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SUMMARY 

The work presented in this thesis constitutes a successful extension of our group’s 

research on the chemistry of dinuclear copper(II) metallacyclic complexes with 

dinucleating aromatic dioxamato ligands containing potential redox- and photoactive, π-

conjugated aromatic spacers. In doing this, we have followed a joint experimental and 

theoretical approach based on ligand design that profits from the use of several physical 

(spectroscopic, magnetic, electrochemical, and photochemical) and computational (DF 

and TDDF) characterization techniques. 

This novel class of oxamato-based dicopper(II) metallacyclophanes provides 

excellent synthetic and theoretical models for the fundamental study on long distance 

electron exchange and electron- or photo-triggered electron exchange phenomena, 

which are two central topics in the emerging area of molecular spintronics. Indeed, 

these simple molecules appear as very promising candidates to get multifunctional 

molecule-based magnetic devices facilitating the spin communication ('molecular 

magnetic wires', MMWs) or exhibiting spin charge storage ('molecular magnetic 

capacitors', MMCs) and bistable spin behavior ('molecular magnetic switches', MMSs) 

for potential applications in information processing and storage. 

This work is placed at the intercrossing area of several molecular and supramolecular 

disciplines including coordination chemistry, spectro- and magnetochemistry, and 

electro- and photochemistry. The design and synthesis of metallacyclic molecules that 

contain multiple electro- and photoactive, either metal- or ligand-based, spin carriers 

and the study of their spectroscopic and magnetic properties as well as their redox and 

photochemical activity are of large interest in the multidisciplinary field of molecular 

magnetism. The variety of single-molecule magnetic behaviors reported in each chapter 

of this thesis illustrates the potential of electro- and photoactive, oxamato-based 

dicopper(II) metallacyclophanes as prototypes of molecular magnetic devices in the 

emerging field of molecular spintronics. 
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Chapter 1 

In this preliminary chapter, we present an introduction on electron exchange (EE) 

and electron transfer (ET) phenomena, which are intimately related processes that rely 

on the transmission of spin- and charge-based electronic effects respectively, outlining 

strategies to achieve long-distance intramolecular magnetic and electronic coupling in 

dinuclear copper(II) complexes. A brief overview is given on the present state of the art 

in molecular spintronic circuitry based on organometallic and metal complexes to 

introduce the challenges for research in this thesis. In fact, besides their use as models 

for the fundamental research on EE and ET between metal centers through extended π-

conjugated aromatic ligands, oxamato-based dicopper(II) metallacyclophanes 

containing electro- and photoactive, ligand- and/or metal-based, spin containing electro- 

and chromophores emerge as potential electronic and magnetic devices in the emerging 

field of molecular spintronics. 

Chapter 2 

In this second chapter, we report on two novel dinuclear copper(II) 

metallacyclophanes with para-substituted diphenylethyne- and 

di(phenylethynyl)phenylenedioxamato ligands which show a moderate to weak 

intramolecular antiferromagnetic coupling (–J values from 1 up to 4 cm–1) between two 

CuII ions separated from 15 up to 22 Å. To our knowledge, these are the largest 

intermetallic distances for which a non-negligible intramolecular exchange interaction 

has been observed experimentally. It deserves to be noted that in most of the dinuclear 

copper(II) complexes with extended π-conjugated organic bridges reported so far, the 

intramolecular exchange interaction is very small (J < 1.0 cm–1) for such very long 

intermetallic distances. Further developments may be then envisaged for this new class 

of oxamato-based dicopper(II) oligo-p-phenylethynophanes as molecular 

antiferromagnetic wires, which are the basic component of a spin-based molecular 

electronic circuit. 

Chapter 3 

In this third chapter, we report on two novel dinuclear copper(II) metallacyclophanes 

with para-substituted 9,10-anthraquinonedioxamato ligands which exhibit a unique 

metal- and ligand-based multielectron redox behavior involving the transfer of up to 6 



	
   iii	
  

e– upon one-electron oxidation of the two antiferromagnetically coupled CuII ions and 

two-electron reduction of the two anthraquinone spacers in anti conformation. To our 

knowledge, these are the first examples of anthraquinone-based dinuclear copper(II) 

metallacyclophanes, referred to as dicopper(II) anthraquinophanes, incorporating both 

redox-active metal-based spin carriers and noninnocent quinoid-type bridging ligands. 

Hence, this new class of oxamato-based dicopper(II) anthraquinophanes illustrates the 

potential of multifunctional (electroactive and magnetic) metallacyclic complexes with 

multiple chemically accessible oxidation levels at the metal and/or the ligand 

components (electrophores and spin carriers) as magnetic molecular capacitors.  

Chapter 4 

In this fourth chapter, we report on three novel dinuclear copper(II) 

metallacyclophanes with polymethyl-substituted p-phenylenedioxamato ligands which 

exhibit a unique magnetic electroswitching (ON/OFF) behavior upon reversible one-

electron oxidation of one of the two permethylated phenylene spacers. The 

corresponding fully delocalized, dicopper(II) π-radical monooxidized species 

constitutes a metallacyclic analogue of the purely organic Wurster blue cyclophanes. 

This new class of oxamato-based permethylated dicopper(II) paracyclophanes 

represents an attractive design concept for molecular magnetic electroswitches 

incorporating two metal-based spin carriers and a redox-active (‘non-innocent’) 

bridging ligand. Another examples of this class reported recently by our group are linear 

oxamato-based tricopper(II) metallacyclophanes of the mesocate-type featuring a redox-

active metal ion. 

Chapter 5 

In this fifth chapter, we report on two novel dinuclear copper(II) metallacyclophanes 

with α,α’-naphthalene- and β,β’-anthracenedioxamato ligands exhibiting a reversible 

antiferromagnetically coupled to magnetically uncoupled (ON/OFF) switching behavior 

upon light irradiation and heating. To our knowledge, they are the first prototypes of 

magnetic switches with two metal-based spin carriers and photoactive oligoacene 

spacers, the other few examples reported so far being organic diradicals or metal-

organic radicals with photoactive diarylethene spacers reported by Irie. Although their 

efficiency and reversibility are still limited, the reported photomagnetic bistability 
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illustrates the potential of oxamato-based dicopper(II) oligoacenophanes as molecular 

magnetic photoswitches in the emerging field of molecular spintronics. 

Chapter 6 

In this last but not least chapter, we summarize our major achievements on the 

control of the long-distance magnetic coupling through extended π-conjugated, electro- 

and photoactive organic spacers in oxamato-based dicopper(II) metallacyclophanes by 

ligand design. Using simple dinuclear metallacyclic complexes as dynamic chemical 

systems to perform specific and selective tasks under the control of an external stimulus 

that switches “ON” and “OFF” their electronic (optical, redox, and/or magnetic) 

properties may have an enormous impact in several domains of molecular nanosciences. 

Finally, we show how to use this new class of electro- and photoactive, oxamato-based 

dicopper(II) metallacyclophanes as building blocks in the development of a new class of 

multifunctional molecular materials, such as switchable single-molecule nanomagnets 

and molecule-based dynamic porous magnets, which are brand-new targets in the 

emerging field of molecular spintronics. 
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RESUMEN 

El trabajo presentado en esta tesis constituye una exitosa extensión de la investigación 

de nuestro grupo sobre la química de los complejos metalacíclicos de cobre(II) con 

ligandos dinucleantes de tipo bis-oxamato con espaciadores aromáticos extendidos π-

conjugados. Durante este proceso, hemos seguido una aproximación conjunta, teórica y 

experimental, basada en el diseño de ligandos y que implica el uso de diversas técnicas 

físicas (espectroscópicas, magnéticas, electroquímicas y fotoquímicas) y 

computacionales (DF y TDDF) de caracterización. 

Las novedosas clases de metalaciclofanos de cobre(II) con ligandos bis-oxamato 

desarrolladas en esta tesis proveen excelentes modelos teóricos y sintéticos para el 

estudio fundamental del canje electrónico a larga distancia y los fenómenos de canje 

electrónico activados foto- o electroquímicamente, los cuales constituyen dos temas 

fundamentales de estudio en las áreas relacionadas del magnetismo molecular y la 

espintrónica molecular. Además, estas moléculas sencillas constituyen candidatos muy 

prometedores para la obtención de dispositivos magnéticos multifuncionales que 

faciliten la comunicación entre los espines (cables magnéticos moleculares o “molecular 

magnetic wires”, MMWs), que exhiban capacidad de almacenamiento de carga eléctrica 

y de espín (condensadores magnéticos moleculares o “molecular magnetic capacitors”, 

MMCs), o que tengan comportamiento biestable (interruptores magnéticos moleculares 

o “molecular magnetic switches”, MMSs). Cada uno de estos dispositivos moleculares 

poseen aplicaciones potenciales en el procesamiento y almacenamiento de la 

información. 

Este trabajo se sitúa en la frontera entre diferentes disciplinas moleculares y 

supramoleculares, entre las que se incluyen la Química de Coordinación, la 

Espectroquímica, la Magnetoquímica, la Electroquímica y la Fotoquímica. El diseño y 

síntesis de moléculas metalacíclicas que contengan múltiples portadores de espín, tanto 

electro- como fotoactivos (basados en el metal o en el ligando), y el estudio de sus 

propiedades magnéticas y espectroscópicas, así como de su actividad fotoquímica y 

rédox, son de un gran interés en el campo multidisciplinar del magnetismo molecular. 

La variedad de comportamientos magnéticos moleculares anotados en cada uno de los 

capítulos de esta tesis ilustra el potencial de los complejos metalaciclofanos de cobre(II) 



	
   vi	
  

con ligandos puente bis-oxamato foto- o electroactivos como prototipos de dispositivos 

magnéticos moleculares en el campo emergente de la espintrónica molecular. 

Capítulo I 

En este capítulo preliminar, presentamos una introducción a los fenómenos de canje 

y transferencia electrónica, que son procesos íntimamente relacionados que se basan en 

la transmisión de los efectos electrónicos de espín y de carga eléctrica, respectivamente, 

subrayando las diferentes estrategias posibles para conseguir acoplamiento magnético a 

larga distancia en complejos dinucleares de cobre(II). Además, se proporciona una 

visión general sobre el estado actual del diseño de circuitos electrónicos y magnéticos 

basados en complejos metálicos y organometálicos, con el objetivo de introducir los 

retos perseguidos en esta tesis en el área de la espintrónica molecular. De hecho, aparte 

de su uso como modelos en la investigación fundamental sobre canje electrónico a 

través de ligandos aromáticos extendidos π-conjugados, los complejos metalaciclofanos 

de cobre(II) con ligandos puente bis-oxamato que contengan electróforos y cromóforos 

que presenten espín (ya se basen éstos en el ligando o en el metal) se presentan como 

potenciales dispositivos electrónicos y/o magnéticos en el campo emergente de la 

espintrónica molecular. 

Capítulo II 

En el segundo capítulo, presentamos dos nuevos complejos dinucleares de cobre(II) 

de tipo metalaciclofano con ligandos difeniletino- y di(feniletinil)fenilenobis(oxamato) 

para-sustituidos, los cuales muestran un acoplamiento antiferromagnético 

intramolecular entre moderado y débil (valores de –J de 1 a 4 cm-1) entre los dos iones 

CuII  separados por distancias largas (valores de r de 15 a 22 Å). Éstas son las mayores 

distancias intermetálicas que conocemos para las cuales se ha observado 

experimentalmente una interacción de intercambio intramolecular no despreciable. Es 

interesante subrayar que en la mayoría de los complejos dinucleares de cobre(II) con 

puentes aromáticos π-conjugados extendidos, la interacción de canje intramolecular es 

muy pequeña (J < 1 cm-1) para distancias intermetálicas muy grandes. Estos resultados 

pueden otorgar a estos complejos oligo-p-fenilenoetinofanos de cobre(II) de tipo 

oxamato la categoría de cables magnéticos  moleculares, los cuales son componentes 

básicos de los circuitos electrónicos basados en el espín. 
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Capítulo III 

En el tercer capítulo, presentamos dos nuevos complejos dinucleares de cobre(II) de 

tipo metalaciclofano con el ligando puente 9,10-antraquinonabis(oxamato) 1,4-

sustituido, los cuales exhiben un comportamiento rédox multielectrónico único (basado 

tanto en los centros metálicos como en el ligando) que conlleva la transferencia de entre 

1 y 6 electrones, desde la oxidación monoelectrónica de los dos iones CuII acoplados 

antiferromagnéticamente hasta la reducción bielectrónica de los dos espaciadores 

antraquinona en conformación anti. Éstos son los primeros ejemplos conocidos de 

complejos dinucleares metalaciclofanos de cobre(II) basados en ligandos antraquinona 

que incorporan, al mismo tiempo, transportadores de espín rédox-activos tanto en los 

centros metálicos como en los ligandos puente no inocentes de tipo quinona. Esta nueva 

clase de antraquinofanos de cobre(II) de tipo oxamato ilustra el potencial de los 

complejos metalacíclicos multifuncionales (magnéticos y electroactivos) que poseen 

niveles de oxidación múltiples y accesibles químicamente como condensadores 

magnéticos moleculares. 

Capítulo IV 

En el cuarto capítulo, presentamos tres nuevos complejos dinucleares de cobre(II) de 

tipo metalaciclofano con ligandos p-fenilenobis(oxamato) polimetilsustituidos que 

exhiben un comportamiento único de interruptor electroquímico basado en oxidaciones 

monoelectrónicas reversibles de uno de los dos espaciadores fenileno permetilados. Las 

correspondientes especies de cobre(II) monooxidadas π-radicalarias constituyen un 

análogo metalacíclico de los ciclofanos puramente orgánicos de tipo azul de Wurster. 

Esta nueva clase de paraciclofanos permetilados de cobre(II) de tipo oxamato representa 

un concepto de diseño atractivo para preparar interruptores electroquímicos magnéticos 

moleculares, incorporando dos transportadores de espín y un ligando puente no inocente 

(rédox-activo). Otro ejemplo de esta clase de complejos obtenido recientemente por 

nuestro grupo de investigación son los los complejos trinucleares metalaciclofanos de 

cobre(II) de tipo mesocato, que incluyen un ión metálico central rédox-activo. 

Capítulo V 

En el quinto capítulo, presentamos dos complejos dinucleares de cobre(II) de tipo 

metalaciclofano con ligandos naftaleno- y antracenobis(oxamato) α,α’- y β,β’-
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sustituidos que exhiben un comportamiento de interruptor reversible, pasando de un 

estado antiferromagnéticamente acoplado (ON) a otro magnéticamente desacoplado 

(OFF) tras la irradiación con luz y el calentamiento. Estos compuestos son los primeros 

prototipos conocidos de interruptores fotoquímicos con dos transportadores de espín 

sobre los centros metálicos y con espaciadores oligoaceno fotoactivos. Los otros 

ejemplos conocidos son diradicales orgánicos o radicales metaloorgánicos con 

espaciadores fotoactivos diarileteno. Aunque su eficiencia y reversibilidad son todavía 

limitadas, la biestabilidad magnética observada ilustra el potencial de los 

oligoacenofanos de cobre(II) de tipo oxamato como interruptores fotoquímicos 

magnéticos moleculares en el campo emergente de la espintrónica molecular. 

Capítulo VI 

En este último pero no menos importante capítulo, se resumen nuestros logros más 

significativos en el control del acoplamiento magnético a larga distancia a través de 

espaciadores orgánicos extendidos π-conjugados, electro- y fotoactivos, mediante el 

diseño racional de ligandos. El uso de complejos metalaciclofanos de cobre(II) como 

sistemas magnéticos multifuncionales dinámicos para llevar a cabo tareas selectivas y 

específicas bajo el control de estímulos externos que permiten activar y desactivar sus 

propiedades electrónicas (ópticas, rédox y/o magnéticas) podría tener un enorme 

impacto en muchos dominios de la nanociencia molecular. Así mismo, mostramos 

cómo pueden utilizarse estas nuevas clases de complejos dinucleares metalaciclofanos 

de cobre(II) de tipo oxamato como precursores electro- y fotoactivos para el desarrollo 

de un nuevo tipo de materiales moleculares multifuncionales, tales como moléculas 

imán conmutables e imanes porosos dinámicos moleculares, los cuales son objetivos 

novedosos y de gran interés en el campo emergente de la espintrónica molecular. 
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Molecular spintronics is considered as one promising way for 
miniaturization of electronic circuits leading to highly integrated 
electronic and magnetic systems.1 In order to build up a molecular 
spintronic circuit based on metal complexes,2 it is necessary to 
generate and combine many molecular magnetic components such 
as wires, switches, or transistors. 

As a result of extensive studies, various types of molecular 
electronic wires have been developed. In particular, 
organometallic wires consisting of a π-conjugated system bridging 
the redox active metal centers such as in (oligoalquinyl dinuclear 
ruthenium complexes, M–(C≡C)n–M (Figure I.1), turn out to be 
highly efficient.3-5 

	
  

Figure I.1 General chemical structure of the dinuclear mixed valence 
pentamethylcyclopentadienylbis(triphenylphosphine)ruthenium(II,III) complexes 
with oligoethinyl bridging ligands.	
  

Although molecular switching systems have also been 
studied,6 examples of switching of the conducting and non-
conducting states of molecular wires by external stimuli are still 
rare. For instance, a photoswitchable molecular electronic wire 
containing the photochromic dithienylethene (DTE) unit as linker 
has been recently reported,7 the communication between the redox 
active iron centres being switched on and off by UV/visible light 
irradiation (Figure I.2). 

Figure I.2 General chemical structure of the dinuclear mixed valence 
pentamethylcyclopentadienyl-bis(1,2-diphenylphosphineethane)iron(II,III) complex 
with a photochromic diethinyl-dithyenylethene bridging ligand illustrating the open 
and closed isomers responsible for the photoswitchable electronic behavior.	
  

The design and synthesis of novel bridging ligands which can 
transmit both electronic and spin coupling effects over long 
distances in a switchable manner are a major goal in the field of 
molecular spintronics, which requires both a skillful organic 
synthesis and a deep understanding of the electron exchange 
mechanism. With the advent of calculations based on the density 
functional theory (DFT) combined with the broken-symmetry 
(BS) approach, it has been possible not only to reproduce but also 
to predict the electronic and magnetic properties of polynuclear 
metal complexes.8 

In the present thesis, we report the preparation of dinuclear 
copper(II) complexes with a new family of extended π-conjugated 
aromatic bridging ligands. We studied our ligands ability of acting 
as molecular wires in the transmission of the magnetic coupling 
between metal centers separated by relatively long intermetallic 
distances. Moreover, we demonstrated that non-innocent ligands 
are able to work as molecular switches because of the two 
different spin states (“ON-OFF” mechanism) that can be 
reversibly afforded by simple electro- or photochemical processes. 
Let us briefly develop this point in the following two sections by 
including a recall of our previous results in this area, together with 
a proposal of the main objectives of this thesis. 

I.1 Long-Range Magnetic Coupling through Extended 
π-Conjugated Aromatic Bridges: Background and 
Foundations 

Polymetallic complexes with strong intramolecular electronic 
interactions have been a topic of large interest in molecular 
magnetism and molecular electronics.9 Besides their interest as 
models for the fundamental research on electron exchange and 
electron transfer phenomena between distant metal centers 
through extended bridges, homo- and heterovalent polynuclear 
complexes are also of great importance in the ‘‘bottom-up” 
approach to molecular spintronic devices.10,11 

From a fundamental point of view, electron exchange and 
electron transfer are intimately related processes that rely on the 
transmission of spin- and charge-based electronic effects, 
respectively.12 Since the pioneering work of Creutz and Taube,12a 
long-distance intervalence electron transfer through extended π-
conjugated aromatic bridges has been achieved in dinuclear mixed 
valence pentaamineruthenium complexes with either meta- or 
para-substituted oligophenylenedipyridine bridging ligands that 
allow the variation of the intermetallic distances between 8 and 20 
Å (Figure I.3).13 However, similar examples of long-range 
magnetic coupling in dinuclear exchange coupled complexes are 
still scarce.14 

 

Figure I.3 General chemical structure of the dinuclear mixed valence 
pentaammineruthenium(II,III) complexes with oligophenylenedipyridine bridging 
ligands illustrating the two octahedral metal redox sites separated by a meta- or para-
substituted oligophenylene spacer made up of several benzene rings as repeat units 
connected by carbon–carbon single bonds. 

Dinuclear copper(II) complexes with one unpaired electron by 
metal center constitute the simplest systems to investigate electron 
exchange interactions through extended organic bridges from both 
experimental and theoretical points of view (see Panels A and 
B).15–22   
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Panel A: Spin hamiltonian formalism of the electron exchange 
interaction in dinuclear copper(II) complexes  

The exchange interaction which takes place between the two 
metal ions in a dinuclear complex is described by the spin 
Hamiltonian: 

H = –J SA ⋅ SB 

being SA and SB the individual spin values referred to the metal 
centers A and B, and J the magnetic coupling constant between 
them (J = JAB). A total spin value of the system (S) can be defined, 
with values from the substraction to the addition of the individual 
spin values of the two separated metal centers (SA and SB): 

S = |SA + SB| … |SA – SB| 

Dinuclear copper(II) complexes constitute the simplest 
situation (SA = SB = 1/2) (Scheme I.1). In this case, only values S = 
0 and S = 1 are available. These values define the energy levels 
generated in the system by the magnetic coupling, just two in this 
case, singlet (2S + 1 = 1) and triplet (2S + 1 = 3). The gap of 
energy between these two states is given by the magnetic coupling 
constant J:  

J  = E(S = 0) – E(S = 1) 

For the distribution of energetic states,  there are thus two 
possibilities: 

- E(S = 0) < E(S = 1): the system lies on a singlet fundamental 
state preferently. Attending to the previously defined hamiltonian, 
negative values are found for the magnetic coupling constant J, so 
the system presents an antiferromagnetic interaction, with a 
preferent antiparallel disposition of local spins (Scheme I.1a). 

- E(S = 1) < E(S = 0): the system lies on a triplet fundamental 
state preferently. Attending to the previously defined hamiltonian, 
positive values are found for the magnetic coupling constant J, so 
the system shows an antiferromagnetic interaction, with a 
preferent antiparallel disposition of local spins (Scheme I.1b). 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Scheme I.1 Energy level diagram for (a) ferro- and (b) anfiterromagnetically coupled 
dinuclear copper(II) complexes.  

 

  

S=1 (triplet) 

S=0 (singlet) 

SA=1/2 SB=1/2 
J < 0 

(a) 

(b) 
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Panel B: Mechanism of the magnetic interaction in dinuclear 
copper(II) complexes: molecular orbital vs. valence bond models  

The mechanism of the magnetic interaction, called electron 
exchange (or super-exchange), in a dinuclear copper(II) complex 
can be easily described by considering the molecular orbital model 
developed by Hoffman et al.15a In this model, the singlet-triplet 
energetic separation (ΔEST = –J) has both ferromagnetic (JF) and 
antiferromagnetic (JAF) contributions, as expressed in eq I.1. 

 –J = JF + JAF = –2Kab + (ε1 – ε2)2 / (Jaa – Jab) (I.1) 

The ferromagnetic contribution is described by the bielectronic 
exchange integral (Kab) between the unpaired electrons over each 
metalllic center. On the other hand, the antiferromagnetic 
contribution is ruled by the energetic gap (δ = ε1 – ε2) between the 
two singly occupied molecular orbitals (SOMOs) resulting from 
the interaction of the metallic fragments and the bridging ligands 
orbitals, as shown in Scheme I.2. 

Scheme I.2 Singly occupied molecular orbitals (SOMOs) resulting from the 
interaction of the orbitals of the metallic centers and the bridging ligand in the 
Hoffman mechanism. 	
  

The ψ1 and ψ2 SOMOs coming from the symmetric and 
antisymmetric antibonding combinations of the metals and ligands 
orbitals (eq I.2 and I.3, being a, c >> b, d) respectively, have a 
basically metallic character. In most of cases, a negligible 
ferromagnetic contribution is found, so that the energetic gap 
between SOMOs (δ  = ε1 – ε2) is directly related to the value of the 
magnetic coupling constant (–J).  

