spectrum of 2-OS and compound
8 in DCM.
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Figure 7. (a) CW ESR spectra of 2-OS and 8 in 2-Me—THEF at 153 K.
(b) xT versus T curve for the powder of 2-OS in the SQUID
measurements and the fitting plot via the Bleaney—Bowers equation.

are very similar to that of 2-OS, indicating that there is very
weak dipole coupling between the two radicals. This is
presumably due to the large mean internal radical-to-radical
distance and the orthogonal arrangement of the two anthracene
units in 2-OS (vide infra). The small singlet—triplet energy gap
(1.4 kJ/mol) obtained from the SQUID measurement also
indicates a weak coupling between the two radicals, and both
the singlet and triplet diradicals could exist at room
temperature.

The existence of such a stable biradical character also implied
that it may represent the ground-state structure of the 2-CS/2-
0S. To confirm this hypothesis, the synthesis of the closed-
shell structure 2-CS was also attempted (Scheme 2). This was
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done by the Still coupling reaction between compound 4 and
9,9-dimethyl-9-stannafluorene 9’ in the presence of Pd-
(PBu'y), as catalyst. However, the biradical form 2-OS was
generated instead of the closed-shell 2-CS. This suggested that
the closed-shell form 2-CS was formed as an unstable
intermediate compound, which quickly underwent relaxation
to its more stable open-shell biradical form 2-OS. The product
2-OS could not be separated in its pure form by this method
due to the contamination with other side-products including a
ring-opening oligomer of 9, which was identified by X-ray
single-crystal analysis (Figure S3 in the Supporting Informa-
tion). However, the formation of 2-OS can be unambiguously
identified by MALDI-TOF mass spectrum and UV-—vis
absorption measurement, which are identical to those for
pure 2-OS. Therefore, the ground state of 2-CS/2-OS can be
defined as the open-shelled biradical, which is in contrast to the
1-CS/1-0S pair.

Similar theoretical calculations were also conducted for 2-
CS/2-0S (Figure 8). The closed-shell form of 2-CS adopted a

2-CS 2-0S (singlet) 2-0S (triplet)

7 1.353A r_ 1.474 A (— 1.474 A
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Figure 8. Calculated geometric structures (with part of the bonds
labeled with length in A) and the frontier molecular orbitals of the
closed-shell 2-CS and open-shell 2-OS both in singlet and in triplet
states. The bottom shows the spin density distribution of the singlet
and triplet 2-OS.

contorted butterfly conformation with characteristic bond
lengths (as labeled with arrows, 1.353, 1.347 A, respectively)
for a quinoidal hydrocarbon, similar to 1-CS. The open-shell 2-
OS structures show an orthogonal geometry due to steric
congestion, similar to those for 1-OS as well. DFT calculations
showed that the diradical states (singlet and triplet 2-OS) had
lower energies than its closed-shell form (2-CS) by 23.4—25.9
kJ/mol, and the energy of the triplet state was slightly lower
energy than the singlet biradical state by 2.5 kJ/mol, which is
consistent with the SQUID measurement (AEs_p = —1.4 kJ/
mol). The frontier molecular orbital profiles of 2-CS revealed
that the electrons are mainly delocalized through the 7-
extended quinodimethane part at the middle of the molecule

for both HOMO and LUMO. In contrast to 2-CS, the SOMOs
of the a and f spins in 2-OS exhibit an extended delocalization
to the fluorenyl unit, especially for the singlet state. Thus, 2-OS
showed large spin density at the fluorenyl moiety (Figure 8).
The large spin delocalization through the fluorenyl anthryl
methene unit should account for the high stability of the
biradical.

Electrochemical Properties of 1-CS/2-OS and Their
Dication 1-CS?*/2-0S%". Cyclic voltammetry was performed
to investigate electrochemical properties of 1-CS and 2-OS. 1-
CS in DCM exhibited one chemically irreversible reductive
wave with half-wave potential E, 4 at —1.27 V (vs Fc*/Fc), and
the first oxidative scan revealed an intense irreversible oxidation
wave above 0.73 V (Figure 9a). However, the reverse scan from
the high oxidation state back to —0.6 V showed two closely
overlapped quasi-reversible reduction waves. The second and
third circle scans showed that the same redox waves existed.
This observation suggested that subsequent chemical reaction
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Figure 9. Cyclic voltammograms of 1-CS (a), 2-OS (b), and
compound 8 (c) in dry DCM with 0.1 M Bu,NPF4 as supporting
electrolyte, Ag/AgCl as reference electrode, Au disk as working
electrode, Pt wire as counter electrode, and a scan rate at 100 mV/s.
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Figure 10. UV—vis—NIR absorption spectra of 1-CS (a), 2-OS (b), and compound 8 (c) upon oxidative titration with FeCl; in dry DCM, and

absorption spectrum of 2-OS in concentrated H,SO, (d).

might happen after the oxidation of 1-CS at high potential
(>0.73 V) so that a new redox active species with lower
oxidation potential was generated. Electrolysis of the 1-CS in
DCM was then conducted at 1.0 V using a large Pt plate
electrode, and the mixture was monitored by MALDI-TOF
mass spectroscopy. Interestingly, the mass spectrum of the
mixture revealed the existence of the starting material and a
species with a loss of 12 hydrogen atoms (Figure S4 in the
Supporting Information). Thus, an intramolecular oxidative
cyclodehydrogenation likely occurred at the high oxidation
potentials, which gave the fully fused hydrocarbon 1-CS-closed
(inserted structure shown in Figure 9a) via the loss of 12
hydrogen atoms.** Compound 2-OS exhibited two reversible
oxidation waves with half-wave potentials E_,' = 0.38 V and E,,>
=0.52 V (vs Fc'/Fc), and one quasi-reversible reduction wave
with a half-wave potential E,.4 = —0.98 (vs Fc'/Fc) (Figure 9b).
The energy levels of the HOMO and LUMO were determined
to be —S5.10 and —3.87 eV, respectively, from the onset
potentials of the oxidation and reduction waves. Thus, a low
electrochemical energy gap (EgEC) of 1.23 eV was determined
for 2-OS, which was consistent with its optical energy gaps
(E = 1.28 V). Such a small energy gap promoted 2-OS to
adopt open-shell biradical in the ground state. These two
oxidative waves suggest that compound 2-OS can be oxidized
to its monoradical cation and dication after removal of one and
two unpaired electrons. For comparison, the monoradical 8
showed one reversible oxidation wave at E,, = 0.37 V and one
reversible reduction wave at E, 4 = —1.04 V (Figure 9c), with
the HOMO and LUMO energy levels being —5.10 and —3.84
eV, respectively.

The low oxidation potentials observed for 1-CS and 2-OS
allowed us to approach their cationic species (monoradical
cation and dication) by chemical oxidation. Instead of using
highly reactive and expensive oxidants such as super acid SbFs/
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SO,CIF, which are usually used for generating aromatic or
antiaromatic carbocations of hydrocarbons at very low
temperature.® We found that mild oxidants such as FeCly
could be used for the oxidation of 1-CS/2-OS into their
corresponding dications in nearly quantitative yield at room
temperature. Chemical oxidative titration of compounds 1-CS
and 2-OS by FeCl; was conducted in dry DCM, and the
progress was monitored by UV—vis—NIR spectroscopy (Figure
10a and b). Both compounds can be oxidized by FeCl; into
stable cationic species, and the absorbance reached a saturation
state when 2 equiv of FeCl; was used, indicating formation of
stable dications. This is consistent with the previous
observation that attempted cyclodehydrogenation of 1-CS
with FeCl, followed by quenching with aqueous solution gave
the diol 5. A new sharp and intense absorption band at 500 nm
and a broad absorption band centered at 832 nm were observed
for the dication 1-CS*". Similarly, for 2-OS, titration with FeCl,
finally led to a well-resolved band with maximum at 528 and
475 nm, and a new broad band with maximum at 1130 nm for
the dication 2-OS?*. It should be noted that in both cases, the
broad bands were bathochromically shifted obviously during
the titration before reaching the final state, indicating the
existence of both monoradical cation and dication at the
intermediate stage. Under the same condition, compound 8 can
be progressively oxidized by FeCl, into its monocation (Figure
10c), and a broad band centered at 1027 nm together with a
well-resolved band at 500/458 nm were observed. The band
structure was similar to that for 2-OS*" due to their similar
chemical structure.