 ψ1 = aφ1(M) – bφ1(L) (I.2) 

 ψ2 = cφ2(M) – dφ2(L) (I.3) 

 

 

 

 

 

There exists, however, an alternative valence bond model of 
the magnetic interaction in a dinuclear copper(II) complex, known 
as the Anderson generalized mechanism.12e In this model, the 
electrons jump from one site to the other through the ligand 
orbitals, with the intermediacy of several neutral, metal-to-ligand 
or ligand-to-metal charge transfer configurations, as shown in 
Scheme I.3. 

The magnetic coupling between the unpaired electrons 
occupying the a and b magnetic orbitals of the two metal centers 
through the bridging ligand is also governed by two main factors, 
as expressed in eq I.4. 

 –J = JF + JAF = –2K – 4 t2 / U (I.4) 

The first contribution is the direct exchange integral, K = 
<a(1)b(2)|r12

-1|b(1)a(2)>, which is always positive and hence 
favors a ferromagnetic coupling, but which is expected to decrease 
rapidly with the intermetallic distance. The second contribution is 
the kinetic exchange, which is always negative and hence favors 
an antiferromagnetic coupling, provided that the hopping integral t 
between a and b is non-zero. The on-site repulsion U is the energy 
difference between the neutral and the ionic configurations. This 
contribution is brought by the delocalization of the electrons 
between the two magnetic orbitals. 

 

 

 

 

 

 

 

 

Scheme I.3 Configurations involved in the Anderson generalized mechanism. Only 
one of the two ionic forms is represented. The matrix elements (not indicated) are 

hopping integrals between the magnetic centers and the ligands (taken from ref. 12e) 
.  

Besides this spin delocalization mechanism, there is a spin 
polarization mechanism which goes through excited 
configurations involving a triplet state on the bridge and a triplet 
state in the magnetic orbitals, as shown in Scheme I.4. 

 

 

 

 

 

δ = ε1 - ε2

M M LM-L-M

φ1(M), φ2(M)

φ1(L), φ2(L)

Ψ2

Ψ1
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Scheme I.4 Configurations involved in the mechanism of the double spin 

polarization. (Ligand)* means that the ligand is in an excited state, namely a triplet. 

The matrix elements between the determinants are indicated by the arrows (taken 

from ref. 12e) .  

Since this mechanism never involves any ionic configuration, 
its effect on the magnetic coupling results in a modification of the 
exchange integral K, such that the one showed in eq I.5:  

     (I.5) 

where i and r are respectively, occupied and vacant MOs of the 
ligand, εr - εi is their energy difference, and Ka and Kb are the 
exhange integrals <i|Ka|r> = <i(1)a(2)|r12

-1|r(2)a(1)> and <i|Kb|r> 
= <i(1)b(2)|r12

-1|r(2)b(1)>, respectively. One should notice that 
while K is always positive, Keff

 can be either positive or negative. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

The spin polarization mechanism is a real physical 
phenomenon. It is for instance responsible for the appearance of 
local spin densities which are opposite to the dominant ones in 
radicals. Considering a dinuclear copper(II) complex, the 
occurrence of a spin polarization mechanism for the exchange 
interaction between the two distant unpaired electrons, as an 
alternative pathway to the usually dominant spin delocalization 
mechanism, has come up. Specifically, the prevalence of the spin 
polarization mechanism was proposed on the basis of the 
appearance of non-negligible spin density on the bridge. 

Thus, it would mainly be taken in consideration for long 
polarizable organic bridging ligands, in which relative 
contributions of spin polarization and kinetic exchange to the 
resulting magnetic coupling would be found. On the contrary, for 
short organic bridging ligands, the magnetic exchange would be 
only controlled by usual direct exchange. In fact, varying 
percentage of the relative contributions of the Anderson and spin 
polarization mechanisms as a function of the bridge length are 
expected. While magnetic couplings are dominated by the kinetic 
exchange for short-length bridges, the relative contribution of spin 
polarization increases with the length of the bridge. One may 
therefore expect that long, highly spin polarizable ligands would 
induce a better magneto-communication than shorter ones. 
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In their seminal work,21a,b Felthouse and Hendrickson reported 
a series of dicopper(II) complexes with p-phenylene- (ppda) and 
p-biphenylenediamine (bpda) bridges that possess strong to 
moderate intramolecular antiferromagnetic couplings, 
respectively. Although they pointed out that the exchange 
interaction between the CuII ions through the para-substituted 
phenylene and biphenylene spacers mainly involved σ-type orbital 
pathways, the alternative π-type orbital pathways cannot be totally 
neglected in the light of our recent results.21c In fact, we have 
reported on the structure and magnetic properties of the related 
pair of meta- and para-phenylenediamine-bridged dicopper(II) 
complexes with the tetradentate tris(2-aminoethyl)amine tripodal 
ligand (Figure I.4).  

 

Figure I.4 Chemical structure of the dinuclear tris(2-aminoethyl)aminecopper(II) 
complexes with (a) meta- and (b) para-substituted phenylenediamine bridging 

ligands showing the different spin alignment resulting from the alternance of the spin 

densities on the phenylene spacer. This fact is extracted from McConnell mechanism. 

The overall orthogonal conformation of the resulting 
dicopper(II) complexes has allowed for an evaluation of the 
efficiency of the π- versus σ-pathway for the propagation of the 
exchange interaction between the two unpaired electrons 
occupying the dz2 type orbital (so-called “magnetic orbitals”) of 
each trigonal bipyramidal CuII ion across the extended aromatic 
bridge (Figure I.5). In fact, coordination bonds in these systems 
involve the pz-type orbitals of the nitrogen atoms that are 
orientated parallel to the pz-type orbitals of the carbon atoms. 
Because of the orthogonal disposition of the trigonal axis of each 
CuII ion with respect to the mean plane of the benzene rings, a 
delocalized spin density is expected from dz2 copper orbital 
through pz nitrogen orbital and along the π system of the spacer.  

Hence, in spite of the relatively large intermetallic separations, 
moderate ferro- to strong antiferromagnetic coupling have been 
observed for these two dicopper(II) complexes with meta- and 
para-phenylenediamine bridges, respectively. Both effects result 
from the spin polarization of the extended π-conjugated bond 
system of the phenylene spacer with meta- and para-substitution 
patterns, as confirmed by DFT calculations.21c 

Figure I.5 Illustration of the magnetic orbital of the trigonal bipyramidal CuII ion in 
phenylendiamine-bridged dinuclear tris(2-aminoethyl)aminecopper(II) complexes. 

A spin polarization mechanism is able to explain the 
ferromagnetic interaction for meta- substitution pattern, and, on 
the contrary, the antiferromagnetic exchange for para- substitution 
pattern in these aromatic diamine-bridged dicopper(II) complexes 
(Figures I.4a and I.4b, respectively). In this situation, this spin 
density would be equal to the one showed by the carbene radical 
group in a phenylenedicarbene. So, as it happens with 
phenyldicarbenes, the magnetic interaction is ruled by the 
exchange mechanism called spin polarization, which is related to 
McConnell mechanism (see Panel C). 

In a subsequent work,21d we have shown both experimentally 
and theoretically that linear π-conjugated oligophenylenediamines 
with either one, two, or three para-substituted phenylene units, –
(C6H4)n– (n = 1–3), are really effective to transmit electron 
exchange interactions between two CuII ions separated by 
relatively large intermetallic distances (Figure I.6). 

Figure I.6 General chemical structure of the dinuclear copper(II) complexes with 
para-substituted oligophenylenediamines as bridging ligands. 

Together with an almost linear increase in the estimated 
intermetallic distance (r), a rather slow exponential decay of the 
antiferromagnetic coupling (–J) with the number of phenylene 
repeat units (n = 1–3) is experimentally observed in the 
corresponding oligo-p-phenylenediamide-bridged dinuclear 
copper(II) complexes. 

The antiferromagnetic nature of the electron exchange 
interaction results from a spin polarization mechanism through 
the extended π-conjugated bond system of the oligophenylene 
spacers with para-substitution pattern, as confirmed by theoretical 
calculations. This unique series of dinuclear copper(II) complexes 
with oligo-para-phenylenediamine bridging ligands, which can be 
viewed as the simplest analogues of the well-known Creutz-Taube 
complexes with oligophenylenedipyridine bridging ligands (see 
Figure I.3), constitutes thus a rare example of long-distance 
magnetic coupling in transition metal complexes.  
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NH2

CuII
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N NH2H2N
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Panel C: Spin polarization mechanism of the electron exchange 
interaction in phenylenedicarbenes  

The spin polarization mechanism in π-polyradicals relates the 
magnetic properties to the number of atoms that conform the 
exchange pathway between the metallic centers (n). As a matter of 
fact, a ferromagnetic behavior is found for even values of n. On 
the contrary, for odd values of n, the system presents an 
antiferromagnetic coupling, as it is shown in Scheme I.5 for the 
simplest phenylenedicarbene diradicals. 

 

 

 

 

 

 

Scheme I.5 Spin polarization mechanism of magnetic exchange coupling in (a) meta- 

and (b) para-substituted phenyldicarbenes.  

The magnetic properties in phenylenedicarbene diradicals are 
ruled by the McConell mechanism, whereby the magnetic 
interaction does not consider individual spins localized over the 
paramagnetic centers A and B: 

H = -JAB SA ⋅ SB 

but it considers a delocalized spin density over all the atoms in the 
π system, so there is an effective interaction of the spin densities 
of adjacent atoms i and j, according to: 

H = -Jij Si ⋅ Sj 

 

 

 

 

 

 

 

 

 

 

 

 

Considering a chemical bond between atoms i and j, spin 
densities corresponding to that atoms are opposite due to the spin 
polarization phenomena. As a consequence, there is a 
ferromagnetic interaction for an exchange containing an odd 
number of atoms (Scheme I.5a). On the contrary, when the two 
metal centers are separated by an even number of atoms, an 
antiferromagnetic exchange is found (Scheme I.5b). 

From a molecular orbital theory point of view, it is found that 
most of organic compounds present all their electrons contained in 
deep and very stable orbitals in their fundamental state. On the 
contrary, in π-n-radical systems, unpaired electrons are placed in 
degenerated non-bonding molecular orbitals (SOMOs), which 
leads to the presence of different states that are very close from an 
energetic point of view. 

In the particular case of biradicals, two specific conditions for 
the triplet state being more stable than the singlet are necessary. 
First of all, the overlap integral including the two orbitals 
containing the unpaired electrons must be close to zero. On the 
other hand, the exchange integral between the two orbitals must be 
large. This way, the antiferromagnetic contribution will be null, 
while the ferromagnetic one will be sizeable, so that ferromagnetic 
behavior will prevail. For a meta-substitution pattern, SOMOs 
orbitals of the two carbene radicals are degenerated. Thus, the 
overlap integral between them and consequently the 
antiferromagnetic contribution are null, and a global ferromagnetic 
exchange is found. 

For a para-substitution pattern, the molecular orbitals 
containing the unpaired electrons of the two carbene radicals 
(SOMOs) are partially constituted by orbitals of the phenylene 
spacer presenting different bonding and anti-bonding contributions 
with different energies. So that, each SOMO presents a different 
energy. For this reason, singlet state becomes less energetic than 
the triplet and an important antiferromagnetic contribution is 
found. 
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More recently, we have theoretically shown that linear π-
conjugated oligoacenediamines consisting of linearly fused 
benzenoid units, –(C2+4nH2+2n)– (n = 1–10), with either meta- or 
para-substitution pattern at the carbon atoms of the terminal 
benzene rings, are much more effective than oligo-p-
phenylenediamines to transmit electron exchange interactions 
between two CuII ions separated by similar intermetallic distances 
(Figure I.7).21e 

 

 

 

Figure I.7 General chemical structure of the dinuclear copper(II) complexes with (a) 

meta- and (b) para-substituted oligoacenediamines as bridging ligands.  

The ferromagnetic or antiferromagnetic nature of the electron 
exchange interaction (for meta- and para- substitution patterns, 
respectively) results from a spin polarization mechanism 
through the extended π-conjugated bond system of the oligoacene 
spacers, as confirmed by theoretical calculations. This unique 
series of dinuclear copper(II) complexes with oligoacene bridging 
ligands, becomes a further step in long-distance magnetic coupling 
in transition metal complexes.  

Together with an almost linear increase in the estimated 
intermetallic distance (r), a rather slow exponential decay of the 
antiferromagnetic coupling (–J) with the number of benzenoid 
repeat units (n = 1–4) is theoretically observed in the 
corresponding dinuclear copper(II) complexes for low n values.  

However, for higher values of n (n > 4), long polyradical 
spacers are found, whose nature provides a stronger magnetic 
coupling than the shorter ones. So that, the magnetic exchange 
does not remain constant from n = 4, but it is increased for longer 
spacers. Thus, we get a wire-like magnetic behavior, which was 
not found for the previous series with oligo-para-
phenylenediamine. 

 

 

 

 

 

 

I.2. Electro- and Photoswitchable Molecular Magnetic 
Wires: Aims and Scope 

Dinuclear copper(II) metallacyclophanes have recently 
emerged as ideal model systems for the study of the electron 
exchange mechanism between paramagnetic metal centers 
containing one unpaired electron (SA = SB = 1/2) through extended 
π-conjugated aromatic bridges in a discrete metallacyclic entity, 
but however they have received limited attention.23–25 The 
variation of the ligand spacer may control both the overall 
structure and the magnetic behavior of the metallacyclophane 
complex, and the influence of different factors such as the 
topology and conformation of the bridging ligand can then be 
investigated in a systematic way.  

In particular, the research on long distance magnetic coupling 
between two CuII ions have been addressed by several groups 
through the use of coordinating group substituted aromatic 
diamines23 and related diimine24 and diamide25 derivatives as 
bridging ligands which self-assemble to give the corresponding 
double-stranded metallacyclic complexes, with more or less 
satisfactory results (Table 1 and Figure I.8).  

Hence, with one notable exception,24d weak antiferromagnetic 
couplings (–J values smaller than 2.2 cm–1) have been observed 
for the dicopper(II) metallacyclophanes with amine- and imine-
based aromatic bridges possessing rather long intermetal distances 
(r values larger than 7.0 Å) (Table 1, entries 1–8).23,24b,c,e On the 
contrary, Inoue et al. have reported moderate to strong 
antiferromagnetic couplings in the related dicopper(II) 
metallacyclophanes with amide-based aromatic bridges (–J values 
up to 105 cm–1) (Table 1, entries 9–11).25d It appears that the 
exchange interaction between the CuII ions involves 
predominantly π-type orbital pathways in the amide series, 
whereas it is mainly transmitted through the σ-electron system of 
the aromatic bridge in the amine and imine series, with little or no 
contribution from the π-electron system. 

 

Figure I.8 Variation of the magnetic coupling constant with the intermetallic distance 
in dinuclear copper(II) metallacyclophanes with different coordinating group-

substituted aromatic diamines as bridging ligands: amine (white bars), imine (grey 

bars), and amide (black bars) series (data from Table 1). 
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Table I.1 Selected experimental magneto-structural data for dinuclear 
copper(II) metallacyclophanes 
 
Complexa Bridge r (Å)b J (cm-1)c Ref 
	
   Amine series 	
   	
   	
  
Na4[Cu2(m-­‐pdta)2]	
  ·∙	
  18H2O	
  

	
  

6.93	
   <	
  1.0	
   23a	
  

Na4[Cu2(2,4-­‐tdta)2]	
  ·∙	
  20H2O	
  

	
  

n.a.	
   <	
  1.0	
   23b	
  

 Imine series    
[Cu2(m-salphen)2] ⋅ 2CHCl3 

 

7.44 –1.0 24a,
24b 

[Cu2(2,4-saltoen)2] 

 

n.a. –0.9 24c 

[Cu2(2,6-saltoen)2] 

 

n.a. –1.1 24c 

[Cu2(m-acacphen)2] 

 

7.27 +14.6 24d 

[Cu2(hbca)2] ⋅ 2CHCl3⋅ 2H2O 

 

10.78 –2.2 24e 

[Cu2L2]	
  ·∙	
  2MeCN	
  

	
  

12.02	
   –0.025d	
   24f	
  

 Amide series    
[Cu2(bis-edtapdn)]4- 

 
n.a. –70 to 

105e 
25d 

(NH4)4[Cu2(bis-edtanap)] ⋅ 
18.5H2O ⋅ (CH3)2CHOH 

 

8.32 –22e 25b,
25d 

[Cu2(bis-edtabpe)]4- 

 

n.a. ≤ 0e 25d 

Na4[Cu2(mpba)2] ⋅ 8H2O 

 

6.82 +16.8 26a 

(Bu4N)4[Cu2(Mempba)2] ⋅ 
4H2O 

 

7.20 +16.4 26d 

Li4[Cu2(ppba)2] ⋅ 10H2O 
 

n.a. –95 26b 

Na4[Cu2(ppba)2] ⋅ 11H2O 
 

7.91 –81 26b 

(Ph4P)4[Cu2(ppba)2] ⋅ 8H2O 
 

n.a. –94 26b 

Li4[Cu2(bpba)2] ⋅ 12H2O 
 

n.a. –11.5 26b 

Na4[Cu2(bpba)2] ⋅ 12H2O 
 

12.19 –9.5 26b 

(Bu4N)4[Cu2(bpba)2] ⋅ 10H2O 
 

n.a. –8.7 26b 

Li4[Cu2(naba)2] ⋅ 12H2O 

 

n.a. –20.5 26c 

(Ph4P)4[Cu2(naba)2] ⋅ 8H2O 

 

8.33 –20.7 26c 

Li4[Cu2(anba)2] ⋅ 12H2O 

 

n.a. –21.2 26c 

(Ph4P)4[Cu2(anba)2] ⋅ 4H2O 

 

n.a. –23.0 26c 

a Ligand abbreviations: H4-m-pdta = 1,3-phenylenediamine-N,N,N’,N'-tetraacetic 
acid; H4-2,4-tdta = 2,4-toluenediamine-NN,N’,N'-tetraacetic acid; H2-m-salphen = 
N,N'-1,3-phenylenebis(salicylideneimine); H2-2,4-saltoen = N,N'-2,4-
toluenebis(salicylideneimine); H2-m-acacphen = N,N'-1,3-
phenylenebis(acetylaceteneimine); H2hbca = N,N'-3,6-9H-
carbazolebis(salicylideneimine); H2L = N,N'-4,4’-methylenebiphenylenebis(2-
tosylaminobenzaldimine); H8bis-edtapdn = 2,9,18,25-tetraoxo-4,7,20,23-
tetrakis(carboxymethyl)-1,4,7,10,17,20,23,26-octaaza[10.10]paracyclophane; H8bis-
edtanap = 2,9,22,29-tetraoxo-4,7,24,27-tetrakis(carboxymethyl)-
1,4,7,10,21,24,27,30-octaaza[10.10](1,5)naphthalenophane; H8bis-edtabpe = 
2,9,25,32-tetraoxo-4,7,27,30-tetrakis(carboxymethyl)-1,4,7,10,24,27,30,33-
octaaza[10.1.10.1]paracyclophane; H4mpba = N,N'-1,3-phenylenebis(oxamic acid); 
H4Mempba = N,N'-2-methyl-1,3-phenylenebis(oxamic acid); H4ppba = N,N'-1,4-
phenylenebis(oxamic acid); H4bpba = N,N'-4,4’-biphenylenebis(oxamic acid); 
H4naba = N,N'-1,5-naphthalenebis(oxamic acid); H4anba = N,N'-2,6-
anthracenebis(oxamic acid). b r is the intermetallic distance. c J is the exchange 
coupling constant in the spin Hamiltonian H = –J SA ⋅ SB (SA = SB = 1/2). d 
Intermolecular magnetic coupling. e Magnetic data evaluated from the temperature 
dependence of the EPR solution spectra in 60% MeOH (pH ca. 10). 

 Our strategy in this field is based on the use of bridging 
ligands possessing two oxamato donor groups separated by 
extended π-conjugated aromatic spacers that are able to self-
assemble spontaneously with CuII ions to form exchange-coupled 
double-stranded dicopper(II) metallacyclophanes (Figure I.9).26 

	
  

Figure I.9 Chemical structure of the oxamato-based dicopper(II) metallacyclophanes 
with electro- and photoswitchable aromatic spacers as prototypes of molecular 

magnetic devices for molecular spintronics. 
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Panel D:  Magnetic wire behavior  

“Molecular magnetic wires” (MMWs) are a major and basic 
goal in the emerging field of molecular spintronics. In contrast to 
conventional charge transport-based molecular electronic wires, 
MMWs may offer a new design concept for the transfer of 
information over long distances based on purely electron exchange 
interactions and without current flow.  

 

 

 

 

 

 

 

Scheme I.6 Illustration of the transfer of information through a molecular magnetic 

wire. 

The target in this field is the obtention of a long-distance 
magnetic coupling between two metal centers bonded by a 
bridging ligand that leads to a wire-like magnetic behavior 
(Scheme I.6). So that, a perturbation induced at the beginning of 
the wire generates a change at the end of it. A transmission of 
information takes place in this process through either of these 
situations: 

- Along the σ-pathway of the spacer: very efficient at 
short distances but nearly negligible for long spacers. 

 
- Along the π-pathway of the spacer: more efficient that 

the previous one and being possible for long spacers.  

 

 

 

 

 

 

 

 

 

 

 

 

In these systems, two different cases can be distinguished: 
polyradical or non-polyradical  spacers (Scheme I.7). 

A weak but non-negligible interaction between metal centers 
would be observed for a system in which the electronic density of 
the metals is just partially delocalized over the ligands (non-
polyradical spacer). In this case, the π-pathway of the spacer does 
not allow for the long distance transmission of information 
(Scheme I.7a). This is a consequence of the drastic decay of the 
magnetic coupling with the distance.  

 

 

 

 

Scheme I.7 Illustration of the weak and strong magnetic coupling in a non-
polyradical (a) and a polyradical spacer (b). 

A different situation is found for long polyradical spacers with 
a low gap HOMO-LUMO that allow transmission along their π-
pathway (Scheme I.7b). In this case, the unpaired electrons are 
found in determined regions of the ligand skeleton. This radical 
zones act as intermediates in magnetic exchange, providing thus 
two strongly correlated metal centers. Each metal presents a strong 
coupling with the closest radical in the spacer, at the same time 
connected to the next unpaired electron of the ligand. This 
connecting chain is followed until the second metal center is 
reached. 

This way, the magnetic exchange does not take place between 
the unpaired electrons over the two distant metal centers but 
through the ligand electrons, reminding an electric field behavior 
over a wire, in which electrons move slowly one after other, 
making the impression of a high speed current.   

So, it is much stronger than the one found for the previous 
systems with non-polyradical spacers. The two metal centers are 
further in distance but magnetically closer. 
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Panel E: Magnetic charge storage behavior  

 “Molecular magnetic capacitors” (MMCs) are electroactive 
(oxidizable and reducible) molecules with several chemically 
accessible oxidation levels at the exchange-coupled spin carriers 
that can store and deliver an electric charge. As a result of this 
behavior, a parallel separation of the spin carriers occurs in their 
corresponding oxidized and reduced states, so that a transistor-like 
behavior on the molecular scale can be achieved  (Scheme I.8).  

 

 

 

Scheme I.8 Illustration of the charge storage process in a molecular magnetic 

capacitor.  

An alternative molecular-scale transistor design, and one 
particularly well suited to construction from metal centers, is that 
based on the Quantum-dot Cellular Automata (QCA) paradigm. In 
this context, the term “dot” refers to a unit charge, and can 
therefore be represented by a redox center, which essentially treats 
binary information as one of two electronic or magnetic states of a 
single molecule or nanoscale island.27 

For example, a majority logic gate can be constructed from 
three QCA cells, as shown in Scheme I.9. Therefore, the state of 
the central cell depends on the state of the adjacent input cells.28 
Given the robust, chemically reversible redox processes associated 
with a vast array of simple metal–ligand combinations, there is 
obviously great potential for polymetallic complexes to find 
application in the construction of such QCA-based molecular logic 
systems. 