Although the preparation of the parent 9-fluorenyl cation in
sulfuric acid was difficult due to rapid decomposition and
polymerization to unidentifiable products,** we found that the
oxidation of 2-OS in concentrated sulfuric acid gave a stable
dication 2-OS**, which permitted UV—vis—NIR absorption and
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'"H NMR spectroscopic measurements. As shown in Figure 10d,
the UV—vis—NIR spectrum of compound 2-OS in concen-
trated H,SO, is nearly identical to the dication 2-OS**
generated from oxidation of 2-OS with FeCls, indicating that
the dication species was indeed formed upon mixing 2-OS with
concentrated H,SO,. The '"H NMR spectrum of 2-OS*" was
then recorded in D,SO,, and well-resolved aromatic proton
resonances appeared after 2 h, which could be clearly assigned
to the desired dication 2-O8>* (Figure S5). It was worthy to
note that the protons on the fluorenyl unit showed obvious
shift to the high field, indicating an antiaromatic nature of the
cyclopentadienyl cation. The dication solution in sulfuric acid
was quite stable and showed no change after storage at room
temperature for several weeks. However, oxidation of the 1-CS
and compound 8 with concentrated H,SO, led to a
complicated mixture due to decomposition of the starting
materials.

Subsequently, DFT (UCAM-B3LYP) calculations were
conducted to further understand the stability of the dications
1-CS** and 2-0O8>". In both cases, high HOMO coeficients are
mainly found at the anthracene units, while the LUMO
coeficients are mainly localized at the diphenylmethane or
fluorenyl moieties (Figure 11). The Mulliken charge density
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Figure 11. Calculated frontier molecular orbital profiles and the
Mulliken charge density distribution of 1-CS** and 2-08>*.

distribution indicated that the positive charges are mainly
localized at the methane cation site but also delocalized through
the anthracene units and the diphenyl or fluorenyl moieties.
Such a charge delocalization should account for the good
stability of the dications 1-CS>* and 2-OS™".

FT Raman Spectra of 1-CS/2-0S and Their Dications.
To scrutinize the intrinsic structure of 1-CS$/2-OS in neutral
state and their corresponding dications 1-CS**/2-08*, FT
Raman experiments were conducted and provided further
structure—property relationships between the closed-shell and
open-shell species.’® FT-Raman spectra of 1-CS and 2-OS in
their neutral states are shown in Figure 12, and there is a large
difference between the two spectra in the 1600 cm™ region.
The spectrum of 1-CS has clear signatures of benzo-quinoidal
rings (ie, band at 1596 cm™) together with a band at a
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Figure 12. 1064 nm FT-Raman spectra of neutral and oxidized 1-CS
(bottom: dotted and solid lines, respectively) and of neutral and
oxidized 2-OS (top: dotted and solid lines, respectively).

position close to that of usual conjugated C=C bond stretches
(i.e,, band at 1612 cm™), which indicates that the structure of
1-CS is compatible with a closed-shell electronic configuration.
The spectrum of 2-OS, however, with the strongest band at
1560 cm ™, reveals its anthracene-like structure originated from
the stabilization of the open-shell aromatized species. The
evolution from a closed-shell structure in 1-CS to an open-shell
structure in 2-OS as delineated by the Raman spectra can be
interpreted by the larger stabilization energy of the radical
center in a planar cyclopentadienyl moiety in 2-OS, a structural
motif that is not possible in 1-CS.

The unique absorbance tail of 2-OS from 500 nm to the
near-infrared (Figure 6), likely due to the open-shell structure,
allows us to use resonance Raman spectroscopy to get further
insights onto the electronic configuration by comparing the
Raman spectra of 2-OS recorded with the 633 and 1064 nm
excitation wavelengths, which correspond to on-resonance and
off-resonance experiments, respectively (Figure S6 in the
Supporting Information). The spectra of 2-OS under different
excitation wavelengths are essentially identical, highlighting that
there is a sole electronic configuration describing the ground
electronic state. On the other hand, the VT FT-Raman spectra
for 1-CS and 2-OS in the solid state (Figure S7 in the
Supporting Information) showed that between —170 and +120
°C the Raman spectra are almost unaltered, revealing the
absence of any relevant thermal interpopulation between low
energy lying states; that is, 1-CS and 2-OS are robust singlet
and triplet ground electronic states, respectively. For 2-OS, the
thermal invariance of the Raman spectra might indicate almost
iso-energetic singlet and triplet states or a rather small singlet—
triplet energy gap, which is in accordance with both theoretical
calculations and experimental measurements.

These two samples were oxidized to their corresponding
dications by FeCl; in dry DCM, and the FT-Raman spectra of
the oxidized species in solution are also shown in Figure 12.
These two spectra correspond to resonance Raman spectra as
the 1064 nm laser of the Raman experiment excites the
characteristic electronic absorptions of both dicationic species
(Figure 10). This is important because it discards interference
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by other species. Conversely to the case of the neutral systems,
the two spectra now became similar (Figure 12), suggesting
that both species shared a similar geometrical structure in their
charged ground electronic states. The appearance of the intense
band in the two oxidized species around 1570 cm™ can be
assigned to the anthracene-like structure of the two molecular
cores, which was in accordance with the formation of the
corresponding carbocations either in the fluorenyl center in 2-
OS or in the diphenylmethene center in 1-CS. Thus, our
Raman spectroscopic measurements clearly revealed the
ground-state electronic structures of 1-CS/2-OS and their
dications, which were consistent with the previous studies by
other approaches.

Femtosecond Transient Absorption and Two-Photon
Absorption Spectroscopic Measurements. To date, the
excited-state dynamics of open-shell organic molecules has
been still rarely investigated because of the limited number of
systems with stable radical-associated molecules suitable for
testing these effects. A few hybrid derivatives possessing the
stable heteroatomic spin center on N—O units (e.g, TEMPO
and a-nitronylnitroxide) have been characterized by transient
absorption spectroscopy.>® In contrast to the spin-localized
heteroatomic systems, the spin-delocalized pure PAHs would
exhibit the different relaxation nature in their excited states.
The effect of open-shell electronic structure of 2-OS on the
excited-state photophysical properties is of interest. Therefore,
we carried out the femtosecond transient absorption (TA)
measurements to investigate the excited-state dynamics of 1-CS
and 2-OS (Figures $8,S9 in the Supporting Information). For
compound 1-CS in toluene at room temperature, the broad
excited-state absorption (ESA) signals around 700 nm become
narrower and hypsochromically shifted to 670 nm within an
initial 15 ps time decay, probably due to the conformational
change through the internal conversion process from the higher
excited state. The two decay-associated spectra at early time-
evolution and the longer one indicate the TA spectra before
and after vibrational relaxation process, respectively. The decay
time constants probed at various wavelengths are fitted by two
exponential functions of 7 and 96 ps. The singlet excited-state
lifetime of 1-CS estimated to be 96 ps is relatively shorter
presumably due to the structural flexibility resulting from the
contorted butterfly geometry.

In the case of 2-OS, the broad ESA signal was observed in
the whole visible region. The decay profile probed at 736 nm
was estimated to be 24 ps by fitting with a single exponential
function. As compared to the closed-shell 1-CS, the open-shell
derivative 2-OS had a more short-lived excited-state lifetime.
While the structure-dependent radical-induced quenching
mechanism>® through enhanced intersystem crossing (ISC)
and/or internal conversion (IC) in doublet radical—chromo-
phore dyads has been reported, the fast decay kinetic profile of
2-0S is considered to reflect an acceleration of the nonradiative
IC rates arising from the smaller energy gap between the lowest
excited state and the open-shell ground state. The non-
fluorescent property of 2-OS is also consistent with the short
excited-state lifetimes. Considering the relatively rigid orthog-
onal structure of 2-OS containing aromatized anthracene units,
the unpaired electrons associated with the molecule contributed
to the ultrafast relaxation dynamics.