 
Scheme I.9  Illustration of the three possible redox states for a QCA cell to be used in 
the construction of a logic gate. 

 

 

 

 

 

 

 

 

Panel F: Magnetic switching behavior  

“Molecular magnetic switches” (MMSs) are molecules 
presenting two metastable states (‘ON/OFF’) having totally 
different magnetic properties which can be reached in a reversible 
manner through the operation of an external stimuli. The spins of 
the magnetic centers are ferro- or antiferromagnetically coupled in 
one of the states (‘ON’), whereas they are magnetically uncoupled 
in the other one (‘OFF’) (Scheme I.10). 

 

 

 

Scheme I.10 Illustration of the switching behavior in a molecular magnetic switch, 

being the magnetic exchange either antiferromagnetic (a) or ferromagnetic (b).  

	
  
These external stimuli can be electronic or photonic. For 

example, there are molecules formed by two localized spins whose 
magnetic interaction can be switched ON and OFF by means of a 
redox-active bridging unit (electroswitching magnetic behavior). 

 
Another possibility is to have systems in which the magnetic 

connection between the spins depends on the wavelength of the 
irradiation light. These photo stimuli are able to modify the 
molecule, permitting or forbidding the magnetic exchange through 
the photo-active bridging unit (photoswitching magnetic 
behavior). 

 
Apart from the previous ones, there is a huge variety of factors 

that can have influence over these magnetically coupled/isolated 
systems in a reversible way, such as pH, pressure, temperature, 
etc. Thus, a vast amount of non-exploded molecular switches are 
available to be explored and become essential components of 
electronic circuits in the field of molecular nanospintronics.  

In general terms, extension of the control of current flow or 
localization of charge through a molecular assembly in response to 
one or many input signals leads to the concept of developing 
molecule-based logic circuits.29 The ability of the metal centers to 
respond to changes in photoexcitation or electrochemical potential 
together with the geometrical features which allow the precise 
positioning in space of substituent groups makes such systems 
particularly attractive for the construction of highly integrated 
molecular circuits.30 

  

(a)	
  

(b)	
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First, we demonstrated that the appropriate choice of the 
topology of the bridging ligand allows to control the nature and 
magnitude of the magnetic coupling between the metal centers in 
the corresponding dicopper(II) meta- and paracyclophanes 
(Figures I.9a and I.9b).26a,b,d In these systems, the ferromagnetic or 
antiferromagnetic nature of the electron exchange interaction 
results from a spin polarization mechanism through the extended 
π-conjugated bond system of the phenylene spacers with meta and 
para substitution pattern, as shown earlier for the aforementioned 
dinuclear copper(II) complexes with meta- and para-substituted 
phenylenediamine bridges (see Figure I.4). Furthermore, we 
showed that para-substituted oligophenylene and α,α’- and β,β’-
substituted oligoacene spacers are really effective to transmit 
exchange interactions between paramagnetic metal centers 
separated by relatively long intermetallic distances in the 
corresponding dicopper(II) oligophenylenophanes26b and 
oligoacenophanes26c (Figures I.9c-e). 

These promising results have directed our current research 
efforts toward other dicopper(II) metallacyclophanes with 
extended π-conjugated aromatic spacers like linear 
oligophenyleneethynylenes (OPEs), oligophenylvinylidenes 
(OPVs), and oligoazobenzenes (OABs) (Figures I.9f-h). So, the 
linear rod-like OPE spacers are potential candidates to get a 
magnetic wire behavior (see Panel D). In Chapter II, we describe 
the synthesis and structural characterization, spectroscopic and 
magnetic properties, and theoretical calculations of a novel series 
of dicopper(II) metallacyclophanes with 4,4'-diphenylethyne and 
1,4-di(4-phenylethynyl)phenylene spacers as prototypes of 
“molecular magnetic wires” (MMWs). 

In our ligand design approach to molecular magnetic devices 
based on exchange-coupled dinuclear copper(II) 
metallacyclophanes, we also pursuit to get a magnetic charge 
storage behavior (see Panel E). Hence, by using redox-active 
(“non-innocent”) aromatic spacers that are able to experience 
reversible redox processes, we plan the obtention of dicopper(II) 
metallacyclophanes that can behave as molecular magnetic 
capacitors (MMCs). A good example of this kind would be the 
oligoacenequinones (OAQs) like benzoquinones and 
anthraquinones (Figure I.9i-l). In Chapter III, we describe the 
synthesis and structural characterization, redox and magnetic 
properties, and theoretical calculations of a novel series of 
dicopper(II) metallacyclophanes with 1,4-disubstituted 9,10-
anthraquinone spacers as prototypes of MMCs. 

The next step in our ligand design approach to molecular 
magnetic devices will be the incorporation of electro- or photo-
active aromatic spacers in the dicopper(II) metallacyclophanes to 
get a magnetic switching behavior (see Panel F). At this respect, 
oligoacenes (OAs) are appealing candidates as electro- and 
photoswichable wires in “molecular magnetic switches” (MMSs) 
because of their unique redox and photochromic properties. In 
Chapter IV, we describe the synthesis, redox and magnetic 
properties, and theoretical calculations of a novel series of 
dicopper(II) metallacyclophanes with polymethyl-substituted 1,4-
phenylene spacers as prototypes of redox-triggered MMSs. On the 
other hand, in Chapter V, we describe the synthesis and structural 
characterization, magnetic properties and photochemistry of a 
novel series of dicopper(II) metallacyclophanes with 1,5-
naphthalene and 2,6-anthracene spacers as prototypes of photo-
triggered MMSs. 
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On the road to molecular wires: the very long-
distance antiferromagnetic coupling between the two 
Cu2+ ions found in a new class of oxamato-based di-
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II.1 Introductory Aspects 

Polymetallic complexes with strong intramolecular electronic 
interactions between distant metal centers across extended bridges 
are a common topic in molecular magnetism and molecular elec-
tronics.1 Besides their interest as models for the fundamental re-
search on through-ligand, long-distance electron exchange (EE) 
and electron transfer (ET) phenomena,2,3 they are also of great 
importance in the “bottom-up” approach to nanometer-scale elec-
tronic devices such as molecular wires and switches.4 Dinuclear 
complexes would then allow investigating the transmission of EE 
interactions through potential molecular magnetic wires,5 by 
comparison with conventional molecular electronic wires which 
are based on ET interactions instead.6 In fact, they may offer a 
new design concept for the transfer of information over long dis-
tances based on purely EE (Coulomb) interactions and without 
any current flow.5b However, the examples of long-range magnet-
ic coupling in exchange-coupled dinuclear complexes are relative-
ly scarce with regard to the more abundant examples of long-
range electron transport in mixed-valent ones.7 The design and 
synthesis of novel bridging ligands which can transmit spin cou-
pling effects over long distances are then a major goal in the field, 
which requires both a skillful organic synthesis and a deep under-
standing of the EE mechanism.2c With the advent of ground and 
excited state calculations based on the density functional (DF) and 
time-dependent density functional (TD-DF) theory combined with 
the broken-symmetry (BS) approach, it has been possible not only 
to reproduce but also to predict very accurately the electronic and 
magnetic properties of simple dinuclear complexes.8 

Along this line, dicopper(II) metallacyclophanes emerge as 
ideal model systems for the study of the EE mechanism between 
paramagnetic metal centers containing one unpaired electron (H = 
–J S1 · S2 with S1 = S2 = SCu = ½) through extended π-conjugated 
aromatic spacers, both from experimental and theoretical view-
points.9 The variation of the ligand spacer in the metallacyclic 
entity may control both the overall structure and the magnetic 
properties and then, the influence of different factors such as the 
topology and conformation of the bridging ligand can be investi-
gated in a systematic way.10–13 So, the problem of long-range 
magnetic coupling in dicopper(II) metallacyclophanes have been 
addressed by several research teams through the use of diverse 
coordinating group substituted amine-,10 imine-,11 and amide-
based12 aromatic bridging ligands, with more or less satisfactory 
results. 

Our strategy in this field involves a unique family of double-
stranded dicopper(II) metallacyclophanes resulting from the side-
by-side coordination of aromatic bis(oxamato) bridging ligands to 
square planar CuII ions (Figure II.1).13 This type of more or less 
rigid, dinucleating ligands leads to discrete, self-assembled dicop-
per(II) metallacyclic entities with a π-stacked arrangement of the 
aromatic spacers connected by two N–Cu–N linkages. The almost 
perpendicular disposition among the two coplanar basal planes of 
the square planar metal ions and the two parallel planes of the 

aromatic spacers ensures a unusual π-type orbital pathway for the 
EE interaction between the unpaired electrons of the CuII ions 
through the extended π-conjugated aromatic spacers. 

Hence, a moderate ferromagnetic coupling has been reported 
for the oxamato-based dicopper(II) metallacyclophanes with 1,3-
phenylene spacers (Figure II.1a), independently on the syn or anti 
arrangement of the two facing benzene rings (J = +16.8 and +16.4 
cm–1, respectively).13a,d On the contrary, the oxamato-based di-
copper(II) metallacyclophanes with 1,4-phenylene spacers (Figure 
II.1b) exhibit a strong antiferromagnetic coupling (–J = 81–94 
cm–1).13b This pair of dicopper(II) metallacyclophanes constitutes 
thus a unique example of the spin control in metal complexes by 
the topology of the bridging ligand, according to the well-known 
spin polarization mechanism. In each case, the ferro- or antifer-
romagnetic nature of the EE interaction results from the spin den-
sity alternation in the π-conjugated bond system of the phenylene 
spacers with meta- and para-substitution pattern respectively, as 
supported by DF calculations.13a,b 

These results have oriented our research toward oxamato-
based dicopper(II) metallacyclophanes with linear oligo-p-
phenylene (OP) spacers (Figure II.1c).13b Indeed, the magnetic 
coupling decreases for the related oxamato-based dicopper(II) 
metallacyclophanes with 4,4'-diphenylene spacers (Figure II.1c 
with n = 2), which exhibit however a moderate antiferromagnetic 
coupling (–J = 8.7–11.5 cm–1) at a relatively large intermetallic 
distance (r = 12.2 Å).13b This effect has been supported by DF 
calculations which predict an exponential decay of the magnetic 
coupling with the intermetallic distance when increasing the num-
ber of benzene rings, –(C6H4)n–, in the OP spacers (Figure II.1c 
with n = 1–5).13b 

In a subsequent work, we have shown both experimentally 
and theoretically that oligoacene (OA) spacers consisting of line-
arly fused benzenoid units, –(C6+4nH4+2n)–, differently substituted 
at the carbon atoms of the terminal benzene rings, either α,α’- or 
β,β’-substituted (Figures II.1d and II.1e, respectively), are really 
effective to transmit EE interactions between two CuII ions sepa-
rated by relatively large intermetallic distances.13c So, the related 
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Figure II.1 Oxamato-based dicopper(II) metallacyclophanes with m- (a) or p-
phenylene (b), p-oligophenylene (c), and α,α’- (d) or β,β’-oligoacene (e) spacers as 
molecular ferro- or antiferromagnetic wires 
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pair of oxamato-based dicopper(II) metallacyclophanes with 1,5-
naphthalene and 2,6-anthracene spacers (Figures II.1d and II.1e 
with n = 2 and 3, respectively) show a similar moderate antifer-
romagnetic coupling (–J = 20.5–20.7 cm–1 and 21.2–23.9 cm–1, 
respectively) despite the largely different intermetallic distances (r 
= 8.3 and 12.5 Å, respectively).13c.13f DF calculations on these two 
series of oxamato-based dicopper(II) metallacyclophanes with OA 
spacers confirm the better efficiency of the β,β’- over α,α’-
substitution pattern on long-range magnetic coupling.13c More 
importantly, they predict a unprecedented wire-like magnetic 
behavior for the longer members of the series with octacene 
through decacene spacers (Figures II.1d and II.1e with n = 8–10), 
which is accompanied by a change from antiferro- to ferromagnet-
ic coupling (J values up to +3.0 cm–1 for r = 28.8 Å).13c 

Oligo(p-phenylene-ethynylene) (OPE) spacers are also very 
appealing candidates as molecular wires.14,15 In fact, the rigid rod-
like OPE spacers have a potential extended π-conjugation that 
would allow a strong electronic as well as magnetic coupling 
between very distant metal centers in both organometallic and 
coordination compounds, as recently reported by us in a prelimi-
nary communication (see first communication in Appendices).13e 
In order to further extend this promising result, herein we report 
on the complete synthesis, general physical and/or structural char-
acterization, spectroscopic and magnetic properties of two new 
examples of oxamato-based dicopper(II) metallacyclophanes of 
formula (nBu4N)4[Cu2(dpeba)2] · 4MeOH · 2Et2O (II.1) and 
(nBu4N)4[Cu2(tpeba)2] · 12H2O (II.2) [nBu4N+ = tetra-n-
butylammonium, H4dpeba = N,N'-4,4'-diphenylethynebis(oxamic 
acid), and H4tpeba = N,N'-1,4-di(4-
phenylethynyl)phenylenebis(oxamic acid)]. Complexes II.1 and 
II.2 can be considered as the first two members of a novel series 
of oxamato-based dicopper(II) metallacyclophanes with OPE 
spacers of different length, –C6H4(C≡CC6H4)n– (n = 1–5), as po-
tential candidates to molecular magnetic wires (II.1–II.5, Figure 
II.2). DF and TD-DF calculations on the electronic structure of 
the ground and excited states of the model complexes II.1–II.5 
with an overall orthogonal molecular geometry have been carried 
out in order to analyze the effect of the increase of the conjugation 
length with the number of phenylethyne units in the OPE spacer 
on the magnetic coupling and the electronic spectra of dinuclear 
copper(II) complexes with intermetallic distances varying in the 
range of 15–43 Å. 

II.2 Synthesis of Ligands and Complexes  

The N,N'-4,4'-diphenylethynebis(oxamic acid) (H4dpeba)  and  
N,N'-1,4-di(4-phenylethynyl)phenylenebis(oxamic acid) 
(H4tpeba) ligands were prepared in two consecutive steps from the 
Pd/Cu catalyzed, Sonogashira-type cross-coupling reaction of p-
ethynylaniline and p-iodoaniline or p-diiodophenylene respective-
ly,15a followed by the straightforward condensation of the result-
ing 4,4’-diphenylethyne- and 1,4-di(4-
phenylethynyl)phenylenediamine precursors with ethyl oxalyl 
chloride ester (1:2 molar ratio) in the presence of triethylamine in 
THF (Figure II.3). They were isolated as the N,N'-4,4'-
diphenylethynebis(oxamic acid ethyl ester) (Et2H2dpeba) and 
N,N'-1,4-di(4-phenylethynyl)phenylenebis(oxamic acid ethyl 
ester) (Et2H2tpeba) derivatives in good yields (ca. 80–85%, see 
Experimental Section). 

Complexes II.1 and II.2 were then prepared by the reaction of 
the Et2H2dpeba and Et2H2tpeba proligands with Cu2+ perchlorate 
(1:1 molar ratio) using nBu4NOH as base in methanol, and they 
were isolated as their tetra-n-butylammonium salts in good yields 
(ca. 65–70%, see Experimental Section). X-ray quality dark green 
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Figure II.2 Structural formula of the oxamato-based dicopper(II) metallacyclopha-
nes with oligo(p-phenylene-ethynylene) spacers 

 

 
Figure II.3 Synthesis of the diethyl ester derivatives of the H4dpeba and H4tpeba 
ligands. Reaction conditions: (a) p-IC6H4NH2, PdCl2(PPh3)2/CuI, NEt3; (b) p-
C6H4I2, PdCl2(PPh3)2/CuI, NEt3; (c) C2O3EtCl, NEt3, THF. 

 



Chapter II 

 21 

prims of II.1 were obtained by diethyl ether layering on the meth-
anol solution. Unfortunately, all our attempts to grow X-ray quali-
ty crystals of II.2 were unsuccessful. The chemical identity of the 
ligand and complexes was established by elemental analyses and 
1H NMR and FT–IR spectroscopies (see Experimental Section 
and Appendices). The structure of II.1 was further confirmed by 
single-crystal X-ray diffraction. A summary of the crystallograph-
ic data of II.1 is given in Table II.1, while selected bond distances 
and interbond angles are listed in Table II.2. 

II.3 Description of the Structure 

The structure of II.1 consists of centrosymmetric dicopper(II) 
complex anions, [CuII

2(dpeba)2]4–,and tetra-n-butylammonium 
cations, with methanol and diethyl ether as crystallization mole-
cules (Figure II.4 and Figure II.5). In the crystal lattice, the dis-
crete anionic dicopper(II) complexes establish weak hydrogen 
bonds with the methanol molecules through the carboxylate- and 
carbonyl-oxygen atoms from the oxamato groups [O(5)…O(8) = 

2.760(4) Å and O(6)…O(9) = 2.804(4) Å] (Figure II.5a). Yet they 
are well separated from each other by the bulky tetra-n-
butylammonium cations and the diethyl ether molecules (Figure 
II.5b). The intramolecular Cu(1)–Cu(1a) distance (r) across the 
double para-substituted diphenylethynediamidate bridge is 
14.95(1) Å, while the shortest intermolecular Cu(1)–Cu(1b) sepa-
ration is 8.09(1) Å. 

The anionic dicopper(II) complex is a novel metallamacrocy-
cle of the dicoppertetraaza[3.3]4,4’-diphenylethynophane-type, 
where the two 4,4’-diphenylethyne spacers of the bis(bidentate) 
dpeba bridging ligands are connected by two N–Cu–N linkages 
(Figure II.4a). The two centrosymmetrically-related Cu atoms 
adopt a essentially square planar geometry. The CuN2O2 coordi-
nation environment is defined by two amidate-nitrogen and two 
carboxylate-oxygen atoms from the oxamato donor groups [mean 
plane deviations of ±0.093(1) Å at N(1) and N(2), and of 
±0.114(2) Å at O(1) and O(4)]. The value of the tetrahedral twist 
angle (τ) between the Cu(1)N(1)O(1) and Cu(1)N(2)O(4) mean 
planes is 9.4(1)°. The average value of the Cu–N bond distances 
[1.994(3) Å] is larger than the Cu–O ones [1.961(3) Å], while the 
value of the N–Cu–N interbond angle [108.43(13)°] is greater 
than that of the O–M–O one [85.01(11)°]. This situation obeys to 
the π–π repulsive interactions between the facing benzene rings of 
the two 4,4’-diphenylethyne spacers within the metallacyclic core, 
which cause both a lengthening of the Cu–N bond distances and a 
broadening of the N–M–N interbond angles. 

Within the dinuclear metallacyclic core of II.1, CuII
2(p-

N2C14H8)2, each of the two 4,4’-diphenylethyne spacers is almost 
planar reflecting thus potential extended π-conjugation for the 

Table II.1 Summary of crystallographic data for II.1. 

Formula C112H196Cu2N8O18 

M (g mol–1) 2069.85 
Crystal system monoclinic 
Space group P21/c 
a (Å) 15.261(2) 
b (Å) 25.691(4) 
c (Å) 17.279(3) 
β (°) 116.180(6) 
V (Å3) 6079.4(16) 
Z 2 
ρcalc (g cm–3) 1.131 
µ (mm–1) 0.412 
T (K) 100(2) 
Reflect. collcd. 10675 
Reflect. obs. [I > 2s(I)] 9467 
Data / restraints / parameters 10675 / 0 / 645 
R1

a [I > 2σ(I)] (all) 0.0740 (0.0836) 
wR2

b [I > 2σ(I)] (all) 0.2073 (0.2220) 
Sc 1.175 
a R1 = ∑(|Fo| – |Fc|)/∑|Fo|. b wR2 = [∑w(Fo

2 – Fc
2)2/∑w(Fo

2)2]1/2. c S = [∑w(|Fo| – 
|Fc|)2/(No – Np)]1/2. 

 
Table II.2 Selected bond distances (Å) and angles (º) for II.1.a 

Cu(1)–N(1) 1.993(3) Cu(1)–N(2) 1.994(3) 
Cu(1)–O(1) 1.948(3) Cu(1)–O(4) 1.973(3) 
N(1)–Cu(1)–N(2) 108.43(13) N(1)–Cu(1)–O(1) 83.92(12) 
N(1)–Cu(1)–O(4) 167.80(12) N(2)–Cu(1)–O(1) 165.63(12) 
N(2)–Cu(1)–O(4) 83.24(12) O(1)–Cu(1)–O(4) 85.01(11) 
a The estimated standard deviations are given in parentheses. 

 

 
Figure II.4 (a) ORTEP drawing of the centrosymmetric anionic dicopper unit of 
II.1 with the atom-numbering scheme of the metal environment [symmetry code: 
(a) = 2 – x, 1 – y, 2 – z]. The thermal ellipsoids are drawn at the 50% probability 
level. (b) Front and (c) top projection views of the metallacyclic core of II.1. 

 
Figure II.5 (a) View of the unit cell of 1 showing the discrete anionic dicopper 
units [symmetry code: (a) = 2 – x, 1 – y, 2 – z ; (b) = 1 – x, 1 – y, 1 – z]. The hydro-
gen bonds with the crystallization methanol molecules are represented by dashed 
lines. (b) Perspective view of the crystal packing of II.1 along the crystallographic 
c axis. The dicopper anions and the tetrabutylammonium cations are shown in 
green and blue colors respectively, while the methanol and diethyl ether molecules 
of crystallization are shown in red and yellow colors, respectively. 
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dpeba bridging ligands. The torsion angle (ψ) between the termi-
nal benzene rings around the central carbon-carbon triple bond is 
7.8(1)º. This situation contrasts with that found for the related 
dicopper(II) metallacyclophane with 4,4’-diphenylene spacers, 
whereby the phenylene rings are significantly tilted around the 
carbon-carbon single bond because of the repulsive interactions 
between the ortho-ortho' benzene hydrogen atoms (ψ = 19.7°).13b 
Indeed, the short C–C distance of 1.212(6) Å between the carbon 
atoms of the central ethyne group is typical of a C(sp)–C(sp) triple 
bond (1.20 Å), while the long C–C distance of 1.452(5) Å with 
the carbon atoms of the terminal benzene rings is characteristic of 
a C(sp)–C(sp2) single bond (1.43 Å). The two 4.4’-diphenylethyne 
spacers show a noneclipsed disposition because of the parallel-
displaced π-stacked arrangement of the two pairs of facing ben-
zene rings (Figure II.4b). The average inter-ring C–C distance of 
3.60(1) Å is somewhat longer than the van der Waals contact 
(3.40 Å). The angle between the centroid-centroid vector from the 
facing benzene rings and their normal (θ) is 23.9(1)°. Hence, the 
molecule has an approximate C2h symmetry, whereby the copper 
mean basal planes are not exactly oriented perpendicular to the 
benzene planes [dihedral angles (ϕ) of 56.4(1) and 58.4(1)°] (Fig-
ure II.4c). Deviations from the ideal D2h molecular symmetry (ψ = 
0° and ϕ = 90°) may be originated from the favorable π-π interac-
tions in the parallel-displaced configuration of the 4,4’-
diphenylethyne spacers. 

II.4 Spectroscopic Properties 

The electronic absorption spectra of II.1 and II.2 in acetoni-
trile solution show a common pattern consisting of one broad and 
intense band in the near UV region, together with two distinct 
shoulders that extend into the visible zone, whose intensity vary 
almost proportionally with the number of phenylethyne groups in 
the OPE spacer (Figure II.6a and b). The main peak centered at 
308 (II.1)/316 nm (II.2) and the two shoulders located around 340 
(II.1)/365 nm (II.2) and 360 (II.1)/385 nm (II.2) are typical of 
intraligand (IL) π–π* transitions within the OPE spacers (Table 
II.3).15c In fact, they are also present in somewhat perturbed yet 

identifiable form with almost half intensity in the electronic ab-
sorption spectra of the Et2H2dpeba and Et2H2tpeba proligands in 
dimethylsulphoxide (Figure II.6c and d), which show a broad and 
intense band centered at 330 (Et2H2dpeba)/345 nm (Et2H2tpeba) 
with a distinct shoulder located around 355 (Et2H2dpeba)/370 nm 
(Et2H2tpeba) (Table II.3). Moreover, the relatively large batho-
chromic shift in the position of these IL bands for both the com-
plexes (Δν1 = 822 cm–1, Δν2 = 2015 cm–1, and Δν3 = 1804 cm–1; 
Table II.3) and the proligands (Δν1 = 1317 cm–1 and Δν2 = 1142 
cm–1; Table II.3) is as expected for the increase in the effective π-
conjugation length upon increasing the number of phenylethyne 
units (n) from II.1 to II.2 in the OPE spacer. 

The X-band EPR spectra of frozen-matrix acetonitrile solu-
tions of II.1 and II.2 at 4.0 K consist of a rhombic signal with a 
complex multiline splitting pattern which is typical of antiferro-
magnetically coupled dinuclear copper(II) complexes (Figure 
II.7). In fact, a seven-line splitting of the gz signal due to the hy-
perfine coupling with the nuclear spins of the two CuII ions (2nICu 
+ 1 = 7 with n = 2 and ICu = 3/2) is expected when the magnetic 
coupling parameter is much larger than the electron-nucleus hy-
perfine coupling constant (|J| >> ACu). In contrast, an EPR spec-
trum formally identical to that of a mononuclear one with a simple 
four-line splitting resulting from the hyperfine coupling with the 
nuclear spin of the magnetically isolated CuII ions (2ICu + 1 = 4 
with ICu = 3/2) must be observed for an uncoupled system. 

These EPR spectral features of II.1 and II.2 were satisfactori-
ly simulated by using the XSOPHE program.16 The calculated 
values of the Zeeman factors associated with the x, y, and z com-
ponents of the allowed Ms = 0 → Ms = ±1 transitions for the excit-
ed triplet (S = 1) spin state are gx = 2.044 (II.1)/2.045 (II.2), gy = 
2.070 (II.1)/2.065 (II.2), and gz = 2.240 (II.1)/2.216 (II.2), while 
the hyperfine coupling constants are Ax = 20 (II.1)/10 G (II.2), Ay 
= 5 (II.1)/20 G (II.2), and Az = 134 (II.1)/143 G (II.2) (Table 
II.4). The electron-nucleus hyperfine coupling constant of II.1 and 
II.2 can then be estimated from the calculated Az values resulting 
from the simulation of the EPR spectra as Az = 1/2ACu.17 The cal-
culated anisotropic ACu values of 268 (II.1) and 286 G (II.2) are 
similar, as expected for antiferromagnetically coupled dinuclear 
copper(II) complexes with the same type of ligands, and they give 
a minimum value for the magnetic coupling parameter of II.1 and 
II.2 [|J| >> ACu = 0.0276 (II.1) and 0.0296 cm–1 (II.2)]. 

Table II.3 Selected UV–Vis spectroscopic data for II.1 and II.2 and the corre-
sponding proligands. 
Compound λ1

c (nm) λ2
c (nm) λ3

c (nm) 

II.1a 308 (29710) 
[32468] 

340 (18850) 
[29412] 

360 (7065) 
[27778] 

II.2a 316 (55815) 
[31646] 

365 (22375) 
[27397] 

385 (7770) 
[25974] 

Et2H2dpebab 330 (17015) 
[30303] 

355 (9180) 
[28169] 

 
Et2H2tpebab 345 (29480) 

[28986] 
370 (18140) 
[27027] 

 

a In acetonitrile solution at room temperature. b In dimethylsulphoxide solution at 
room temperature. c The values of the molar extinction coefficient (ε in M–1 cm–1 
units) and the transition energy (νi = 1/λi in cm–1 units) are given in parentheses and 
brackets, respectively. 

 
Figure II.6 UV–Vis spectra of II.1 (a) and II.2 (b) in acetonitrile solution com-
pared with those of Et2H2dpeba (c) and Et2H2tpeba (d) in dimethylsulphoxide. 
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II.5 Magnetic Properties 

The magnetic properties of II.1 and II.2 in the form of the χM 
and χMT vs. T plots (χM being the molar magnetic susceptibility 
per dinuclear unit and T the absolute temperature) and M vs. H 
plots (M being the molar magnetization per dinuclear unit and H 
the applied magnetic field) conform with moderate (II.1) to weak 
(II.2) antiferromagnetically coupled CuII

2 pairs both in the solid 
state and in solution (Figures II.8 and II.9). 

At room temperature, χMT of powdered samples of II.1 and 
II.2 are equal to 0.84 cm3 mol–1 K, a value which is close to that 
expected for two magnetically isolated CuII ions [χMT = 2 × 
(Nβ2gCu

2/3kB)SCu(SCu + 1) = 0.83 cm3 mol–1 K with SCu = ½ and 
gCu = 2.1, where N is the Avogadro number, β is the Bohr magne-
ton, and kB is the Boltzmann constant]. Upon cooling, χMT of 
powdered samples and frozen-matrix methanol solutions of II.1 
remain constant until ca. 50 K and then it decreases abruptly to 
reach values of 0.22 and 0.18 cm3 mol–1 K respectively, at 2.0 K 
(Figure II.8). By comparison, χMT of powdered samples and fro-
zen-matrix methanol solutions of II.2 remains constant until ca. 
20 K and then it decreases slightly to reach values of 0.70 and 
0.75 cm3 mol–1 K respectively, at 2.0 K (Figure II.9). In addition, 
the powdered samples and frozen-matrix methanol solutions of 
II.1 show a χM maximum at 3.3 and 3.5 K respectively (inset of 
Figure II.8), which unambiguously supports the occurrence of a 
ground singlet (S = 0) spin state resulting from the antiferromag-
netic interaction between the two spin doublets (SCu = 1/2) of each 
CuII ion. Otherwise, the isothermal magnetization curves at 2.0 K 

of powdered samples and of frozen-matrix methanol solutions of 
II.2 are slightly below than that of the Brillouin function for two 
doublet spin states of two magnetically isolated CuII ions (SCu = 
1/2 with g = 2.1) (inset of Figure II.9). The similar magnetic be-
havior in the solid state and in solution for both II.1 and II.2 un-
ambiguously demonstrates that the magnetic coupling is intramo-
lecular in origin, the intermolecular interactions in the solid state, 
if any, being negligible. 

The analysis of the magnetic susceptibility data of II.1 and 
II.2, both in the solid state and in solution, was carried out 
through the spin Hamiltonian for a dinuclear copper(II) complex 
(eq II.1 with S1 = S2 = SCu = 1/2), where J is the magnetic cou-
pling parameter and g is the Zeeman factor of the CuII ions (g = g1 
= g2 = gCu). The least-squares fits of the experimental data through 
the well-known Bleaney-Bowers expression (eq II.2) gave –J = 
3.87(3) (II.1)/0.90(1) cm–1 (II.2) and g = 2.124(3) (II.1)/2.122(1) 
(II.2) with R = 1.5 × 10–5 (II.1)/1.0 × 10–5 (II.2) in the solid state, 
while they gave –J = 4.05(3) (II.1)/0.48(1) cm–1 (II.2) and g = 
2.105(3) (II.1)/2.105(1) (II.2) with R = 1.8 × 10–5 (II.1)/1.5 × 10–5 

(II.2) in solution (Table II.5). The theoretical curves match very 
well the experimental ones for II.1 and II.2 (solid lines in Figures 
II.8 and II.9). Otherwise, the slight deviations between the –J 
values in the solid state and in solution for II.2 may indicate very 
small variations of the molecular geometry in each medium. 

 H = –JS1 · S2 + gβ(S1 + S2)H (II.1) 

 χM = (2Nβ2g2/kBT) / [3 + exp(–J/kBT)] (II.2) 

The moderate antiferromagnetic coupling for II.1 (–J = 3.9–
4.1 cm–1) is quite remarkable given the large Cu–Cu separation 
across the two 4,4’-diphenylethynediamidate bridges (r ≈ 16.0 Å), 
and the –J values for II.1 are only slightly weaker than those re-
ported earlier for related oxamato-based dicopper(II) metallacy-
clophanes with 4,4’-diphenylene spacers (–J = 8.7–11.5 cm–1) 
having a rather shorter intermetallic distance (r = 12.2 Å).13b Even 
the antiferromagnetic coupling for II.2 (–J = 0.5–0.9 cm–1) is 
weak, it is non-negligible given the very long intermetallic dis-
tance through the two 1,4-di(4-phenylethynyl)phenylenediamidate 
bridges (r ≈ 22.0 Å). To our knowledge, II.2 is the exchange-
coupled dinuclear copper(II) complex with the largest intermetal-
lic distance for which EE effects has been evidenced. This case 
shows thus that one nanometer was definitely not the upper limit 
for the observation of magnetic coupling in dinuclear copper(II) 

 
Figure II.7 X-band EPR spectra of frozen-matrix acetonitrile solutions of II.1 (a) 
and II.2 (b) at 4.0 K. 

 

Table II.4 Selected EPR spectroscopic data for II.1 and II.2.a 

Compound gx
b gy

b gz
b 

II.1 2.044 (20) 
[0.0019] 

2.070 (5) 
[0.0005] 

2.240 (134) 
[0.0138] 

II.2 2.045 (10) 
[0.0010] 

2.065 (20) 
[0.0019] 

2.216 (143) 
[0.0148] 

a In acetonitrile solution at 4.0 K. b The values of the Zeeman factors (gi) and the 
hyperfine coupling constants (Ai) associated with the x, y, and z components of the 
allowed Ms = 0 → Ms = ±1 transitions of the excited triplet (S = 1) spin state were 
calculated by using the XSOPHE program. The calculated Ai values in G and cm–1 
units are given in parentheses and brackets, respectively. 
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complexes.2 At this respect, we have recently reported a quite rare 
p-triphenylenediamine-bridged dinuclear copper(II) complex 
possessing a similarly weak intramolecular antiferromagnetic 
coupling (J = –2.0 cm–1) but with a rather shorter intermetallic 
distance (r ≈ 16.4 Å).8f 

The moderate to weak, long-range antiferromagnetic coupling 
in II.1 and II.2 indicates that strongly delocalized π-type orbital 
pathways through the para-substituted diphenylethyne (II.1) and 
di(phenylethynyl)phenylene (II.2) spacers are involved, as previ-
ously observed for the related oxamato-based dicopper(II) metal-
lacyclophanes with para-substituted phenylene spacers which 
show a strong antiferromagnetic coupling (–J = 81-95 cm–1).13b 
This situation clearly contrasts with that predicted by Coffman 
and Buettner (–J < 1.0 cm–1 at r > 9.0 Å),2b showing thus that 
OPE spacers can act as effective antiferromagnetic wires for the 
propagation of EE interactions between two CuII ions separated by 
intermetallic distances larger than one nanometer. As a matter of 
fact, a slow rate of decay of the magnetic coupling with the num-
ber of phenylethyne repeated units on the organic spacer, –
C6H4(C≡CC6H4)n– (n = 0–2), is experimentally observed. So, the 
strong antiferromagnetic coupling across the p-phenylene spacers 
(n = 0) previously reported for the parent oxamato-based dicop-
per(II) paracyclophane (–J = 81–95 cm–1)13b is no more than 25- 
and 100-fold that those observed for II.1 (–J = 3.9–4.1 cm–1) and 
II.2 (–J = 0.5–0.9 cm–1) through the p-diphenylethyne (n = 1) and 
p-di(phenylethynyl)phenylene (n = 2) spacers, respectively. 

II.6 Theoretical Calculations 

Energy and molecular orbital calculations: distance de-
pendence of the magnetic coupling. DF energy calculations 
were performed in acetonitrile solution on the BS singlet (S = 0) 

and triplet (S = 1) spin states of the model complexes II.1–II.5 
with an imposed coplanar conformation of the para-substituted 
benzene rings connected by carbon-carbon triple bonds (ψ = 0°) 
and a perpendicular orientation of the benzene rings with respect 
to the copper mean basal planes (ϕ= 90°) (see Computational 
Details). Selected calculated structural and energy data are listed 
in Table II.6. 

For all these orthogonal model molecules with an ideal D2h 
symmetry (ψ = 0° and ϕ = 90°), the DF energy calculations 
showed a ground singlet spin state lying below the excited triplet 
spin state. The calculated value of the singlet-triplet energy gap 
for the orthogonal model complexes decreases when increasing 
the intermetallic distance. Nevertheless, two nanometers appears 
to be the upper limit for the observation of magnetic coupling (–J 
< 1.0 cm–1) in the longer homologues including several C≡C 
bonds in the OPE spacers, –C6H4(C≡CC6H4)n–. So, for instance, 
the DF energy calculations indicate an almost negligible singlet-
triplet energy gap between the two CuII ions separated by up to 
29.069 Å through the 4,4’-di(4-phenylethynyl)diphenylethyne 
spacers in II.3 (ΔEST = –J = 0.119 cm–1). 

Table II.5 Selected magnetic data for II.1 and II.2.a 

Compound Jb (cm–1) gc Rd × 10–5 

II.1 –3.87(3)  
[–4.05(3)] 

2.124(3)  
[2.105(3)] 

1.5  
[1.8] 

II.2 –0.90(1)  
[–0.48(1)] 

2.122(1)  
[2.105(1)] 

1.0  
[1.5] 

a In the solid state. The magnetic data in methanol solution are given in brackets. b 
Magnetic coupling parameter (see eq II.1). The calculated errors are given in paren-
theses. c Zeeman factor of the CuII ions (see eq II.1). The calculated errors are given 
in parentheses. d Agreement factor defined as R = ∑[(χMT)exp – 
(χMT)calcd]2/∑[(χMT)exp]2. 

 
Figure II.8 Temperature dependence of χMT of powdered samples (�) and frozen-
matrix methanol solutions (l) of II.1 under applied magnetic fields of 100 G (T < 
25 K) and 1.0 T (T ≥ 25 K). The inset shows the temperature dependence of χM of 
powdered samples (£) and frozen-matrix methanol solutions (n) of II.1. The solid 
lines are the best-fit curves (see text). 

 
Figure II.9 Temperature dependence of χMT of powdered samples (�) and frozen-
matrix methanol solutions (l) of II.2 under applied magnetic fields of 100 G (T < 
25 K) and 1.0 T (T ≥ 25 K). The solid lines are the best-fit curves (see text). The 
inset shows the field dependence of M of powdered samples (£) and frozen-matrix 
methanol solutions (n) of II.2 at 2.0 K. The solid line corresponds to the Brillouin 
curve for the sum of two doublet spin states (see text). 



Chapter II 

 25 

Concretly, the calculated singlet-triplet energy gap for the or-
thogonal model complexes II.1 and II.2 decreases when increas-
ing the intermetallic distance [ΔEST = –J = 10.399 (II.1) and 1.095 
cm–1 (II.2) for r = 15.095 (II.1) and 21.979 Å (II.2); Table II.6], 
as experimentally observed [ΔEST = –J = 10.399 (II.1) and 1.095 
cm–1 (II.2) for r = 15.095 (II.1) and 21.979 Å (II.2); Table II.6], 
as experimentally observed. The deviations between the calculat-
ed and the experimental –J values [–J = 3.9–4.1 (II.1) and 0.5–0.9 
cm–1 (II.2); Table II.5] are likely due to the loss of π-conjugation 
between the benzene rings by conformational rotation about the 
carbon-carbon triple bond (ψ ≠ 0°) and/or the loss of orthogonali-
ty between the benzene and the copper mean basal planes (ϕ ≠ 
90°), as shown earlier for the related oxamato-based dicopper(II) 
metallacyclophanes with 4,4’-biphenylene spacers.13b In fact, DF 
energy calculations on the actual structure of II.1 possessing an 
overall parallel-displaced π-stacked conformation of the two not 
exactly planar 4,4’-diphenylethyne spacers [ψ = 7.8(1)°; ϕ = 
56.4(1) and 58.4(1)°] gave a smaller singlet-triplet energy gap 
(ΔEST = –J = 6.1 cm–1) which is closer to the experimental one in 
the solid state (–J = 3.9 cm–1).13e 

The results of the DF calculations on the D2h-symmetric mod-
el complexes II.1–II.5 with extended π-conjugated OPE spacers, 

–C6H4(C≡CC6H4)n– (n = 1–5), are shown in Figure II.10 in terms 
of both structural and magnetic data. Together with a linear in-
crease in the estimated intermetallic distance (r), the calculated 
singlet-triplet energy gap (–J) decreases in an exponential manner 
with the number of phenylene repeat units (n = 1–5) connected by 
C≡C bonds along this series (solid lines in Figure II.10). The fit of 
the calculated magnetostructural data for II.1–II.5 provides a 
decay law of the exchange interaction with the intermetallic dis-
tance as –J = 1.08 × 103 exp(–0.31r) (Figure II.11). The calculated 
value of 0.31 Å–1 for the exponential factor is lower than that 
found in the related series of oxamato-based dicopper(II) metal-
lacyclophanes with p-substituted oligophenylene (OP) spacers 
(0.35 Å–1) (solid lines in Figure II.11).13b This indicates a higher 
efficiency on long-range magnetic coupling for the OPE spacers 
compared to the OP ones, suggesting thus that the inclusion of 
additional C≡C bonds between the benzene rings occurs without 
any loss of π-conjugated aromatic character. In fact, the calculated 
γ value for II.1–II.5 is identical to that found in the fully π-
conjugated β,β’-substituted oligoacene (OA) spacers (γ = 0.31 Å–

1), being significantly lower than that found in α,α’-substituted 
ones (γ = 0.45 Å–1) (solid lines in Figure II.11).13c However, no 
unique wire-like magnetic behavior was observed for II.1–II.5, as 
reported earlier for the longer members of the series of oxamato-
based dicopper(II) metallacyclophanes with fully π-conjugated 
OA spacers (Figure II.11).13c 

In contrast, the earlier relation obtained by Coffman and 
Buettner2b together with the more recent ones based on experi-
mental magnetostructural data on simple dicopper(II) complex-
es13b announce a dramatically faster decay of the magnetic cou-
pling with the intermetallic distance (γ = 1.5–1.8 Å–1). A notable 
exception is the series of oligo-p-phenylenediamine-bridged di-
copper(II) complexes recently reported by us showing a slow 
experimental decay rate of the magnetic coupling which is, how-

Table II.6 Selected calculated magnetostructural data for II.1–II.5.a 
Compound rb (Å) ΔEST

c (cm–1) νd (cm–1) 

II.1 15.266 10.399 927.54 
II.2 21.979 1.095 338.75 
II.3 29.069 0.119 120.98 
II.4 35.931 0.013 40.33 
II.5 42.833 0.002 16.13 

a DF calculations were performed on the BS singlet (S = 0) and triplet (S = 1) states 
of the D2h-symmetric model complexes II.1–II.5 (ϕ = 90° and ψ = 0°, see Compu-
tational Details). b Intermetallic distance. c Singlet-triplet energy gap (ΔEST = –J). d 
Energy gap between the two singly occupied molecular orbitals (SOMOs) for the 
triplet state. 

 
Figure II.10 Dependence of the calculated singlet-triplet energy gap (on a semilog 
scale) (�) and the intermetallic distance (£) for II.1–II.5 (data from Table II.6) 
with the number of repeating units in the OPE spacers, –C6H4(C≡CC6H4)n– (n = 1–
5). The experimental values of –J (l) and r (n) for powdered samples of II.1 and 
II.2 are also shown for comparison (data from Table II.5). The solid lines corre-
spond to the best-fit curves (see text). 

 
Figure II.11 Decay law of the calculated magnetic coupling (J) with the interme-
tallic distance (r) for II.1–II.5 (�) (data from Table II.6) compared with those of 
related oxamato-based dicopper(II) metallacyclophanes with p-substituted oligo-
phenylene (£) and α,α’- (r) or β,β’-substituted (s) oligoacene spacers. The inset 
shows the linear dependence of the calculated values of –J (l) with the square of 
the energy gap between the two SOMOs (δ) for II.1–II.5 (data from Table II.6). 
The solid lines correspond to the best-fit curves (see text). 
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ever, somewhat higher than that predicted by the DF calculations 
(γ = 0.37 vs. 0.18 Å–1).8f Fabre et al. have also reported the occur-
rence of strong exchange coupling interactions in RuIII

2 complex-
es with oligophenyl-, oligophenylethene-, and oligo-
phenylethynedicyanamido bridging ligands (γ = 0.10 Å–1),7k as 
predicted theoretically by  Ruiz et al. for related oligoacenedicy-
anamido-bridged MIII

2 complexes (M = Cr, Mn, and Fe).8b Once 
again, this reflects the large efficiency of π- vs. σ-type exchange 
pathways, as expected because of the larger spin delocalization 
and spin polarization contributions to the ground state electronic 
structure in the former case. 

Molecular orbital (MO) calculations on the D2h-symmetric 
model complexes II.1–II.5 evidence that the exchange interaction 
between the two unpaired electrons occupying the π-type dxy or-
bitals of the square planar CuII ions (‘magnetic orbitals’) and 
pointing toward the equatorial Cu–N and Cu–O bonds, is mainly 
transmitted through the π-bond system of the OPE spacers (see 
Figure II.2). This is nicely illustrated by the pair of singly occu-
pied molecular orbitals (SOMOs) for the triplet spin state of II.1 
and II.2, which show a high metal-ligand covalency and strongly 
ligand delocalized character (Figure II.12). These two pairs of 
SOMOs, noted b1g and b2u* (II.1) or alternatively b2u and b1g* 
(II.2), are composed by the symmetric and antisymmetric combi-
nations of the dxy(Cu) orbitals mixed with the corresponding com-
binations of appropriate symmetry of the two π-type orbitals of 
the diphenylethyne (II.1) and di(phenylethynyl)phenylene (II.2) 
spacers, which are in turn made up of pz(C) orbitals of the sp2- 
and sp-type carbon atoms from the benzene rings and from the 
ethyne groups, respectively. As expected, the energy separation 
(δ) between the two SOMOs for the triplet spin state of II.1–II.5 
decreases continuously along this series (Table II.6), in such a 
way that the calculated –J values vary fairly well with the square 
of δ as –J = 12.0 × 10–6 δ2 (inset of Figure II.11), according to the 

simplest orbital models of the electron exchange interaction.2a 
This situation reflects the similar decrease of the dxy(Cu)/π(L) 
metal-ligand orbital mixing for II.1–II.5 and the smaller delocali-
zation of the unpaired electrons of the CuII ions onto the π-
conjugated electron system of the OPE spacers with the increasing 
number of phenylethyne units (n) from 1 to 5 along this series. 

Spin density analysis: spin delocalization vs. spin polariza-
tion mechanism. Spin densities obtained by natural bond orbital 
(NBO) analysis on the BS singlet state of II.1 and II.2 reflect the 
relative importance of spin delocalization and spin polarization 
effects for the propagation of the exchange interaction between 
the unpaired electrons of the two metal centers through the π-type 
orbital pathways of the p-diphenylethyne (II.1) and p-
di(phenylethynyl)phenylenediamidate (II.2) bridges (Figure 
II.13). 

 
Figure II.12 Perspective views of the calculated magnetically active SOMOs for 
the triplet spin state of II.1 (a) and II.2 (b). The isodensity surface corresponds to a 
cutoff value of 0.04 e bohr–3. 

 
Figure II.13 Perspective views of the calculated spin density distribution for the 
BS singlet spin state of II.1 (a) and II.2 (b). Yellow and blue contours represent 
positive and negative spin densities, respectively. The isodensity surface corre-
sponds to a cutoff value of 0.001 e bohr–3. 