To investigate the NLO properties of the biradical 2-OS,
two-photon absorption measurements were conducted by using
the open-aperture Z-scan method with 130 fs pulses in the NIR
region from 1200 to 1500 nm where one-photon absorption

(OPA) contribution is negligible. As shown in Figure 13 (and
Figure S10 in the Supporting Information), although 2-OS had
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Figure 13. OPA (black solid line and left vertical axis) and TPA
spectra (blue symbols and right vertical axis) of 2-OS in chloroform.
TPA spectra were plotted at 4,./2.

a rather small OPA absorption coefficient, it showed a large
TPA cross section in the wavelength region with the maximum
value as 760 GM at 1200 nm. In comparison with typical
hydrocarbon chromophores, which only exhibited a small TPA
value at the long wavelength, a relatively larger cross section for
compound 2-OS was obtained, and was comparable to the
achieved value of other open-shell PAH molecules (300—890
GM)* in the same region of photoexcitation. This result can be
reasonably understood by the unusual ground-state electronic
structure of 2-OS with distinct biradical character. The
measurement on the closed-shell 1-CS however was limited
by its too short absorption wavelength, which was out of the
range of the photoexcitation wavelength of our facilities.

1ll. CONCLUSION

In summary, two new stable tetrabenzo-Chichibabin’s hydro-
carbons were synthesized by a new strategy, and their electronic
structure and geometry in the ground state were investigated by
various experiments assisted by DFT calculations. Their
ground-state structures were tunable, with 1-CS as a closed-
shell hydrocarbon and 2-OS as an open-shell biradical. Such a
difference can be explained by an enhanced thermodynamic
stabilization of the biradicaloid resonance form when the di(4-
tert-butylphenyl)methene groups in 1-CS were replaced by
fluorenyl units in 2-OS. The extremely high stability of the
biradical 2-OS can be ascribed to thermodynamic stabilization
by delocalization and kinetic blocking by the anthracene units.
Their excited states were also approachable by chemical means,
and an unusually slow transition from the orthogonal 1-OS to a
highly contorted butterfly like 1-CS was observed, which can be
explained by a very large energy barrier arising from steric
repulsion during the transition. A quinoidal form 2-CS
represented the excited state of 2-OS, and it quickly relaxed
back to the ground state during chemical synthesis. The nature
of the biradical in 2-OS was confirmed as two weakly coupled
radicals with a triplet ground state and a small singlet—triplet
energy gap (AEs_r = —1.4 kJ/mol). Both compounds can be
oxidized into stable dications by chemical oxidation. FT Raman
spectroscopy also provided further structural information, such
as a quinoidal form for 1-CS and a benzenoid form for 2-OS, 1-
CS**, and 2-08**, which was consistent with other
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experimental data. The open-shell 2-OS has a shorter singlet
excited lifetime than that of closed-shell 1-OS, which can be
considered to reflect a radical-induced acceleration of the
nonradiative internal conversion rates. Moreover, the open-
shell 2-OS exhibited a large TPA cross-section value (760 GM)
at long wavelength (1200 nm), indicating promising potential
applications of open-shell PAHs in nonlinear optics.

IV. EXPERIMENTAL SECTION

Steady-state UV—vis absorption and fluorescence spectra were
recorded on a Shimadzu UV-1700 spectrometer and a RF-5301
fluorometer, respectively. The electrochemical measurements were
carried out in anhydrous DCM with 0.1 M Bu,NPFj as the supporting
electrolyte at a scan rate of 100 mV/s at room temperature under the
protection of nitrogen. A gold disk was used as working electrode,
platinum wire was used as counting electrode, and Ag/AgCl (3 M KCl
solution) was used as reference electrode. The potential was externally
calibrated against the ferrocene/ferrocenium couple. Continuous wave
X-band ESR spectra were obtained with a Bruker ELEXSYS ES00
spectrometer using a variable-temperature Bruker liquid nitrogen
cryostat. Quantitative ESR experiments were conducted by over-
modulating the EPR signals and comparing the signal intensities of 8
and 2-OS with the long-lived radical anion produced by the one-
electron reduction of vitamin K1*7 obtained under identical
instrumental and experimental conditions. The integrated ESR signals
of 1 mM solutions of each radical were obtained separately in a silica
flat cell. The observation that compounds 8 show integrated signal
intensities similar to that of VK1°*~ confirms that they are the primary
radicals, and the signal is not due to minor impurities. The signal
intensity of 2-OS is 1.77 times that of 8, indicating the existence of
diradicals containing both singlet and triplet species. A SQUID system
(Quantum Design, ST) was used for the magnetic characterization in
the temperature range of 5—380 K. The powder of 2-OS powder (9
mg) was sealed in a plastic tube. Magnetic susceptibility was measured
under a constant magnetic field of 3000 Oe in the temperature range
of 5-380 K. The signal of sample holder and plastic tube was
deducted by measuring the sample holder and plastic tube under same
conditions. For the analysis of the raw SQUID data, we assumed that
the magnetic susceptibility of the 2-OS sample consists of three
components, diamagnetic signal, paramagnetic impurity, and signal of
singlet—triplet (which can be described with the Bleaney—Bowers
equation).