 
Figure II.14 Projection view of the spin density distribution on the oligo(p-
phenylene-ethynylene)diamidate bridges for the BS singlet spin state of II.1 (a) and 
II.2 (b) with the calculated atomic spin density values (in e units). Empty and full 
circles represent positive and negative spin densities respectively, with scaled 
surface areas. 
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The values of the spin density at the amidate-nitrogen atoms 
are important [±0.101 (II.1) and ±0.100 e (II.2)] and, moreover, 
they have the same sign as in the copper atoms to which they are 
coordinated [±0.564 (II.1) and ±0.565 e (II.2)] (Figure II.14). 
This fact indicates that the spin delocalization from the metal 
toward the amidato donor groups dominates over the spin polari-
zation because of the strong covalency of the Cu–N bonds. In 
contrast, the sign alternation of the spin density at the carbon at-

oms of the p-diphenylethyne- (II.1) and p-
di(phenylethynyl)phenylene (II.2) spacers agrees with a spin po-
larization by the amidate-nitrogen atoms, as reported earlier for 
the related dicopper(II) metallacyclophane with p-
phenylenediamidate bridges.13b So, the values of the spin density 
of opposite sign on the adjacent sp2-type carbon atoms of the two 
terminal benzene rings [from ±0.013 to ±0.020 e (II.1) and from 
±0.012 to ±0.019 e (II.2)] are as important as those at the sp-type 
carbon atoms from the ethyne groups [±0.013 (II.1) and ±0.008 e 

 
Figure II.15 Perspective views of the two calculated pairs of optically active LUMOs and HOMOs involved in the intraligand π–π* transitions for the triplet spin state of II.1–
II.5 (a)-(e). The orbital energies (in a.u.) and the transition contribution percentages are given in parentheses and brackets, respectively. The isodensity surface corresponds to a 
cutoff value of 0.04 e bohr–3. 



Chapter II 

 28 

(II.2)] (Figure II.14). This situation evidences the partial preserva-
tion of the π-conjugation with the incorporation of additional C≡C 
bonds connecting the phenylene groups into the OPE spacers for 
II.1 and II.2. Indeed, the values of the spin density at the sp2-type 
carbon atoms of the central benzene ring in II.2 are smaller but 
nonnegligible [±0.003 e] (Figure II.14), as expected because of 
the appreciable attenuation of the spin delocalization with the 
incorporation of an additional phenylene group into the OPE 
spacers. Hence, a net decrease of the antiferromagnetic exchange 
interaction results with the successive incorporation of additional 
phenylethyne units into the OPE spacers, as experimentally ob-
served for II.1 and II.2 and theoretically predicted for II.1–II.5. 

Transition energy and molecular orbital calculations: dis-
tance dependence of intraligand optical transitions. TD-DF 
calculations were performed in acetonitrile solution on the BS 
singlet (S = 0) and triplet (S = 1) spin states of the D2h-symmetric 
model complexes II.1–II.5 (see Computational Details). Selected 
calculated structural and transition energy data are listed in Table 
II.7. 

The most remarkable feature of the calculated electronic spec-
tra for both the BS singlet and triplet states of the orthogonal 
model complexes II.1–II.5 is the presence of an intense UV band 
of IL nature, whose energy decreases when increasing the inter-
metallic distance along this series. Hence, the calculated values of 
the transition energy for both the BS singlet and triplet spin states 
decrease from II.1 [λmax = 34130 (S = 0) and 34602 nm (S = 1)] to 
II.2 [λmax = 29412 (S = 0) and 29674 nm (S = 1)] (Table II.7), as 
experimentally observed [λmax = 32468 (II.1) and 31646 nm 
(II.2); Table II.3]. Overall, this indicates that the correlation 
length increases with the number of phenylethyne units in the 
diphenylethyne (II.1) and di(phenylethynyl)phenylene spacers 
(II.2). The deviations between the calculated and experimental 
values of the bathochromic shift are likely due to the varying loss 
of π-conjugation among the benzene rings by conformational 
rotation about the carbon-carbon triple bond (ψ ≠ 0°), as reported 
earlier in related theoretical studies on purely organic, amino-
terminated OPE derivatives.15c 

Table II.7 Selected calculated spectrostructural data for II.1–II.5.a 

Compound rb (Å) λmax
c (nm)  

  S = 0 S = 1 
II.1 15.266 293 (1.24) 

[34130] 
289 (1.08) 
[34602] 

II.2 21.979 340 (2.60) 
[29412] 

337 (1.94) 
[29674] 

II.3 29.069 368 (3.14) 
[27174] 

365 (1.73) 
[27397] 

II.4 35.931 385 (3.69) 
[25974] 

380 (2.88) 
[26316] 

II.5 42.833 399 (2.38) 
[25063] 

394 (1.65) 
[25381] 

a TD-DF calculations were performed on the BS singlet (S = 0) and triplet (S = 1) 
states of the D2h-symmetric model complexes II.1–II.5 (θ = 90° and φ = 0°, see 
Computational Details). b Intermetallic distance. c Intraligand transition wave-
number. The values of the oscillator strength (f) and the transition energy (cm–1) are 
given in parentheses and brackets, respectively. 

 

 

Figure II.16 Simplified MO diagram of the π bonding interaction between the 
symmetric and antisymmetric combinations of the ligand πa and πb and the metal 
dxy and dx2-y2 FMOs for II.1. The dinuclear metallacyclophane skeleton is shown 
for the sake of clarity. The open arrows correspond to the intraligand π–π* transi-
tions between the optically active HOMOs and LUMOs. The boxed structure shows 
the magnetically active SOMOs. 
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This intense UV band in the calculated electronic spectra of 
II.1–II.5 have two main contributions corresponding to the IL π–
π* transitions from the highest occupied molecular orbitals (HO-
MOs), ag and b2u (II.1, II.3, and II.5) or alternatively b3u and b1g 
(II.2 and II.4), to the lowest unoccupied molecular orbitals (LU-
MOs), b3u* and b1g* (II.1, II.3, and II.5) or alternatively ag* and 
b2u* (II.2 and II.4). The MO composition and energy data of the 
transitions for the triplet spin state of II.1–II.5 are depicted in 
Figure II.15. 

In terms of the ligand field theory, this situation can be de-
scribed through the π bonding interaction between the fragment 
molecular orbitals (FMOs) of the OPE spacers (πa and πb) and 
those of the metal centers (dxy and dx2-y2), as illustrated for II.1 in 
Figure II.16. So, the two optically active HOMO/LUMO pairs of 
mainly ligand-based nature, noted ag/b3u* and b2u/b1g*, are com-
posed by the symmetric and antisymmetric combinations of the 
out-of-plane, filled πa and unfilled πb FMOs of the two facing 
diphenylethyne spacers respectively, which are in turn made up of 
pz orbitals of the sp2- and sp-type carbon atoms from the benzene 
rings and from the ethyne groups of bonding (πa) and antibonding 
(πb) character. Yet they possess a varyingly small but non-
negligible metal contribution resulting from the π-type interaction 
with the in-plane, filled dxy and half-filled dx

2
-y

2 FMOs of the cop-
per centers of appropriate symmetry.  

The results of the TD-DF calculations on the BS singlet (S = 
0) and triplet (S = 1) spin states of the D2h-symmetric model com-
plexes II.1–II.5 with extended π-conjugated OPE spacers, –
C6H4(C≡CC6H4)n– (n = 1–5), are shown in Figure II.17 in terms 
of both transition and MO energy data. The calculated values of 
the IL π–π* transition wavenumber (λmax) increase asymptotically 
when increasing the correlation length along this series for both 
the BS singlet and triplet spin states. As expected, a parallel de-
crease of the calculated values of the HOMO-LUMO energy gap 

(Δ) corresponding to the two individual transitions, ag → b3u* and 
b2u → b1g* (II.1, II.3, and II.5) or alternatively b3u → ag* and b1g 
→ b2u* (II.2 and II.4), occurs for the triplet spin state of II.1– 
II.5. The fit of the calculated spectrostructural data for the BS 
singlet and triplet spin states of II.1– II.5 provides a linear decay 
law of the IL π–π* transition energy with the reciprocal interme-
tallic distance as νmax = 1.99 × 104 + 2.15 × 105 (1/r) (S = 0) or ν = 
2.01 × 104 + 2.18 × 105 (1/r) (S = 1) (Figure II.18), in such a way 
that the calculated νmax values vary almost linearly with Δ as νmax 
= 5.7 + 0.90 × 103Δ and νmax = –9.7 + 1.52 × 103Δ (inset of Figure 
II.18). 

This situation reflects the effects of the successive incorpora-
tion of additional phenylethyne units on the π-conjugation into the 
linear OPE spacers, as exemplified by the longer homologue of 
this series which shows a strong ligand delocalized character for 
the two pairs of optically active HOMOs and LUMOs (Figure 
II.15e). So, the pair of HOMOs for the triplet spin state of II.5, 
noted ag and b2u, are made up by the symmetric and antisymmet-
ric combinations of the bonding πa orbitals of the two facing OPE 
spacers, which are weakly mixed with the corresponding combi-
nations of appropriate symmetry of the dxy and dx2-y2 metal orbit-
als, respectively. The pair of LUMOs for the triplet spin state of 
II.5, noted b3u* and b1g*, are composed by the symmetric and 
antisymmetric combinations of the antibonding πb orbitals of the 
two facing OPE spacers, which are weakly mixed with the corre-
sponding combinations of appropriate symmetry of the dxy and 
dx2-y2 metal orbitals, respectively. All of them evidence a signifi-
cant delocalization onto the pz(C) orbitals of the benzene rings 
and the ethyne groups that is directly responsible for the proposed 
molecular wire behavior of extended π-conjugated OPEs.15c 

 
Figure II.17 Dependence of the calculated intraligand transition wavenumber 
(λmax) for the BS singlet (�) and triplet (l) spin states of II.1–II.5 (data from Table 
II.7) and the HOMO-LUMO energy gap (Δ) of the two optically active ag/b3u* (£) 
and b2u/b1g* (n) pairs for the triplet spin state of II.1–II.5 (data from Figures II.14 
and II.15, Supporting Information) with the number of repeating units in the OPE 
spacers, –C6H4(C≡CC6H4)n– (n = 1–5). The solid lines are guides for the eyes. 

 
Figure II.18 Decay law of the calculated intraligand transition energy (νmax) with 
the reciprocal intermetallic distance (1/r) for the BS singlet (�) and triplet (l) spin 
states of II.1–II.5 (data from Table II.7). The experimental values of the intraligand 
transition energy (l) for II.1 and II.2 in acetonitrile solution are also shown for 
comparison (data from Table II.3). The inset shows the linear dependence of the 
calculated νmax values () with the HOMO-LUMO energy gap (Δ) of the two 
optically active ag/b3u* (£) and b2u/b1g* (n) pairs for the triplet spin state of II.1–
II.5 (data from Figures II.15 and II.17). The solid lines correspond to the best-fit 
curves (see text). 
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II.7 Concluding Remarks 

In this paper, we present a density functional study on long-
range magnetic and electronic coupling through extended π-
conjugated aromatic spacers in a new family of dicopper(II) 
metallacyclophanes consisting of two square planar 
bis(oxamato)copper(II) spin-bearing sites separated by two linear 
oligo(p-phenylene-ethynylene) (OPE) spacers, –
C6H4(C≡CC6H4)n– (n = 1–5). Because of their planar configura-
tion, a strong orbital overlap between the pz-type orbitals of the 
para-substituted benzene rings across the carbon-carbon triple 
bonds occurs along the p-phenylethyne repeated units of the OPE 
spacers, as evidenced by the linear increase of the intraligand (IL) 
π–π* transition energy with the reciprocal correlation length along 
this series. Hence, a unusual π-type orbital pathway is available 
for the propagation of antiferromagnetic interactions between the 
unpaired electrons occupying the dxy-type orbitals of the two met-
al centers through the extended π-conjugated OPE spacers, which 
are disposed perpendicularly to the metal basal planes as a result 
of the overall orthogonal molecular geometry. On the other hand, 
the rather low exponential decay of the antiferromagnetic cou-
pling with the intermetallic distance along this series indicates that 
the electron exchange (EE) through linear OPE spacers follows a 
spin polarization mechanism. This conclusion is further supported 
by the presence of non-negligible spin densities of alternating sign 
on the bridge in the calculations on the broken-symmetry (BS) 
singlet states. Based on this combined experimental and computa-
tional study, we then propose that linear OPE spacers can act as 
effective antiferromagnetic wires between two CuII ions separated 
by up to 3.0 nm.  

II.8 Experimental Section 

Materials. All chemicals were of reagent grade quality, and 
they were purchased from commercial sources and used as re-
ceived. 4,4'-Diphenylethynediamine and 1,4-di(4-
phenylethynyl)phenylenediamine were prepared as reported in the 
literature.15a 

Preparations. Et2H2dpeba:  Triethylamine (1.4 mL, 10.0 
mmol) and ethyl oxalyl chloride ester (1.2 mL, 10.0 mmol) were 
added to a solution of 4,4'-diphenylethynediamine (1.0 g, 5.0 
mmol) in THF (150 mL) under vigorous stirring. The reaction 
mixture was heated under reflux for 3 h at 80 ºC. The yellow solid 
was collected by filtration, washed thoroughly with water to re-
move the precipitate of Et3NHCl, and then with acetone and di-
ethyl ether, and dried under vacuum (1.6 g, 78% yield). Anal. 
Calcd for C22H20N2O6: C, 64.70; H, 4.94; N, 6.86. Found: C, 
64.77; H, 4.97; N, 6.82. 1H NMR (C2D6SO): δ 1.31 (t, 6 H, 2 
CH3), 4.30 (q, 4 H, 2 CH2O), 7.55 (d, 4 H, 2–H, 6–H, 2’–H, and 
6’–H), 7.80 (d, 4 H, 3–H, 5–H, 3’–H, and 5’–H), 10.95 (s, 2 H, 2 
NH). IR (KBr): 3335 (N–H), 2208 (C≡C), 1729, 1705 cm–1 
(C=O). 

Et2H2tpeba: Triethylamine (1.4 mL, 10.0 mmol) and ethyl 
oxalyl chloride ester (1.2 mL, 10.0 mmol) were added to a solu-
tion of 1,4-di(4-phenylethynyl)phenylenediamine (1.5 g, 5.0 
mmol) in THF (150 mL) under vigorous stirring. The reaction 
mixture was heated under reflux for 3 h at 80 ºC. The yellow solid 
was collected by filtration, washed thoroughly with water to re-
move the precipitate of Et3NHCl, and then with acetone and di-
ethyl ether, and dried under vacuum (2.0 g, 80% yield). Anal. 
Calcd for C30H24N2O6: C, 70.86; H, 4.76; N, 5.51. Found: C, 
70.77; H, 4.82; N, 5.52. 1H NMR (C2D6SO): δ 1.33 (t, 6 H, 2 
CH3), 4.33 (q, 4 H, 2 CH2O), 7.56 (d, 4 H, 2’–H, 6’–H, 2’’–H, and 
6’’–H), 7.81 (d, 4 H, 3’–H, 5’–H, 3’’–H, and 5’’–H), 10.96 (s, 2 
H, 2 NH). IR (KBr): 3335 (N–H), 2217 (C≡C), 1725, 1698 cm–1 
(C=O). 

(nBu4N)4[Cu2(dpeba)2] · 4MeOH · 2Et2O (II.1): A 1.0 M 
methanolic solution of nBu4NOH (4.0 mL, 4.0 mmol) was added 
to a suspension of Et2H2dpeba (0.41 g, 1.0 mmol) in 20 mL of 
methanol under gentle warming. A methanol solution (10 mL) of 
Cu(ClO4)2 . 6H2O (0.37 g, 1.0 mmol) was then added dropwise 
under stirring. The resulting mixture was filtered to remove the 
small amount of solid particles and the solvent was removed un-
der vacuum. The dark green solid was recuperated with THF, 
collected by filtration, washed thoroughly with THF to remove 
the precipitate of nBu4NClO4, and air dried. Recrystallization 
from a methanol solution gave dark green prisms of II.1 suitable 
for single-crystal X-ray diffraction upon layering of diethyl ether 
(0.72 g, 70% yield). Anal.: calcd for C100H160Cu2N8O12: C, 66.97; 
H, 8.99; N, 6.25. Found: C, 65.31; H, 9.38; N, 6.91. IR (KBr): 
2207 (C≡C), 1685, 1648 cm–1 (C=O).  

(nBu4N)4[Cu2(tpeba)2] ⋅  12H2O (II.2): A 1.0 M methanolic 
solution of nBu4NOH (4.0 mL, 4.0 mmol) was added to a suspen-
sion of Et2H2tpeba (0.51 g, 1.0 mmol) in 20 mL of methanol un-
der gentle warming. A methanol solution (10 mL) of Cu(ClO4)2 . 

6H2O (0.37 g, 1.0 mmol) was then added dropwise under stirring. 
The resulting mixture was filtered to remove the small amount of 
solid particles and the solvent was removed under vacuum. A 
microcrystalline dark green solid of II.2 was recuperated with 
THF, collected by filtration, washed thoroughly with THF to re-
move the precipitate of nBu4NClO4, and air dried (0.70 g, 65% 
yield). Anal.: calcd for C116H192Cu2N8O24: C, 63.05; H, 8.76; N, 
5.07. Found: C, 63.37; H, 8.63; N, 4.92. IR (KBr): 2208 (C≡C), 
1672, 1655, 1649 cm–1 (C=O). 

Physical techniques. Elemental analyses (C, H, N) were per-
formed at the Servicio Central de Soporte a la Investigación 
(SCSIE) at the Universitat de València (Spain). 1H NMR spectra 
were recorded at room temperature on a Bruker AC 200 (200.1 
MHz) spectrometer. Deuterated dimethylsulphoxide was used as 
solvent and internal standard (δ = 2.50 ppm). FT–IR spectra were 
recorded on a Nicolet-5700 spectrophotometer as solid KBr pel-
lets. Electronic absorption spectra were recorded on acetonitrile or 
dimethylsulphoxide solutions at room temperature with an Agilent 
Technologies-8453 spectrophotometer equipped with a UV–Vis 
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Chem Station. X-band (ν = 9.47 GHz) EPR spectra were recorded 
on frozen-matriz acetonitrile solutions at 4.0 K under non-
saturating conditions with a Bruker ER 200 D spectrometer 
equipped with a helium cryostat. 

Magnetic measurements. Variable-temperature (2.0–300 K) 
magnetic susceptibility measurements and variable-field (0–5.0 T) 
magnetization measurements at 2.0 K were carried out on pow-
dered samples with a SQUID magnetometer. The magnetic sus-
ceptibility data at low temperatures (T < 25 K) were measured 
under a very low applied magnetic field (H = 100 G) in order to 
avoid saturation effects. 

Variable-temperature (2.0–150 K) magnetic susceptibility 
measurements on frozen-matrix methanol solutions were per-
formed with the same SQUID magnetometer. Two quartz tubes of 
suprasil quality (8 cm height × 5 mm outer diameter with 0.5 mm 
wall thickness) were placed together in vertical position, the top 
tube containing the sample in methanol (8 mm is the height of the 
solution) and the bottom one being open on both sides. The two 
tubes fit perfectly in the plastic straw normally used in the SQUID 
devices. Placing the two tubes one on the top of the other in a 
vertical manner minimizes their magnetic contribution. At that 
respect, it is very illustrative that the two empty tubes placed in 
the plastic straw under an applied magnetic field of 1.0 T gave an 
almost negligible magnetic signal (less than 5.0 × 10–6 cm3). The 
experimental data were corrected for the diamagnetic contribu-
tions of the constituent atoms and the sample holder and/or the 
methanol solvent (24000 × 10–6 cm3 mol–1), as well as for the 
temperature-independent paramagnetism (tip) of the two CuII ions 
(120 × 10–6 cm3 mol–1). 

Crystal structure data collection and refinement. Single-
crystal X-ray diffraction data of II.1 were collected on a Bruker-
Nonius X8APEXII CCD area detector diffractometer using graph-
ite-monochromated Mo-Kα radiation. All calculations for data 
reduction, structure solution, and refinement were done through 
the SAINT19 and SADABS20 programs. The structure of II.1 was 
solved by direct methods and subsequently completed by Fourier 
recycling using the SHELXTL software package.21 All non-
hydrogen atoms were refined anisotropically. The hydrogen atoms 
were set in calculated positions and refined as riding atoms. The 
final geometrical calculations and the graphical manipulations 
were carried out with PARST9722 and CRYSTAL MAKER23 
programs, respectively. 

Crystallographic data (excluding structure factors) for the 
structure reported in this paper have been deposited with the 
Cambridge Crystallographic Data Centre as supplementary publi-
cation CCDC no. 831325 (II.1). Copies of the data can be ob-
tained free of charge on application to CCDC, 12 Union Road, 
Cambridge CB21EZ, UK (fax: (+44) 1223-336-033; e-mail: de-
posit@ccdc.cam.ac.uk). 

II.9 Computational Details 

The molecular geometries of the model complexes II.1–II.5 
with D2h molecular symmetry were not optimized, but their bond 
lengths and interbond angles were taken from the crystal structure 
of 1 with an imposed coplanar conformation of the phenylene 
rings in the OPE spacers (ψ = 0°) and a perpendicular orientation 
of the phenylene rings with respect to the copper mean basal 
planes (ϕ = 90°). 

Density functional (DF) and time-dependent density function-
al (TD-DF) calculations were carried out on the broken-symmetry 
(BS) singlet and triplet spin states of the D2h-symmetric model 
complexes II.1–II.5 in acetonitrile solution using the hybrid 
B3LYP method24 combined with the “broken-symmetry” ap-
proach,25 as implemented in the Gaussian 09 program.26 The tri-
ple- and double-ζ quality basis sets proposed by Ahlrichs and co-
workers27 were used for the metal and non-metal atoms, respec-
tively. The calculated spin density data were obtained from Natu-
ral Bond Orbital (NBO) analysis.28 Solvation effects were intro-
duced using a polarizable continuum model (PCM), where the 
cavity is created via a series of overlapping spheres,29 in order to 
accurately calculate the energy data of the frontier molecular or-
bitals as well as the transition energy data and transition strength 
force constants, which were deduced from transition electric di-
pole moments. 
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On the road to molecular charge storage devices: a 
first prototype of dicopper(II) metallacyclophane-based 
molecular magnetic capacitor is reported which exhibits 
a dual metal- and ligand-centered, multielectron redox 
behavior involving 1 e– oxidation of the antiferromag-
netically coupled CuII ions and 2 e– reduction of the 
weakly interacting anthraquinone spacers in a π-stacked 
anti conformation. 

 

 



Chapter III 

 
37 

III.1 Introductory Aspects 

Redox-active (“non-innocent”) ligands have long been recognized 
in coordination chemistry.1 Dithiolenes, diimines, diamines, and 
catecholates have a distinctive ability to form radical ligand spe-
cies when coordinated to transition metal ions.2 The design and 
synthesis of new classes of non-innocent aromatic bridging lig-
ands that are able to self-assemble with redox-active, paramag-
netic transition metal ions have experienced a renewed interest in 
supramolecular coordination chemistry (so-called metallosupra-
molecular chemistry).3,4 

Metallosupramolecular complexes containing multiple ligand- 
and/or metal-based, spin containing electrophores are of large 
interest as potential single-molecule devices for charge storage 
applications in the emerging field of molecular spintronics.5 To-
ward this goal, we are developing new functional metallacyclic 
complexes of paramagnetic first-row transition metal ions and 
quinoid-type aromatic dioxamato bridging ligands that would 
possess both metal- and ligand-centered electrochemical activity 
because of the strong σ-donor ability (basicity) of the oxamato 
donor groups6 and the π-acceptor character of the quinone moie-
ties.7 In particular, our current studies rely on the well-recognized 
ability of the non-innocent anthraquinone (AQ) derivatives to 
impart an additional reducible capacity to the oxidizable metal 
centers in their oxamato-based metallacyclic complexes.4 So, the 
reduction of AQ in aprotic solvents involves two sequential and 
reversible one-electron transfer steps to give the corresponding 
semiquinonate-type ASQ•– π-radical anion and catecholate-type 
ACAT2– dianion (Figure III.1).8 

Here we report the synthesis, structural and spectroscopic 
characterization, magnetic and electrochemical properties, and 
theoretical calculations of two new dinuclear copper(II) metal-
lacyclophanes of formulas (nBu4N)4[CuII

2(1,4-quanba)2] · 
2MeCN · 2Et2O (III.1a) and (Ph3EtP)4[CuII

2(1,4-quanba)2] · 
20H2O (III.1b), where H4-1,4-quanba is the non-innocent N,N’-
1,4-bis(oxamic acid)-9,10-anthraquinone bridging ligand (Figure 
III.1 with X = NCOCO2). Complexes III.1a and III.1b constitute 
the first members of a novel class of exchange-coupled, anthra-
quinone-based dicopper(II) metallacyclophanes, referred to as 
dicopper(II) anthraquinophanes, which exhibits a multielectron 
transfer behavior featuring one-electron oxidation of the antifer-
romagnetically coupled CuII ions and two-electron reduction of 
the anthraquinone spacers, as reported in a preliminary communi-

cation (see second communication in Appendices).4d This dual 
ligand- and metal-based character of the redox processes in III.1a 
and III.1b has been confirmed by density functional (DF) calcula-
tions, which allow identifying the nature of the electroactive mo-
lecular orbitals in each case. 

Based on these experimental and theoretical exploratory stud-
ies, we suggest that dicopper(II) anthraquinophanes can act as 
effective multielectron reservoirs for the development of a new 
class of charge storage spintronic devices, referred to as molecular 
magnetic capacitors (Figure III.2). A molecular magnetic capaci-
tor is defined as an electroactive (oxidable and reducible) mole-
cule with several chemically accessible oxidation levels at the 
exchange-coupled spin carriers that can store and deliver an elec-
tric charge. In this case, the charging and decharging processes 
can be regarded as the disproportionation equilibrium reaction of 
the dicopper(II) anthraquinophane. That being so, the overall 
efficiency of a metallacyclophane-based molecular magnetic ca-
pacitor depends on the available number of oxidation (nox) and 
reduction equivalents (nred), as well as the magnitude of the com-
proportionation constant (Kc) (that is, a molecular magnetic ca-
pacitor is characterized by small Kc and large nox and nred values). 

III.2 Synthesis of the Ligand and Complexes 

The ligand was prepared from the straightforward condensation of 
the corresponding commercially available 1,4-diamine-9,10-
anthraquinone precursor with ethyl oxalyl chloride ester (1:2 
molar ratio) in presence of triethylamine as base in tetrahydro-
furane (Figure III.3a). It was isolated as the diethyl ester acid 

 

Figure III.2 Illustration of the charge storage magnetic behavior in redox-active 
dicopper(II) metallacyclophanes featuring 1,4-substituted 9,10-
anthraquinonebis(oxamate) π-radical anions as bridging ligands. 

 

 

 

Figure III.1 Redox equilibria of anthraquinone derivatives in aprotic media. 
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derivative Et2H2-1,4-qanba in very good yields (90%) (see Expe-
rimental Section). 

The corresponding dinuclear copper(II) complexes III.1a and 
III.1b were isolated as its tetra-n-butylammonium and triphe-
nylethylphosphonium salts, respectively (see Experimental Sec-
tion). Complex III.1a was prepared by the one-step reaction of 
the corresponding Et2H2-1,4-qanba proligand with copper(II) 
perchlorate (2:2 molar ratio) by using tetra-n-butylammonium 
hydroxide as base in methanol (Figure III.3b). Complex III.1b 
was then synthesized by two successive steps from the metathesis 
of the tetra-n-butylammonium salt III.1a with triphenylethylp-
hosphonium bromide in water/acetonitrile through the intermedi-
acy of the silver(I) salt (Figure III.3c and d). Complexes III.1a 
and III.1b were soluble in protic solvents like water and methanol 
but they were sparingly soluble aprotic solvents such as acetonitri-
le or dichloromethane. X-ray quality single crystals of III.1a and 
III.1b were obtained by liquid-vapor diffusion of diethylether 
over acetronitrile/methanol solutions of the compounds.  

The chemical identity of the ligand and complexes was de-
termined by elemental analysis together with 1H NMR and FTIR 
spectroscopies (see Experimental Section and Appendices). The 
structures of III.1a and III.1b were further confirmed by single-
crystal X-ray diffraction. A summary of the crystallographic data 
of III.1a and III.1b is given in Table III.1, while selected bond 
distances and interbond angles are listed in Tables III.2 and III.3, 
respectively. 

III.3 Description of the Structures 

The crystal structures of III.1a and III.1b consist on double-
stranded dicopper(II) anions with a crystallographically imposed 
C2h (III.1a) or Ci (III.1b) molecular symmetry, [CuII

2(µ-κ2:κ2-

1,4-quanba)2]4– (Figures III.4 and III.5), together with tetra-n-
butylammonium (III.1a) or triphenylethylphosphonium (III.1b) 
cations, and highly disordered acetonitrile and diethyl ether mole-
cules of crystallization (III.1a) (see Experimental Section).  

The Cu(1) atom of III.1a and III.1b adopts a four-coordinate 
twisted geometry with alternating helical chiralities (named RS-
stereoisomers), leading thus to an overall achiral dicopper(II) 
metallacyclophane of the double mesocate-type (Figures III.4a 
and III.5a). The values of the tetrahedral twist angle (τ) between 

 

Figure III.3 Synthetic procedure for the Et2H2-1,4-qanba proligand and the tetra-n-
butylammonium and triphenylethylphosphonium salts of the [CuII

2(1,4-qanba)2]4– 
complex: (a) C2O2Cl(OEt), Et3N, THF; (b) nBu4NOH, Cu(ClO4)2, CH3OH; (c) Ag-
NO3, H2O; (d) Ph4PCl, H2O/CH3CN. 

Table III.3 Selected bond distances (Å) and interbond angles (°) for III.1b.a,b 

Cu(1)–N(1) 1.995(3) Cu(1)–N(2)I 1.976(3) 

Cu(1)–O(3)I 1.971(3) Cu(1)–O(6) 1.970(3) 

N(1)–Cu(1)–N(2)I 109.31(13) N(1)–Cu(1)–O(3)I 167.25(12) 

N(1)–Cu(1)–O(6) 82.70(13) N(2)I–Cu(1)–O(3)I 83.15(13) 

N(2)I–Cu(1)–O(6) 166.69(13) O(3)–Cu(1)–O(6)I 85.20(13) 

 a The estimated standard deviations are given in parentheses. b Symmetry code: (I) = 

– x, – y, – z. 

 

Table III.1 Summary of crystallographic data. 

 III.1a III.1b 

formula C112H176Cu2N10O18 C116H132Cu2N4O36P2 

M (g mol–1) 2077.71 2409.22 

crystal system tetragonal triclinic 

space group P42/m P–1 

a (Å) 14.8420(10) 12.260(5) 

b (Å) 14.8420(10) 14.377(5) 

c (Å) 25.8161(18) 19.854(5) 

α (°) 90.00 102.024(5) 

β (°) 90.00 98.905(5) 

γ (°) 90.00 113.657(5) 

V (Å3) 5686.9(7) 3022.1(18) 

Z 2 2 

ρcalc (g cm–3) 1.213 1.324 

µ (mm–1) 0.441 0.485 

T (K) 100(2) 293(2) 

indep. reflect. 3281 12467 

obs. reflect. [I > 2σ(I)] 2959 8205 

R1
a [I > 2σ(I)] (all) 0.0553 (0.0604) 0.0776 (0.1197) 

wR2
b [I > 2σ(I)] (all) 0.1656 (0.1696) 0.2221 (0.2454) 

Sc 1.229 1.504 

a R1 = ∑(|Fo| – |Fc|)/∑|Fo|. b wR2 = [∑w(|Fo| – |Fc|)2/∑w|Fo|2]1/2. c S = [∑w(|Fo| – 

|Fc|)2/(No – Np)]1/2. 

 Table III.2 Selected bond distances (Å) and interbond angles (°) for III.1a.a,b 

Cu(1)–N(1) 1.963(3) Cu(1)–O(1) 1.944(2) 

N(1)–Cu(1)–N(1)II 109.81(18) N(1)–Cu(1)–O(1) 83.10(11) 

N(1)–Cu(1)–O(1)II 162.40(12) O(1)–Cu(1)–O(1)II 87.16(15) 

 a The estimated standard deviations are given in parentheses. b Symmetry code: (I) = 

– x, – y + 1,  z. 
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the Cu(1)N(1)O(1) and Cu(1)N(1)IIO(1)II planes are 20.1(1) 
(III.1a) and 7.2(1)º (III.1b) (τ = 0 and 90° for ideal square planar 
and tetrahedral geometries, respectively). The CuN2O2 environ-
ment at each metal ion is built by two amidate-nitrogen and two 
carboxylate-oxygen atoms from the chelating oxamato donor 
groups of the 1,4-quanba4– bridging ligands. The average values 
of the Cu–N distances [1.963(3) (III.1a) and 1.986(3) Å (III.1b)] 
are slightly greater than those of the Cu–O ones [1.944(2) (III.1a) 
and 1.971(3) Å (III.1b)], while the values of the N–Cu–N angles 
[109.81(18) (III.1a) and 109.3(1)° (III.1b)] are significantly 
greater than those of the O–Cu–O ones [87.16(15) (III.1a) and 
85.3(1)° (III.1b)]. In addition, there are very weak axial bonding 
interactions with the two oxygen atoms of the central benzoqui-
none ring from the anthraquinone spacers of the 1,4-quanba4– 
bridging ligands [Cu–O = 2.815(3) (III.1a) and 2.758(3)/2.921(3) 
Å (III.1b)]  

Within the dicoppertetraaza[3.3](1,4)anthraquinophane core, 
Cu2(µ-N2C14H6O2)2, the anthraquinone spacers connected by the 
two N–Cu–N linkages have a parallely displaced π-stacked anti 
conformation, being not exactly oriented perpendicular to the 
copper basal planes (Figures III.4b and III.5b). More likely, the 
weak axial coordinative interactions with the quinone moieties 
prevent the adoption of the alternative eclipsed sin conformation 
that maximizes the π–π stacking interactions between the two 

facing anthraquinone spacers. The values of the centroid-centroid 
distance (h) between the two facing 1,4-substituted benzene rings 
from each anthraquinone spacer are 3.387(1) (III.1a) and 3.425(1) 
Å (III.1b), while the values of the off-set angle (θ) between the 
centroid-centroid vector and the normal to their planes are 17.2(1) 
(III.1a) and 2.5(1)° (III.1b). The values of the torsion angle be-
tween the copper basal planes and the mean planes of the facing 
1,4-substituted benzene rings around the Cu–N–C–C bonds (φ) 
are 53.7(1) (III.1a) and 62.2(3)º (III.1b). 

On the other hand, the anthraquinone moieties are almost pla-
nar in III.1a but they deviate significantly from planarity in III.1b 
(Figures III.4c and III.5c). The values of the dihedral angle (ϕ) 
between the two lateral benzene ring around the central benzoqui-
none ring are 3.4(1) (III.1a) and 28.4(1)º (III.1b) A significant 
bond length alternation typical of aminoanthraquinone derivatives 
is observed in the central benzoquinone ring with very short aver-
age C=O bond distances [1.240(5) (III.1a) and 1.229(4) Å 
(III.1b)] and average short C=C [1.420(1) (III.1a) and 1.420(1) Å 
(III.1b)] and long C–C bond distances [1.483(5) (III.1a) and 
1.505(1) Å (1b)], as earlier reported for the related mononuclear 
copper(II) complex of formula (nBu4N)2[Cu(2,3-quanba)] [2,3-
quanba4– = N,N’-2,3-bis(oxamate)-9,10-anthraquinone].9 

 
Figure III.7 Crystal packing view of III.1b along the crystallographic b axis [sym-
metry code: (I) = x, y, z; (III) = 1 + x, y, z]. The triphenylethylphosphomiumonium 
countercations are shown in yellow color. 

 
Figure III.6 Crystal packing view of III.1a along the crystallographic b axis [sym-
metry code: (I) = x,  y, – z; (III) = –1 + y, – x, ½ – z]. The tetra-n-butylammonium 
countercations are shown in yellow color. 

 
Figure III.4 (a) Perspective view of the anionic dicopper unit of III.1a with the 
atom-numbering scheme of the metal environment [symmetry code: (I) = x,  y, – z; 
(II) = – x, – y + 1,  z]. (b) Top and (c) side projection views of the metallacyclic 
anthraquinophane core. The weak axial coordinative interactions are represented by 
dashed lines. 

 
Figure III.5 (a) Perspective view of the anionic dicopper unit of III.1b with the 
atom-numbering scheme of the metal environment [symmetry code: (I) = – x, – y, – 
z]. (b) Top and (c) side projection views of the metallacyclic anthraquinophane core. 
The weak axial coordinative interactions are represented by dashed lines. 
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In the crystal lattice of III.1a and III.1b, the dicopper(II) ani-
ons are well isolated from each other by the bulky tetra-n-
butylammonium (III.1a) and triphenylethylphosphonium counter-
cations (III.1b) (Figures III.6 and III.7). Yet there exist weak 
edge-to-face π-π stacking interactions between one phenyl sub-
stituent from the triphenylethylphosphonium cations and the ter-
minal benzene ring from the anthraquinone spacers in III.1b. 
These intermolecular interactions are likely responsible for the 
larger deviations from planarity of the anthraquinone moieties in 
III.1b. The intramolecular Cu(1)–Cu(1)I distances (r) across the 
double 9,10-anthraquinone-1,4-diamidate bridge are 7.878(1) 
(III.1a) and 8.008(1) Å (III.1b), while the shortest intermolecular 
Cu(1)–Cu(1)III separations are 11.638(1) (III.1a) and 9.306(1) Å 
(III.1b). 

III.4 Magnetic Properties 

Variable-temperature (2.0–300 K) magnetic susceptibility meas-
urements for III.1a and III.1b in the form of the χM and χMT vs. T 
plots (χM being the molar magnetic susceptibility per dinuclear 
unit and T the absolute temperature) reveal a magnetic behavior 
which is typical of moderately strong antiferromagnetically cou-
pled CuII

2 pairs (Figure III.8). At room temperature, the χMT val-
ues of 0.70 (III.1a) and 0.74 cm3 mol–1 K (III.1b) are smaller 
than that expected for two magnetically isolated CuII ions [χMT = 
2 × (Nβ2gCu

2/3kB)SCu(SCu + 1) = 0.83 cm3 mol–1 K with SCu = ½ 
and gCu = 2.1]. Upon cooling, χMT decreases continuously from 
room temperature and it vanishes around 20 K, while χM exhibits 
a maximum at 70 (III.1a) 80 K (III.1b) (inset of Figure III.8). 
This fact unambiguously supports the occurrence of a ground 
singlet (S = 0) spin state resulting from the intramolecular antifer-
romagnetic coupling between the two CuII ions through the 1,4-
diamidate-9,10-anthraquinone bridges. 

The analysis of the magnetic susceptibility data of III.1a and 
III.1b was carried out through the appropriate spin Hamiltonian 
for a dinuclear copper(II) complex (eq III.1 with S1 = S2 = SCu = 
½), where J is the magnetic coupling parameter and g is the Zee-
man factor of the CuII ions (g = g1 = g2 = gCu). The least-squares 
fits of the experimental data through the well-known Bleaney-
Bowers expression (eq III.2) gave –J = 84.4(4) (III.1a) and 
90.3(2) cm–1 (III.1b), g = 2.10(1) (III.1a) and 2.09(1) (III.1b), 
and R = 4.0 × 10–7 (III.1a) and 2.0 × 10–7 (III.1b), where R is the 
agreement factor defined as ∑[(χMT)exp – (χMT)calcd]2/∑[(χMT)exp]2 
(solid lines in Figure III.8). 

 H = –JS1 · S2 + gβ(S1 + S2)H (III.1) 

 χM = (2Nβ2g2/kBT) / [3 + exp(–J/kBT)] (III.2) 

The experimental –J values for III.1a and III.1b are within 
the range to those reported earlier for related dicopper(II) metal-
lacyclophanes with the related ligand N,N’-1,4-
phenylenebis(oxamate) (–J = 75–95 cm–1).4c This indicates that 

the π electron accepting nature of the fused benzoquinone moie-
ties does not influence appreciably the propagation of the magnet-
ic exchange interactions between the two CuII ions through the 
1,4-substituted benzene ring. The slightly smaller –J value of 
III.1a when compared to that of III.1b are likely due to the great-
er loss of orthogonality between the copper and the benzene 
planes [φ = 52.7(1) (III.1a) and 62.1(1)º (III.1b)] and/or the larg-
er tetrahedral distortion at the copper centers [τ = 20.1(1) (III.1a) 
and 7.9(2)º (III.1b)], as shown earlier for the 1,4-substituted ben-
zene ancestor.4c   

III.5 Redox Properties 

The cyclic voltammograms (CVs) of III.1a and III.1b in acetoni-
trile (25 °C, 0.1 M nBu4NPF6) show identical results independent-
ly of the nature of the counteraction (Figure III.9). The CV of 
III.1a show up to four pseudoreversible reduction waves grouped 
in two pairs at E1 = –0.87 V, E2 = –0.98 V, E3 = –1.37 V, and E4 = 
–1.48 V vs. SCE, with anodic to cathodic peak separation values 
(∆Ep,1 = ∆Ep,2 = ∆Ep,3 = ∆Ep,4 = 90 mV) which are somewhat 
higher than that of ferrocene under the same conditions 
[∆Ep(Fc+/Fc) = 70 mV (CH3CN, 0.1 M nBu4NPF6, 25 °C)]. In 
addition, it exhibits two oxidation waves at E5 = +0.47 V and E6 = 
+0.96 V vs. SCE, being reversible only the first one (∆Ep,5 = 70 
mV). A perfect linear plot of the peak current against the square 
root of the scan rate is obtained for the first oxidation wave of 
III.1a, which is then stated to be completely reversible on the 
voltammetric time-scale. 

The first pair of closely spaced reduction waves of III.1a 
(∆E12 = E1  – E2 = 110 mV) would correspond to the stepwise 
one-electron reduction of the weakly interacting 1,4-substituted 
9,10-anthraquinone spacers to give the semiquinonate-type π-
radical and diradical dicopper(II) species (Figure III.10a). The 
second pair of closely spaced reduction waves of III.1a (∆E34 = 
E3  – E4 = 110 mV) would then correspond to the further stepwise 

 
Figure III.8 Temperature dependence of χMT of III.1a (l) and III.1b (n). The 
inset shows the χM maxima of III.1a (�) and III.1b (£). The solid lines are the 
best-fit curves (see text). 
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one-electron reduction of the resulting semiquinonate-type π-
diradical dicopper(II) intermediate to give the corresponding cate-
cholate- and bis(catecholate)-type dicopper(II) species (Figure 
III.10b). The small but nonnegligible separations in the formal 
potential values for each pair (∆E12 = ∆E34 = 110 mV) is likely 
due to the weak through-bond interactions across the axially coor-
dinated metal ions. Yet they can obey to the direct interactions 
between the two facing benzene rings of the anti 9,10-
anthraquinone spacers in the resulting mixed-valent, qui-
none/semiquinonate and semiquinonate/catecholate intermediates, 
respectively (when compared with the expected stronger electron-
ic interactions in the alternative π-stacked sin conformation). In 
both cases, the effect of these interactions is that, once reduced the 
first ligand, the experienced change in its electronic structure is 
communicated to the other one, so that its reduction potential is 
slightly modified. 

On the contrary, the two well-separated one-electron oxida-
tion waves of III.1a at relatively low positive potentials are likely 
attributed to the stepwise one-electron oxidation of the metal cen-
ters to afford the putative mixed-valent dicopper(II,III) and high-
valent dicopper(III,III) species (Figure III.10c). The large separa-
tion in the formal potential values (∆E56 = E6 – E5 = 490 mV) is 
related to the ability of the double 9,10-anthraquinone-1,4-
diamidate bridge to transmit electronic interactions between the 
metal centers in the corresponding mixed-valent CuII/III

2 interme-
diate. So that, there is an influence of the firstly oxidized metal 
ion over the other one, being thus its oxidation potential modified 
with respect to the first one. Hence, the calculated values of the 
comproportionation constant (logK = ∆E/59) for the diverse re-
duced and oxidized forms of III.1 (logK12 = logK34 = 1.86, logK23 
= 6.61, and logK56 = 8.31) clearly evidence the higher thermody-

namic stability of the semiquinonate-type π-diradical dicopper(II) 
and the mixed-valent dicopper(II,III) species. 

The stabilization of the trivalent oxidation state of copper in 
III.1a and III.1b is explained in terms of the well known strong 
electron donating character of the oxamato groups, as reported 
earlier for the dicopper(II) metallacyclophane with the innocent 
ligand N,N’-2-methyl-1,3-phenylenebis(oxamate) (E1 = +0.43 and 
E2 = +0.65 V vs. SCE).4b  In contrast, this latter complex does not 
show any reduction at negative potentials up to –2.0 V vs. SCE, 
supporting thus the ligand-based nature of the reduction processes 
of III.1a and III.1b. 

This is further supported by the CV of the neutral proligand 
Et2H2-1,4-quanba in dichloromethane (inset of Figure III.9). It 
shows two sequential and almost reversible one-electron reduction 
waves at E1 = –0.58 V and E2 = –0.92 V vs. SCE to render the 
corresponding ASQ•– π-radical anion and ACAT2– dianion re-
spectively (see Figure III.1), with anodic to cathodic peak separa-
tion values (∆Ep,1 = ∆Ep,2 = 100 mV)  which are identical to that 
of ferrocene under the same conditions [∆Ep(Fc+/Fc) = 100 mV 
(CH2Cl2, 0.1 M nBu4NPF6, 25 °C)]. The overall dislocation by ca. 
0.5 V toward higher negative potentials for the two pairs of reduc-
tion waves of III.1a and III.1b is as expected given the tetraan-
ionic nature of the 1,4-quanba4– bridging ligands which makes 
their reduction more difficult. In contrast to III.1a and III.1b, the 
CV of the Et2H2-1,4-quanba proligand with a markedly π electron 
accepting nature does not show any oxidation at positive poten-
tials up to +1.8 V vs. SCE (data not shown).  

III.6 Spectroscopic Properties 

The stable singly oxidized dicopper(II,III) species was prepared 
by chemical oxidation of III.1a with excess of bromine in ace-
tonitrile [E(Br2/Br–) = +0.47 V vs. SCE] and it was characterized 
by X-band EPR spectroscopy. Unfortunately, the doubly oxidized 
dicopper(III,III) species as well as the doubly and quadruply re-
duced, semiquinonate- and catecholate-type dicopper(II) forms 
respectively, are not stable enough to be spectroscopically charac-
terized. 

The X-band EPR spectrum of a frozen acetonitrile solution of 
III.1a shows a rhombic signal with a well-resolved seven-line 

 

Figure III.10 Proposed redox model for the multielectron transfer series of III.1a 
and III.1b. 

 

 

 
Figure III.9 CVs of III.1a in acetonitrile (0.1 M nBu4NPF6, 25 ˚C). The inset shows 
the CV of the Et2H2-1,4-quanba proligand in dichloromethane (0.1 M nBu4NPF6, 25 
˚C). 
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splitting of the gz signal due to the hyperfine coupling with the 
nuclear spin of the two CuII ions (2nICu + 1 = 7 with n = 2 and ICu 
= 3/2) whose intensity decreases when lowering the temperature, 
as expected for an antiferromagnetically coupled CuII

2 complex 
(Figure III.11a). On the contrary, the X-band EPR spectrum of a 
frozen acetonitrile solution of the in situ prepared, deep brown 
singly oxidized species exhibits a simpler four-line splitting typi-
cal of a localized mixed-valent CuII,III

2 complex with a doublet 
ground spin state (2nICu + 1 = 4 with n = 1 and ICu = 3/2) whose 
intensity increases when lowering the temperature, as expected for 
a metal-centered oxidation (Figure III.11b).  Moreover, the calcu-
lated value of the hyperfine coupling constant of the singly oxi-
dized species (Az = 165 G) is almost twice that of III.1a (Az = 95 
G), as expected from the different S = 1/2 CuII,III

2 (A = ACu) and S 
= 1 CuII

2 formulations (A = 1/2ACu). 