FT—Raman spectra were measured using an FT-Raman accessory
kit (FRA/106-S) of a Bruker Equinox 55 FT-IR interferometer. A
continuous-wave Nd-YAG laser working at 1064 nm was employed for
excitation, at a laser power in the sample not exceeding 30 mW. A
germanium detector operating at liquid nitrogen temperature was
used. Raman scattering radiation was collected in a back-scattering
configuration with a standard spectral resolution of 4 cm™. 2000 scans
were averaged for each spectrum. A variable-temperature cell Specac
P/N 21525, with interchangeable pairs of quartz windows, was used to
record the FT-Raman spectra at different temperatures. The variable-
temperature cell consists of a surrounding vacuum jacket (0.5 Torr)
and combines a refrigerant Dewar and a heating block as the sample
holder. It is also equipped with a copper constantan thermocouple for
temperature monitoring between —170 and 150 °C. Samples were
inserted into the heating block part or the Dewar/cell holder assembly
in the form of pure solids dispersed in KBr pellets, and Raman spectra
were recorded after waiting for thermal equilibrium in the sample. The
samples in KBr pellets were prepared in an oxygen- and water-free bag.

The femtosecond time-resolved transient absorption spectrometer
used for this study consisted of a femtosecond optical parametric
amplifier (Quantronix, Palitra-FS) pumped by a Ti:sapphire
regenerative amplifier system (Quantronix, Integra-C) operating at 1
kHz repetition rate and an accompanying optical detection system.
The generated OPA pulses had a pulse width of ~100 fs and an
average power of 1 mW in the range 450—800 nm, which were used as
pump pulses. White light continuum (WLC) probe pulses were
generated using a sapphire window (2 mm thick) by focusing of small

portion of the fundamental 800 nm pulses, which were picked off by a
quartz plate before entering into the OPA. The time delay between
pump and probe beams was carefully controlled by making the pump
beam travel along a variable optical delay (Newport, ILS250).
Intensities of the spectrally dispersed WLC probe pulses were
monitored by miniature spectrograph (OceanOptics, USB2000+).
To obtain the time-resolved transient absorption difference signal
(AA) at a specific time, the pump pulses were chopped at 25 Hz, and
absorption spectra intensities were saved alternately with or without
pump pulse. Typically, 6000 pulses were used excite samples and to
obtain the TA spectra at a particular delay time. The polarization angle
between pump and probe beam was set at the magic angle (54.7°)
using a Glan-laser polarizer with a half-wave retarder to prevent
polarization-dependent signals. The cross-correlation fwhm in the
pump—probe experiments was less than 200 fs, and chirp of WLC
probe pulses was measured to be 800 fs in the 400—800 nm regions.
To minimize chirp, all reflection optics were used in the probe beam
path, and a quartz cell of 2 mm path length was employed. After each
set of fluorescence and TA experiments was completed, the absorption
spectra of all compounds were carefully checked to rule out the
presence of artifacts or spurious signals arising from, for example,
degradation or photo-oxidation of the samples in question.

The two-photon absorption spectrum was measured in the NIR
region using the open-aperture Z-scan method with 130 fs pulses from
an optical parametric amplifier (Light Conversion, TOPAS) operating
at a repetition rate of 3 kHz generated from a Ti:sapphire regenerative
amplifier system (Spectra-Physics, Hurricane). After passing through a
10 cm focal length lens, the laser beam was focused and passed
through a 1 mm quartz cell. Because the position of the sample cell
could be controlled along the laser beam direction (z axis) using the
motorcontrolled delay stage, the local power density within the sample
cell could be simply controlled under constant laser intensity. The
transmitted laser beam from the sample cell was then detected by the
same photodiode as used for reference monitoring. The on-axis peak
intensity of the incident pulses at the focal point, I, ranged from 40 to
60 GW cm™. For a Gaussian beam profile, the nonlinear absorption
coefficient can be obtained by curve fitting of the observed open-
aperture traces T(z) with the following equation:

Blo(1 = =)

@ =1 =+ ]

where aj is the linear absorption coefficient, [ is the sample length, and
zo is the diffraction length of the incident beam. After the nonlinear
absorption coefficient has been obtained, the TPA cross section o of
one solute molecule (in units of GM, where 1 GM = 107" cm* s
photon™' molecule™) can be determined by using the following
relationship:

106N,
f= 07c"“Nyd
hy

where N, is the Avogadro constant, d is the concentration of the
compound in solution,  is the Planck constant, and v is the frequency
of the incident laser beam.

Theoretical calculations were carried out by using the Gaussian 09
program. The initial geometry optimizations of 1-CS/1-OS and 2-CS/
2-0S were performed with the UCAM-B3LYP/6-31G* level of
thecory.m’38 The resulting DFT solution (i.e, singlet “closed-shell”:
zero spin density on all atoms) was further tested for its stability with
the STABLE=OPT keyword. A spin symmetry broken DFT solution
was found with lower energy for 2-OS. Next, the Guess=Read keyword
was used to perform the optimization at the same level. Frequency
calculations were conducted to ensure that these structures are indeed
local minima (see the Supporting Information for a summary of the
computation results).

Synthesis of Tetrabenzo-Chichibabin’s Hydrocarbon 1-CS. A
mixture of 4 (500 mg, 0.72 mmol), 4-ert-butylphenylboronic acid
(1.302 g, 7.23 mmol), K,CO; (1.0 g, 7.23 mmol), Cs,CO; (940 mg,
2.89 mmol), and Pd(PPh;), (330 mg, 0.029 mmol) in the mixed
solvents of toluene (100 mL), ethanol (1 mL), and water (3.6 mL)
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was degassed and purged with argon three times. The mixture was
heated to 130 °C for 48 h. After being cooled, the reaction mixture was
concentrated in vacuum and then diluted with DCM (200 mL), and
washed with water (100 mL) and brine (100 mL). The combined
organic extracts were dried over anhydrous Na,SO, and filtered, and
the solvent was removed in vacuo. The residue was then purified by
column chromatography (silica gel, DCM/hexane = 1:10) to afford
the desired product (600 mg, 90%) as a white solid. '"H NMR (CDCl,,
500 MHz): 8 ppm 7.41 (d, ] = 8.5 Hz, 8H, Ar), 7.32 (d, J = 8.5 Hz,
8H, Ar), 7.15 (d, ] = 7.5 Hz, 4H, Ar), 7.08 (d, ] = 7.5 Hz, 4H, Ar), 6.87
(t, 4H, ] = 7.0 Hz, Ar), 6.82 (t, 4H, ] = 7.0 Hz, Ar), 1.32 (s, 36H,
CH;). C NMR (CDCly, 7S MHz): 6 ppm 149.41, 139.98, 139.64,
138.89, 137.59, 135.07, 132.14, 129.28, 128.64, 128.24, 125.46, 125.08,
124.74, 34.47, 31.38. High-resolution mass spectrum (HR MS) (EI):
caldc for C;oHgs 908.5321; found, m/z = 908.5329 (error = +0.9

ppm).

Synthesis of Tetrabenzo-Chichibabin’s Hydrocarbon 2-OS.
Under a nitrogen atmosphere, a solution of 7 (105 mg, 0.147 mmol)
in dry DCM (30 mL) was added to SnCl, (139 mg, 0.735 mmol). The
mixture was stirred overnight at room temperature under a nitrogen
atmosphere. The solvent was removed under reduced pressure. The
residue was then purified by column chromatography (silica gel,
chloroform/hexane = 1:20) to give compound 2-OS as a red solid (82
mg, 82%). HR MS (APCI): calcd for Cg,H,,, 680.2504; found, m/z =
680.2506 (error = +0.3 ppm). No NMR signal was observed at room
temperature even at low temperature (—100 °C). The purity was
further determined by HPLC analysis with a silica column by using
different eluents. Under variable conditions, only one elution peak was
observed, indicating high purity of this compound (Figure S10 in the
Supporting Information).
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