III.7 Theoretical Calculations 

Molecular geometry optimizations. The optimized molecu-
lar geometry for the ground broken-symmetry (BS) singlet spin 
state of III.1 in acetonitrile solution shows large structural simi-
larities, in terms of both bond lengths and interbond angles, with 
the actual structures of III.1a and III.1b determined by single 
crystal X-ray diffraction (see Computational Details). As a matter 
of fact, the deviation from planarity of the anthraquinone spacers 
in III.1 is intermediate between that found experimentally in 
III.1a and III.1b [ϕ = 12.8 (III.1), 3.4 (III.1a), and 28.4° 
(III.1b); Table III.4]. Yet the optimized molecular geometry of 
III.1 evidence a larger deviation from perpendicularity between 
the copper basal planes and the anthraquinone spacers and a larger 
tetrahedral distortion of the metal environment than those found 
experimentally in III.1a and III.1b [φ = 52.5 (III.1), 53.7 
(III.1a), and 62.2° (III.1b); τ = 29.4 (III.1), 20.1 (III.1a), and 
7.2° (III.1b); Table III.4]. 

Energy calculations. DF energy calculations on the actual 
geometries of III.1a and III.1b in acetonitrile solution show a 
ground broken-symmetry (BS) singlet (S = 0) spin state lying well 
below the excited triplet (S = 1) spin state (see Computational 
Details). The calculated values of the singlet-triplet energy gap 
[ΔEST = –J = 46.5 (III.1a) and 58.3 cm–1 (III.1b)] are, however, 
somewhat smaller than the experimental ones obtained from the 
fit of the magnetic susceptibility data in the solid state [–J = 84.4 
(III.1a) and 90.3 cm–1 (III.1b)] (Table III.4). Yet they conform 
with DF energy calculations on the optimized geometry of III.1 in 
acetonitrile solution, which shows an intermediate value of the 
calculated singlet-triplet energy gap to those of 1a and 1b (ΔEST = 
–J = 52.3 cm–1; Table III.4). 

The dependence of the magnetic coupling parameter with 
some relevant structural data for III.1, III.1a, and III.1b is illus-
trated in Figure III.12. In general, the calculated –J values in-
crease with the dihedral angles between the central benzoquinone 
ring and the lateral benzene ring from each anthraquinone spacer 
(ϕ) and that between the copper basal planes and the 1,4-
substituted benzene rings from the anthraquinone spacers (φ), 
while they decrease with the tetrahedral twist angle at the copper 
atoms (τ), in agreement with the observed experimental trend for 
III.1a and III.1b. So, the increase of the calculated –J values 
according to III.1a < III.1 < III.1b is likely due to the larger loss 
of planarity of the anthraquinone spacers as well as the smaller 
distortion from orthogonality between the copper and the benzene 

 
Figure III.11 X-band EPR spectra of III.1a (a) and the monoxidized species (b) in 
acetonitrile at 77 K and 4 K, respectively. 

Table III.4 Selected calculated structural and energy data.a 

 III.1a III.1b III.1 

ϕ b (°) 3.4 28.4 12.8 

φ c (°) 53.7 62.2 52.5 

τd (°) 20.1 7.2 29.4 

ΔEST
e (cm–1) 46.5 (84.4) 58.3 (90.3) 52.3 

E(b2u)f (a.u.) –0.12168 –0.12531 –0.13153 

E(b1g)f (a.u.) –0.11647 –0.11808 –0.12479 

E(b1g
*)f (a.u.) –0.11434 –0.11326 –0.11655 

E(b2u
*)f (a.u.) –0.09597 –0.10311 –0.10361 

EM-L
g (cm–1) 467 1058 1809 

δh (cm–1) 1144 1587 1479 

δ*i (cm–1) 4032 2228 2840 

a DF calculations were performed on the ground BS singlet (S = 0) and triplet (S 

= 1) states of the actual molecular geometries of III.1a and III.1b, as well as on 

the optimized molecular geometry of III.1, in acetonitrile solution (see Computa-

tional Details). b Dihedral angle between the lateral benzene ring around the 

central benzoquinone ring from each anthraquinone spacer. c Torsion angle 

between the copper basal planes and the 1,4-substituted benzene rings from the 

anthraquinone spacers. d Tetrahedral twist angle at the copper atoms. e Singlet-

triplet energy gap (ΔEST = –J). The experimental J values are given in parenthe-

ses. f Molecular orbital energy. g Energy gap between the high- and low-lying 

SOMO and LUMO for the triplet spin state [EM-L = E(b1g
*) – E(b1g)]. h Energy 

gap between the two SOMOs for the triplet spin state [δ = E(b1g) – E(b2u)]. i 

Energy gap between the two LUMOs for the triplet spin state [δ* = E(b2u
*) – 

E(b1g
*)]. 
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planes and/or the smaller tetrahedral distortion of the copper cen-
ter along this series, as evidenced by the crystal structures of 
III.1a and III.1b.  

Overall, this indicates that the exchange coupling interaction 
along this series is governed by both structural and electronic 
factors associated with the steric requirements and electron accep-
tor properties of the anthraquinone group. Hence, the spin delocal-
ization and spin polarization effects onto the ligand π-conjugated 
electron system are maximized when the basal planes of the 
square planar metal ions are disposed perpendicularly to the two 
1,4-substituted 9,10-anthraquinone spacers. This particular or-
thogonal geometry ensures a unusual π-type pathway for the ex-
change interaction between the unpaired electrons of the two CuII 
ions through the double aromatic bridge. Contrarily, the electron 
acceptor character of the benzoquinone ring is more important in 
planar anthraquinone, minimizing thus the spin delocalization and 
spin polarization onto the fused 1,4-substituted benzene rings 
when compared to the non-planar situation. Hence, the –J values 
must reach a maximum for φ = 90º and τ = 0º, whereas they 
would be minimum for φ = 0º along this series of dicopper(II) 
anthraquinophanes.  

Molecular orbital calculations. DF molecular orbital (MO) 
calculations for the triplet spin state of the optimized molecular 
geometry of III.1 in acetonitrile solution are consistent with the 
proposed dual, ligand- and metal-based redox behavior for III.1a 
and III.1b. So, the energy diagram of the frontier MOs of III.1 is 
typical of strong antiferromagnetically coupled dicopper(II) 
metallacyclophanes with weakly interacting 1,4-substituted 9,10-
anthraquinonebis(oxamate) bridging ligands of large σ-field 
strength and distinctly π electron accepting nature (Figure III.13). 

 

Figure III.13 Simplified energy level diagram of the frontier MOs of the optimized 
molecular geometry in acetonitrile solution of III.1. The boxed structure shows the 
electrochemically active LUMOs and SOMOs. 

 

 

 
Figure III.12 Plots of the calculated values of the magnetic coupling parameter (–J) 
with (a) the dihedral angle between the central benzoquinone ring and the lateral 
benzene ring from each anthraquinone spacer (ϕ), (b) the torsion angle between the 
copper basal planes and the 1,4-substituted benzene rings from the anthraquinone 
spacers (φ), and (c) the tetrahedral twist angle at the copper atoms (τ) for the actual 
molecular geometries of III.1a (�) and III.1b (£) and the optimized molecular 
geometry of III.1 (¯)in acetonitrile solution (data from Table III.4). The experi-
mental –J values of III.1a (l) and III.1b (n) are also shown for comparison. The 
solid lines are only eye-guides.  
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In fact, there exists a pair of lowest unoccupied molecular or-
bitals (LUMOs) of ligand-based π-nature, noted b1g

* and b2u
*, 

which are very close in energy to the pair of singly occupied mo-
lecular orbitals (SOMOs) of mainly metal-based σ-nature, noted 
b1g and b2u (Figure III.14). The relatively small value of the 
SOMO–LUMO energy gap of III.1 [EM–L = E(b1g

*) – E(b1g) = 
0.00824 a.u. = 1809 cm–1; Table III.4] results from both the elec-
tron π-acceptor character of the quinone group, which causes the 
stabilization of the π-ligand LUMOs, and the electron σ-donor 
character of the oxamato groups, which leads instead to the desta-
bilization of the σ-metal SOMOs. 

The pair of low-lying b1g
* and b2u

* LUMOs of mainly non-
bonding nature of III.1 are energetically close but non-
degenerated [δ* = E(b2u

*) – E(b1g
*) = 0.01294 a.u. = 2840 cm–1; 

Table III.4]. They are made up by the symmetric and antisymmet-
ric combinations of the two π-type orbitals from the electron ac-
cepting 9,10-anthraquinone spacers (Figure III.14a). Indeed, they 
have a large contribution from the pz(O) and pz(C) orbitals of the 
central benzoquinone ring which would be the ultimately respon-
sible for the semiquinonate- and catecholate-type nature of the 
resulting ligand-reduced dicopper(II) species of III.1a and III.1b. 

The pair of b1g and b2u SOMOs of markedly antibonding na-
ture of III.1 are energetically close but non-degenerated [δ = 
E(b1g) – E(b2u) = 0.00674 a.u. = 1479 cm–1; Table III.4]. They are 
mainly composed by the symmetric and antisymmetric combina-
tions of the dx

2
–y

2 orbitals of the CuII ions mixed with the corre-
sponding combinations of appropriate symmetry of the two σ-
type orbitals of the electron donating oxamato groups (Figure 
III.14b). The large mixing of the dx

2
–y

2(Cu) orbitals with the 

px(N/O) and py(N/O) orbitals causes a destabilization of the σ-
metal SOMOs that would account for the accessibility of the tri-
valent metal oxidation state in the resulting metal-oxidized dicop-
per(II,III) and dicopper(III) species of III.1a and III.1b. They 
also evidence a significant delocalization onto the pz(C) orbitals 
of the proximal 1,4-substituted benzene rings, which is directly 

 

 

 
Figure III.15 Plots of the calculated values of the frontier MO energies (E) with (a) 
the dihedral angle between the central benzoquinone ring and the lateral benzene 
ring from each anthraquinone spacer (ϕ), (b) the torsion angle between the copper 
basal planes and the 1,4-substituted benzene rings from the anthraquinone spacers 
(φ), and (c) the tetrahedral twist angle at the copper atoms (τ) for the triplet spin 
state of the actual molecular geometries of III.1a (�) and III.1b (£) and the opti-
mized molecular geometry of III.1 (¯) in acetonitrile solution (data from Table 
III.4). The solid lines are only eye-guides. 

 
Figure III.14 Perspective views of the calculated electroactive LUMOs (a) and 
SOMOs (b) for the triplet spin configuration of the optimized molecular geometry in 
acetonitrile solution of III.1. The isodensity surface corresponds to a cutoff value of 
0.001 e bohr–3. 
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responsible for the observed moderately strong antiferromagnetic 
coupling found experimentally in III.1a and III.1b. 

Finally, it is possible to extract useful information about the 
molecular and electronic structures of this series of dicopper(II) 

anthraquinophanes by representing the calculated energy values of 
the frontier MOs for III.1, III.1a, and III.1b against some rele-
vant structural parameters (Figures III.15 and III.16). 

 The calculated δ* values for III.1, III.1a, and III.1b show a 
strong dependence with the structural parameters that have an 
indirect influence over the “through-space” interactions between 
the pz(C/O) orbitals from the two facing 9,10-anthraquinone 
spacers in the corresponding b1g

* and b2u
* LUMOs (Figure 

III.14b). An overall decrease of δ* with φ and ϕ is shown in 
Figures III.16a and III.16b respectively, while Figure III.16c 
shows an overall increase of δ* with τ. A maximum value of δ 
would be reached for φ = 0º for which the intramolecular π–π 
stacking interactions between the two facing 9,10-anthraquinone 
spacers would be maximum because of their planar conformation. 
In contrast, a minimum δ* value would be reached for ϕ = 90º and 
τ = 0º, where the 1,4-substituted benzene rings from the two 
facing 9,10-anthraquinone spacers in an anti conformation are 
eclipsed to each other. In this situation, the major contributions 
resulting from the overlapping between the pz(C) orbitals of the 
electron accepting benzoquinone and the electron donor 1,4-
substituted benzene rings from the two facing 9,10-anthraquinone 
spacers would be minimum. 

 Conversely, the calculated δ values for III.1, III.1a, and III.1b 
show a strong dependence with the structural parameters that have 
a direct influence over the “through-bond” interactions between 
the dx

2
–y

2(Cu) orbitals of the metal ions and the pz(C/N) orbitals of 
the 1,4-substituted benzenediamidate group from each 
anthraquinonedioxamato bridging ligand in the corresponding b1g 
and b2u

 SOMOs (Figure III.14b), the –J values being proportional 
to the square of δ according to the simpler MO models of the 
electron exchange interaction (Figure III.17). An overall increase 
of δ with φ and ϕ is shown in Figures III.16a and III.16b 
respectively, while Figure III.16c shows an overall decay of δ 
with τ. A minimum value of δ would be reached for φ = 0º, where 

 

 

 
Figure III.16 Plots of the calculated values of the frontier MO energy gaps (ΔE) 
between the high- and low-lying SOMO and LUMO (EM-L), the two SOMOs (δ), 
and the two LUMOs (δ*) with (a) the dihedral angle between the central benzoqui-
none ring and the lateral benzene ring from each anthraquinone spacer (ϕ), (b) the 
torsion angle between the copper basal planes and the 1,4-substituted benzene rings 
from the anthraquinone spacers (φ), and (c) the tetrahedral twist angle at the copper 
atoms (τ) for the triplet spin state of the actual molecular geometries of III.1a (�) 
and III.1b (£) and the optimized molecular geometry of III.1 (¯) in acetonitrile 
solution (data from Table III.4). The solid lines are only eye-guides. 

 
Figure III.17 Linear dependence of the calculated –J values for the actual molecular 
geometries of III.1a (�) and III.1b (£) and the optimized molecular geometry of 
III.1 (¯) in acetonitrile solution with the square of the energy gap (δ) between the 
two SOMOs (data from Table III.4). The solid line corresponds to the linear fit curve 
(see text). 
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the electron withdrawing effects of the quinone group would be 
maximum. In contrast, a maximum δ value would be reached for 
ϕ = 90º and τ = 0º, whereby the metal-ligand interaction would be 
maximum. In this situation, the 9,10-anthraquinone spacers are 
orthogonal to the basal planes of the square planar metal ions and 
consequently, the mixing between the pz(C/N) orbitals and the 
dx

2
–y

2(Cu) orbitals would be maximum. 

In spite of the clear trends showed by all of these data, it is 
important to remark that the considered structural parameters φ, ϕ, 
and τ are more or less correlated, and particularly these two latter 
ones, so that there is not easy to separate the influence of their 
distinct effects over the orbital energy differences. In addition, it 
should be noticed that we focus only on III.1, III.1a, and III.1b 
to build the showed structural-energy correlations, so that the 
random component of the observed tendencies may be important. 

III.8 Concluding Remarks 

In this work, we present a complementary experimental and 
theoretical study on magnetic coupling and multielectron transfer 
in a new class of dicopper(II) metallacyclophanes with redox-
active anthraquinone spacers. The new anthraquinone-based 
dicopper(II) metallacyclophanes resulting from the side-by-side 
self-assembly of the 1,4-quanba4– ligands with CuII ions possess a 
dual metal- and ligand-centered redox behavior featuring stepwise 
one-electron oxidation of the antiferromagnetically coupled CuII 
ions and two-electron reduction of the anthraquinone spacers in a 
π-stacked anti conformation. Hence, the non-innocent 1,4-
quanba4– ligands and the CuII ions function as electron reservoirs 
for reduction and oxidation respectively, to impart multielectron 
redox (charge storage) properties to this novel 
antiferromagnetically coupled dicopper(II) anthraquinophane to 
be used as molecular magnetic capacitor. This unique charge 
storage magnetic behavior ultimately result from the large σ-field 
strength and distinctly π electron accepting nature of the 1,4-
substituted 9,10-anthraquinonebis(oxamate) bridging ligands, as 
substantiated from both experimental and theoretical studies. 
Quinone functionalization in this metallacyclic system constitutes 
thus a unique example of ligand design for the supramolecular 
control of the magnetic properties and electrochemical reactivity. 

III.9 Experimental Section 

Materials. All chemicals were of reagent grade quality. They 
were purchased from commercial sources and used as received, 
except those for electrochemical measurements. The nBu4NPF6 
salt was recrystallized twice from ethyl acetate/diethyl ether, dried 
at 80 °C under vacuum, and kept in an oven at 110 °C. Acetoni-
trile and dichloromethane were purified by distillation from calci-
um hydride on activated 3 Å molecular sieves and stored under 
argon. Elemental analyses (C, H, N) were performed at the Ser-
vicio Central de Soporte a la Investigación (SCSIE) at the Univer-
sitat de València (Spain). 

Preparations of the ligands. N,N'-1,4-bis(oxamic acid ethyl 
ester)-9,10-anthraquinone (Et2H2-1,4-quanba): Ethyl oxalyl 
chloride ester (2.8 mL, 24 mmol) was poured into a solution of 
1,4-diamino-9,10-anthraquinone (2.9 g, 12 mmol) and triethyla-
mine (3.4 mL, 24 mmol) in THF (150 mL) under vigorous stirring 
at 0 °C on an ice-bath. The reaction mixture was then refluxed for 
1 h. The deep orange solid was collected by filtration after cool-
ing, washed thoroughly with water to remove the white precipitate 
of Et3NHCl and then with diethyl eter, and dried under vacuum 
(4.5 g, 85% yield). Anal.: calcd for C22H18N2O8 (438.2 g mol–1): 
C, 60.27; H, 4.15; N, 6.39%. Found: C, 59.18; H, 4.28; N, 5.69%; 
1H NMR (CDCl3): δ  = 1.46 (t, 6 H, 2 CH3), 4.46 (q, 4 H, 2 
CH2O), 7.83 (dd, 2 H, 6–H and 7–H of C14H6O2), 8.34 (dd, 2 H, 
5–H and 8–H of C14H6O2), 9.21 (s, 2 H, 2–H and 3–H of 
C14H6O2), 13.84 (s, 2 H, 2 NH); IR (KBr): ν = 3125 (N–H), 1721, 
1642 cm–1 (C=O). 

Preparations of the complexes. (nBu4N)4[Cu2(1,4-
quanba)2] · 2MeCN · 2Et2O (III.1a): A 1.0 M methanolic solu-
tion of nBu4NOH (8.0 mL, 8.0 mmol) was added to a suspension 
of Et2H2-1,4-quanba (0.88 g, 2.0 mmol) in 20 mL of methanol 
under gentle warming. Cu(ClO4)2 . 6H2O (0.75 g, 2.0 mmol) dis-
solved in methanol (10 mL) was then added dropwise under stir-
ring. The resulting deep purple solution was filtered to separate 
the small amount of solid particles and the solvent was removed 
under vacuum. The solid was recovered with THF, collected by 
filtration, washed thoroughly with THF to remove the precipitate 
of nBu4NClO4, and air dried. Recrystallization from an acetoni-
trile/methanol solution solution (4:1 v/v) gave X-ray quality dark 
purple tiny prisms of III.1a upon slow vapor difussion of diethyl 
ether (1.3 g, 70% yield). Anal.: calcd for C112H176Cu2N10O18 
(2077.7 g mol–1): C, 64.74; H, 8.54; N, 6.74%. Found: C, 64.24; 
H, 8.60; N, 6.76%; IR (KBr): ν = 3432 (O–H), 1648, 1607 cm–1 
(C=O). 

(Ph3EtP)4[Cu2(1,4-quanba)2] · 20H2O (III.1b): An aqueous 
solution (10 mL) of AgNO3 (0.34 g, 2.0 mmol) was added to an 
aqueous solution (20 mL) of III.1a (0.92 g, 0.5 mmol) under stir-
ring at room temperature. The dark red solid that appeared was 
collected by filtration, suspended in water (10 mL), and then 
charged with an acetonitrile solution (5 mL) of Ph3EtPBr (0.74 g, 
2.0 mmol). The reaction mixture was further stirred for 30 min 
under gentle warming and then filtered to remove the precipitate 
of AgBr. Slow diffusion of diethyl ether over the filtered solution 
in acetonitrile gave dark red prisms of III.1b suitable for single-
crystal X-ray diffraction after several days in the open air at room 
temperature (4.2 g, 90% yield). Anal. Calcd for 
C116H132Cu2N4O36P4 (2411): C, 57.83; H, 5.52; N, 2.33%. Found: 
C, 58.62; H, 5.38; N, 2.44%. IR (KBr): ν = 1648, 1603 cm–1 
(C=O). 

Physical techniques. 1H NMR spectra were recorded at room 
temperature on a Bruker AC 200 (200.1 MHz) spectrometer. 
Chemical shifts are reported in δ (ppm) vs. TMS. CDCl3 was used 
as solvent and internal standard (δ = 7.27 ppm). FTIR spectra 
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were recorded on a Nicolet-5700 spectrophotometer as KBr pel-
lets. 

X-ray crystallographic data collection and structure re-
finement. Single-crystal X-ray diffraction data of III.1a and 
III.1b were collected on a Bruker-Nonius X8APEXII CCD area 
detector diffractometer using graphite-monochromated Mo-Kα 
radiation at T = 100 (III.1a) and 293 K (III.1b). Due to the poor 
crystal quality of III.1a, a lower θmax of diffraction was obtained 
even if all possible steps were undertaken to ensure that the exper-
iment has been able to extract the best diffracting power from the 
sample.  Low temperature measurements for III.1a were also used 
in order to enhance the reflection intensities and the extent of the 
"observed" data. Unfortunately, all our attempts to grow single 
crystals of better quality were unsuccessful. All calculations for 
data reduction, structure solution, and refinement of III.1a and 
III.1b were done through the SAINT10 and SADABS11 programs. 

The structures of III.1a and III.1b were solved by Patterson 
method and subsequently completed by Fourier recycling using 
the SHELXTL software package.12 The final geometrical calcula-
tions and the graphical manipulations were carried out with 
WinGX13 and CRYSTALMAKER14 programs, respectively. All 
non-hydrogen atoms of III.1a and III.1b were refined anisotropi-
cally. The hydrogen atoms were set in calculated positions and 
refined as riding atoms. However, it was not possible to find a 
reasonable model for the highly disordered acetonitrile and dieth-
yl ether molecules of crystallization in the refinement of the struc-
ture of III.1a. The contribution to the diffraction pattern from the 
crystallization solvent molecules, which are located in the chan-
nels of the lattice (17.2% percentage void volume of the unit cell), 
were subtracted from the observed data by using the "SQUEEZE" 
method, as implemented in PLATON.15 In fact, the SQUEEZE-
Bypass method described therein is widely used in the crystallo-
graphic analysis of compounds containing substantial amounts of 
disordered solvent and/or counterions that cannot be located accu-
rately from diffraction data. So, the values of the residual agree-
ment factors for the reflections with I > 2σ(I) of III.1a were R1 = 
0.1085 and wR2 = 0.3058 before SQUEEZE, or R1 = 0.0553 and 
wR2 = 0.1656 after SQUEEZE (see Table III.1). The final formu-
lation of III.1a is now in agreement with the residual electron 
density and cell volume. 

Crystallographic data (excluding structure factors) for the 
structures reported in this paper have been deposited with the 
Cambridge Crystallographic Data Centre as supplementary publi-
cation CCDC no. 919043 (III.1a) and 948414 (III.1b). Copies of 
the data can be obtained free of charge on application to CCDC, 
12 Union Road, Cambridge CB21EZ, UK (fax: (+44) 1223-336-
033; e-mail: deposit@ccdc.cam.ac.uk). 

Magnetic measurements. Variable-temperature (2.0–300 K) 
magnetic susceptibility measurements were carried out with a 
SQUID magnetometer under an applied field of 10 kOe (T ≥ 50 
K) and 100 Oe (T < 50 K). The experimental data were corrected 
for the diamagnetic contributions of the constituent atoms and the 

sample holder as well as for the temperature-independent para-
magnetism (tip) of the CuII ion (60 × 10–6 cm3 mol–1). 

Electrochemical measurements. The electrochemical studies 
were performed using a PAR 273A scanning potentiostat 
operating at a scan rate of 10–1000 mV s–1. Cyclic 
voltammograms were carried out using 0.1 M nBu4NPF6 as 
supporting electrolyte and 1.0 mM of the Et2H2-1,4-quanba 
proligand and the complexes III.1a and III.1b in dichloromethane 
and acetonitrile, respectively. The working electrode was a glassy 
carbon disk (0.32 cm2) that was polished with 1.0 µm diamond 
powder, sonicated, washed with absolute ethanol and acetone, and 
air dried. The reference electrode was AgClO4/Ag separated from 
the test solution by a salt bridge containing the solvent/supporting 
electrolyte, with platinum as auxiliary electrode. All experiments 
were performed in standard electrochemical cells at 25 °C under 
argon. The investigated potential range was in the range of –2.00 
to +1.80 V vs. SCE. The formal potentials were measured at a 
scan rate of 100 mV s–1 and were referred to the saturated calomel 
electrode (SCE). Ferrocene (Fc) was added as internal standard at 
the end of the measurements. The measured formal potential 
values of ferrocene are E(Fc+/Fc) = +0.46 (CH2Cl2, 0.1 M 

nBu4NPF6, 25 °C) and +0.40 V vs. SCE (CH3CN, 0.1 M 

nBu4NPF6, 25 °C).16 The values of the anodic to cathodic peaks 
separation of ferrocene are ∆Ep(Fc+/Fc) = 100 (CH2Cl2, 0.1 M 

nBu4NPF6, 25 °C) and 70 mV (CH3CN, 0.1 M nBu4NPF6, 25 
°C)].  

Chemical oxidation procedures and spectroscopic 
measurements. The monooxidized species was obtained by 
addition of a 0.01 M acetonitrile solution of bromine (0.1 mL) to a 
1.0 mM acetonitrile solution of III.1a (0.1 mL) at –40 °C. X-band 
EPR spectra (ν = 9.47 GHz) of frozen-matrix acetonitrile 
solutions were recorded under non-saturating conditions on a 
Bruker ER 200 D spectrometer equipped with a helium cryostat.  

III.10 Computational Details 

Density functional (DF) calculations were carried out on the 
actual geometries of III.1a and III.1b, as well as on the optimized 
geometry of III.1 in acetonitrile solution with the hybrid B3LYP 
functional17 combined with the “broken-symmetry” (BS) 
approach,18 as implemented in the Gaussian 09 program.19 The 
triple- and double-ζ quality basis sets proposed by Ahlrichs and 
co-workers20 were used for the metal and non-metal atoms, 
respectively. Solvation effects were introduced using a polarizable 
continuum model (PCM), where the cavity is created via a series 
of overlapping spheres.21 
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On the road to molecular electroswitches: upon 
reversible one-electron ligand oxidation of a 
permethylated dicopper(II) paracyclophane,  the spin 
alignment of the two CuII ions (SCu = ½) changes from 
antiparallel (OFF) to parallel (ON) in the resulting 
dicopper(II) π-radical cation species. This new member of 
the family of oxamato-based dinuclear copper(II) 
metallacyclophanes illustrates an attractive design concept 
for molecular magnetic electroswitches incorporating two 
metal-based spin carriers and a redox-active (‘non-
innocent’) bridging ligand. 
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IV.1 Introductory Aspects 

The control of the electronic (redox, conducting, and/or magnetic) 
properties of polymetallic complexes by ligand design continues to 
attract attention in organometallic and coordination chemistry.1,2 

Besides their interest as models for the fundamental research on 
electron exchange (EE) and electron transfer (ET) phenomena 
between distant metal centers through extended π-conjugated 
organic ligands, homo- and heterovalent dimetallic complexes could 
be also of great importance due to their potential application in 
electronic and magnetic devices.3 

The design and synthesis of redox-active (‘non-innocent’) 
aromatic bridging ligands that are able to connect two paramagnetic 
transition metal ions to form exchange-coupled, metal-radical or 
mixed-valent dinuclear complexes, depending on the locus of 
oxidation/reduction, are a major goal in the field.2 A well-known 
example is the non-innocent p-phenylenediamine ligand which has 
been earlier demonstrated to act as efficient bridge for the 
transmission of EE interactions between two CuII ions.4 In fact, the 
N,N,N’,N’-tetramethyl-p-phenylenediamine (TMPD) is easily 
oxidized to the corresponding π-radical iminium cation (TMPD•+), 
referred to as Wurster blue, which is one of the oldest known stable 
π-radical organic cations (Figure IV.1a).5 This work has been 
recently extended to related π-stacked radical (I) and diradical 
iminium cations (II) resulting from the stepwise two-electron 
oxidation of doubly polymethylene-bridged bis(p-
phenylenediamines) which belong to the class of N,N’,N’’,N’’’-
tetraalkyl-substituted tetraza[n.n]para-cyclophanes (n = 5 and 7 with 
R = Me, Et, and iPr), so-called Wurster blue cyclophanes (Figure 
IV.1b).6 

Metallacyclic complexes containing multiple redox-active, 
either metal- or ligand-based paramagnetic centers are a current 
challenge in the multidisciplinary field of metallosupramolecular 
chemistry which lies at the interface of several disciplines, including 
supramolecular electrochemistry and magnetochemistry.7 Moreover, 
they are of large interest as potential candidates to molecular 
magnetic electroswitches.8,9 Our strategy in this field consists of 
using non-innocent, polymethyl-substituted p-
phenylenebis(oxamato) bridging ligands which self-assemble with 
square-planar CuII ions to give the corresponding double-stranded 
dinuclear copper(II) paracyclophanes (IV.1–IV.3, Figure IV.2).10 
Complex IV.3 shows an intriguing electroswitching magnetic 
behavior upon reversible one-electron oxidation of one of the two 
facing permethylated p-phenylene spacers to give the putative 
metallo-π-radical cation species IV.3’, as reported in a preliminay 

communication (see third communication in Appendices).[10b] 

Indeed, the redox pair IV.3/IV.3’ presents very different molecular 
and electronic structures, as supported by preliminary spectroscopic 
(UV–vis–NIR and EPR) measurements and density functional (DF) 
calculations. 

Herein we report the complete synthesis, structural and 
spectroscopic characterization, magnetic and redox properties of this 
series of dinuclear copper(II) paracyclophanes (IV.1–IV.3) with the 
parent N,N’-p-phenylenebis(oxamate) ligand (ppba) and its 2-
methyl- (Meppba) and 2,3,5,6-tetramethyl-substituted (Me4ppba) 
derivatives (Figure IV.2). The influence of the number of electron 
donating methyl substituents in the benzene ring on their unique 
structural and electronic (magnetic and redox) properties has been 
analyzed and discussed with the aid of theoretical calculations. 
Hence, DF calculations have been carried out on IV.1–IV.3 to 
elucidate the mechanism of the EE interaction and to examine the 
influence of steric and/or electronic effects on magnetic coupling 
along this series. Moreover, DF calculations have been performed 
on the oxidized product of the permethylated derivative IV.3’ in 
order to give further support to the putative ligand-based oxidation 
chemistry which is ultimately responsible for the electroswitching 
magnetic behavior (Figure IV.2). 

IV.2 Syntheses of the Ligands and Complexes 

The ligands were isolated as the diethyl ester acid derivatives of 
general formula Et2H2L (L = ppba, Meppba, and Me4ppba) (see 
Experimental Section). The Et2H2ppba and Et2H2Me4ppba 
proligands were prepared from the straightforward condensation of 
the corresponding p-phenylenediamine and 2,3,5,6-tetramethyl-p-
phenylenediamine precursors with ethyl oxalyl chloride ester (1:2 
molar ratio) in tetrahydrofurane (Figure IV.3a). The Et2H2Meppba 
proligand was instead synthesized from the reaction of the 
commercially available 2-methyl-p-phenylenediamine dihydrogen 
sulfate with ethyl oxalyl chloride ester (1:2 molar ratio) in presence 
of triethylamine as base in tetrahydrofurane (Figure IV.3b). 

 

Figure IV.2 Illustration of the redox-triggered magnetic switching in dicopper(II) 
paracyclophanes featuring polymethyl-substituted p-phenylenebis(oxamate) π-
radical cations as bridging ligands.  

 
Figure IV.1 Redox equilibrium in N,N,N’,N’-tetramethyl-p-phenylenediamine (a) 
and redox forms of polymethylene-bridged paracyclophane derivatives (b). 

 

Figure IV.3 Synthetic procedure for the Et2H2L proligands (L = ppba, Meppba, 
and Me4ppba): (a) C2O2Cl(OEt), THF; (b) C2O2Cl(OEt), Et3N, THF.  
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Complexes IV.1–IV.3 were isolated as their tetra-n-
butylammonium, lithium(I), and tetraphenylphosphonium salts (see 
Experimental Section). The tetra-n-butylammonium salts of general 
formula (nBu4N)4[Cu2L2] ⋅ xH2O⋅ yCH3OH [L = ppba (x = 0 and y = 
2) (IV.1a), Meppba (x = 3 and y = 0) (IV.2a), and Me4ppba (x = 5 
and y = 0) (IV.3a)] were prepared by the one-step reaction of the 
corresponding Et2H2L proligands with copper(II) perchlorate (2:2 
molar ratio) by using tetra-n-butylammonium hydroxide as base in 
methanol (Figure IV.4a). Alternatively, the lithium(I) salts of 
general formula Li4[Cu2L2] ⋅ xH2O [L = ppba (x = 10) (IV.1b), 

Meppba (x = 7) (IV.2b), and Me4ppba (x = 9) (IV.3b)] were 
obtained from the reaction of the corresponding Et2H2L proligands 
with copper(II) nitrate (2:2 molar ratio) by using lithium(I) 
hydroxide as base in water (Figure IV.4b). The 
tetraphenylphosphonium salts of general formula (Ph4P)4[Cu2L2] ⋅ 
xH2O  [L = ppba (x = 8) (IV.1c), Meppba (x = 8) (IV.2c), and 
Me4ppba (x = 15) (IV.3c)] were then synthesized by two successive 
steps from the metathesis of the lithium(I) salts with 
tetraphenylphosphonium chloride in water/acetonitrile through the 
intermediacy of the silver(I) salts (Figures IV.4c and IV.4d). The 
inorganic lithium(I) salts of IV.1– IV.3 were only soluble in water, 
while the organic tetra-n-butylammonium and 
tetraphenylphosphonium salts were also soluble in organic solvents 
like acetonitrile or dichloromethane. X-ray quality single crystals of 
IV.1–IV.3 as their tetra-n-butylammonium (IV.1a), lithium(I) 
(IV.2b), and tetraphenylphosphonium (IV.3c) salts were obtained 
by layering of either diethyl ether or methanol into the methanol or 
water solutions of IV.1a and IV.2b respectively, or by slow 
evaporation from the water/acetronitrile solutions of IV.3c. 

The chemical identity of the ligands and complexes was 
determined by elemental analysis together with 1H NMR and FTIR 
spectroscopies (see Experimental Section and Appendices). 

IV.3 Description of the Structures 

Single-crystal X-ray diffraction of IV.1a, IV.2b, and IV.3c 
confirmed the expected metallacyclic 
dicopper(II)tetraaza[3.3]paracyclophane structure that was earlier 
observed for the related complex Na4[Cu2(ppba)2] ⋅ 11H2O (Figures 
IV.5–IV.10).10a A summary of the crystallographic data is given in 
Table IV.1, while selected bond distances and interbond angles are 
listed in Tables IV.2–IV.4. 

Table IV.2 Selected bond distances (Å) and interbond angles (°) for IV.1a.a,b 

Cu(1)–N(1) 1.9832(18) Cu(1)–N(2)I 1.9775(18) 

Cu(1)–O(1) 1.9693(17) Cu(1)–O(4)I 1.9611(16) 

N(1)–Cu(1)–N(2)I 108.79(7) N(1)–Cu(1)–O(1) 83.43(7) 

N(1)–Cu(1)–O(4)I 164.81(7) N(2)I–Cu(1)–O(1) 164.10(7) 

N(2)I–Cu(1)–O(4)I 83.45(7) O(1)–Cu(1)–O(4)I 86.34(7) 

 a The estimated standard deviations are given in parentheses. a Symmetry code: (I) = 
– x + 2, – y + 1, –  z + 1. 

 

 
Figure IV.4 Synthetic procedure for the the tetra-n-butylammonium, lithium(I), and 
tetraphenylphosphonium salts of the [CuII

2L2]4– complexes (L = ppba, Meppba, and 
Me4ppba): (a) nBu4NOH, Cu(ClO4)2, CH3OH; (b) LiOH · H2O, Cu(NO3)2 · 3H2O, 
H2O; (c) AgNO3, H2O; (d) Ph4PCl, H2O/CH3CN. 

 
Figure IV.5 (a) Perspective view of the centrosymmetric anionic dicopper unit of 
IV.1a with the atom-numbering scheme [symmetry code: (I) = – x + 2, – y + 1, – z + 
1]. (b) Top and (c) side projection views of the metallacyclic core of IV.1a. 

Table IV.1 Summary of crystallographic data. 

 IV.1a IV.2b IV.3c 

formula C86H160Cu2N8O14 C22H26Cu2Li4N4O19 C124H134Cu2N4O27P4 

M (g mol–1) 1657.30 805.31 2363.31 

crystal system triclinic monoclinic triclinic 

space group P–1 C2/c P–1 

a (Å) 10.6798(15) 18.3550(10) 13.5320(10) 

b (Å) 13.9059(18) 18.4560(10) 15.7080(10) 

c (Å) 18.099(2) 13.4790(10) 15.8360(10) 

α (°) 69.861(5)  71.2170(10) 

β (°) 74.331(6) 131.5100(10) 70.9200(10) 

γ (°) 75.581(6)  68.9650(10) 

V (Å3) 2393.4(5) 3419.3(4) 2888.2(3) 

Z 1 4 1 

ρcalc (g cm–3) 1.150 1.564 1.359 

µ (mm–1) 0.504 1.326 0.501 

T (K) 296(2) 100(2) 100(2) 

indep. reflect. 8422 3670 9167 

obs. reflect. [I > 2σ(I)] 7479 3180 9045 

Ra [I > 2σ(I)] 0.0513 0.1020 0.0412 

wRb [I > 2σ(I)] 0.1482 0.3297 0.1104 

Sc 1.084 1.537 1.036 

a R = ∑(|Fo| – |Fc|)/∑|Fo|. b wR = [∑w(|Fo| – |Fc|)2/∑w|Fo|2]1/2. c S = [∑w(|Fo| – |Fc|)2/(No 
– Np)]1/2. 

 



Chapter IV 

 53 

The double-stranded dinuclear [CuII
2L2]4– anions of IV.1a (L = 

ppba) and IV.3c (L = Me4ppba) are centrosymmetric (Figures IV.5a 
and IV.7a). The two centrosymmetrically-related Cu(1) and Cu(1)I 
atoms of IV.1a and IV.3c have an essentially square planar 
coordination environment, CuN2O2, which is formed by two 
amidate-nitrogen [Cu–N = 1.9775(18) – 1.9832(18) (IV.1a) and 
1.9624(19)–1.9639(19) Å (IV.3c)] and two carboxylate-oxygen 
atoms [Cu–O = 1.964(2)–1.969(2) (1a) and 1.9413(16) – 1.9793(16) 
Å (IV.3c)] from two oxamato donor groups [mean plane deviations 
from the metal basal plane of ±0.199(1) (IV.1a) and ±0.029 Å 
(IV.3c) for N(1) and N(2)I, and of ±0.166(1) (IV.1a) and ±0.034 Å 
(IV.3c) for O(1) and O(4)I]. The values of the tetrahedral twist angle 
(τ) between the Cu(1)N(1)O(1) and Cu(1)N(2)IO(4)I mean planes 
are 16.1(1) (IV.1a) and 5.0(1)° (IV.3c), indicating thus a stronger 
tetrahedral distortion for the metal coordination site in the 
unsubstituted ancestor IV.1a when compared to the permethylated 
derivative IV.3c. In contrast, the double-stranded dinuclear 
[CuII

2L2(H2O)2]4– anions of IV.2b (L = Meppba) have a 
crystallographically imposed two-fold symmetry with the C2 
molecular axis running along the metal-metal vector (Figure IV.6a). 
The two crystallographically independent Cu(1) and Cu(2) atoms of 
IV.2b possess an axially elongated octahedral geometry, 
CuN2O2(Ow)2, whereby two amidate-nitrogen [Cu–N = 1.946(4)–
1.950(5) Å] and two carboxylate-oxygen atoms [Cu–O = 1.934(6)–
1.941(4) Å] from two oxamato donor groups build the copper basal 
plane [mean plane deviations of ±0.07 and ±0.09 Å for N(1) and 
O(1) at Cu(1), and of ±0.03 and ±0.04 Å for N(2) and O(4) at Cu(2)] 
while two weakly coordinated, disordered water molecules with half 

occupancy factor occupy the axial positions [Cu–Ow = 2.77(1)–
2.84(2) Å]. 

Within the dicopper(II) paracyclophane cores, Cu2(p-N2C6Men)2 
[n = 0 (IV.1a), 1 (IV.2b), and 4 (IV.3c)], the polymethyl-substituted 
p-phenylene spacers which are connected by the two N–Cu–N 
linkages have a parallel-displaced π-stacked conformation (Figures 
IV.5b–IV.7b). The values of the centroid-centroid inter-ring distance 
(h) between the two benzene rings are 3.435(2) (IV.1a), 3.267(1) 
(IV.2b), and 3.349(2) Å (IV.3c), while the values of the angle 
between the centroid-centroid vector and their normal (θ) are 
23.27(4) (IV.1a), 18.5(2) (IV.2b), and 17.56(5)° (IV.3c) (Figures 
IV.5c–IV.7c). Hence, the entire metallacyclophane molecule has 
approximate C2h symmetry in IV.1a and IV.3c, where the copper 
basal planes are not exactly oriented perpendicular to the benzene 
planes (Figure IV.5c and IV.7c). The values of the dihedral angle 
(φ) between the benzene and the copper basal planes are 58.72(7) 
(IV.1a) and 73.67(5)° (IV.3c). This reflects a significantly larger 
deviation from the ideal D2h symmetry corresponding to the 
alternative eclipsed π-stacked, orthogonal conformation (φ = 90°) in 
the unsubstituted ancestor IV.1a than in the permethylated 
derivative IV.3c (Figure IV.5b and IV.7b). This situation is likely 
explained by the electron donating nature of the methyl substituents, 
which favors the inter-ring π-π stacking interactions between the 
two facing benzene rings in spite of the steric hindrance among their 
methyl substituents. Instead, the metallacyclophane core of IV.2b 
has a reduced C2 symmetry because of the pseudo-meta 
configuration of the 2-methyl substituents from the two facing 
benzene rings (Figure IV.6b). This situation reflects on the smaller 
deviations from perpendicularity between the benzene planes and 
the copper basal planes for the metal atom closer to the methyl 
groups in IV.2b [φ = 79.2(3) and 64.2(3)° at Cu(1) and Cu(2), 
respectively] (Figure IV.6c). In addition, the facing benzene planes 
are not exactly parallel to each other as in IV.1a and IV.3c, while 
the copper basal planes also deviate slightly from coplanarity. The 
value of the dihedral angle (γ) between the benzene planes and that 

Table IV.3 Selected bond distances (Å) and interbond angles (°) for IV.2b.a,b 

Cu(1)–N(1) 1.946(5) Cu(2)–N(2) 1.950(5) 

Cu(1)–O(1) 1.941(4) Cu(2)–O(4) 1.934(5) 

Cu(1)–O(1w) 2.77(1) Cu(2)–O(2w) 2.84(2) 

N(1)–Cu(1)–N(1)I 105.5(3) N(2)–Cu(2)–N(2)I 106.7(3) 

N(1)–Cu(1)–O(1) 85.2(2) N(2)–Cu(2)–O(4) 85.1(2) 

N(1)–Cu(1)–O(1)I 168.4(2) N(2)–Cu(2)–O(4)I 168.1(2) 

O(1)–Cu(1)–O(1)I 84.5(3) O(4)–Cu(2)–O(4)I 83.3(3) 

N(1)–Cu(1)–O(1w) 92.9(3) N(2)–Cu(2)–O(2w) 90.8(4) 

N(1)I–Cu(1)–O(1w) 96.8(2) N(2)I–Cu(2)–O(2w) 90.8(4) 

O(1)–Cu(1)–O(1w) 77.9(3) O(4)–Cu(2)–O(2w) 86.9(4) 

O(1)I–Cu(1)–O(1w) 90.1(3) O(4)I–Cu(2)–O(2w) 91.1(4) 

 a The estimated standard deviations are given in parentheses. b Symmetry code: (I) = 

– x +1, y, – z +3/2. 

 

Table IV.4 Selected bond distances (Å) and interbond angles (°) for IV.3c.a,b 

Cu(1)–N(1) 1.9639(19) Cu(1)–N(2)I 1.9624(19) 

Cu(1)–O(1) 1.9793(16) Cu(1)–O(4)I 1.9413(16) 

N(1)–Cu(1)–N(2)I 106.91(8) N(1)–Cu(1)–O(1) 82.40(7) 

N(1)–Cu(1)–O(4)I 170.08(7) N(2)I–Cu(1)–O(1) 169.36(7) 

N(2)I–Cu(1)–O(4)I 82.86(7) O(1)–Cu(1)–O(4)I 87.71(7) 

 a The estimated standard deviations are given in parentheses. b Symmetry code: (I) = 
– x + 2, – y + 1, – z. 

 

 
Figure IV.6 (a) Perspective view of the two-fold symmetric anionic dicopper unit of 
IV.2b with the atom-numbering scheme [symmetry code: (I) = – x +1, y, – z +3/2] (b) 
Top and (c) side projection views of the metallacyclic core of IV.2b. 

 
Figure IV.7 (a) Perspective view of the centrosymmetric anionic dicopper unit of 
IV.3c with the atom-numbering scheme [symmetry code: (I) = – x + 2, – y + 1, – z]. 
(b) Top and (c) side projection views of the metallacyclic core of IV.3c. 
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between the copper basal planes (ϕ) in IV.2b are 2.7(3) and 15.0(3)°, 
respectively. 

In the crystal lattice, the [CuII
2L2]4– anions of IV.1a (L = ppba) and 

IV.3c (L = Me4ppba) establish weak hydrogen bonds with the 
crystallization solvent molecules of methanol (IV.1a) and water 
(IV.3c) through the carbonyl- and/or carboxylate-oxygen atoms 
from the oxamato groups [O…O = 2.772(5) Å (IV.1a) and O…Ow = 
2.812(2)–2.919(2) Å (IV.3c)]. This situation gives rise to either 
discrete (IV.1a) or extended layers of hydrogen-bonded anionic 
dicopper(II) units (IV.3c) (Figures IV.8a and IV.10a), which are 
well separated from each other by the bulky tetra-n-butylammonium 

(IV.1a) or tetraphenylphosphonium (IV.3c)  cations (Figures IV.8b 
and IV.10b). On the contrary, the [CuII

2L2(H2O)2]4– anions of IV.2b 
(L = Meppba) are differently bound to the partially hydrated Li(1) 
and Li(3) atoms through the carboxylate- and carbonyl-oxygen 
atoms from the oxamato groups respectively, while a coordinated 
water molecule acts as bridge between the Li(1) and Li(2) atoms 
[Li–O = 1.970(11)–2.083(9) Å and Li–Ow = 1.997(11)–2.23(2) Å] 
(Figure IV.9a). This situation leads to heterobimetallic lithium(I)-
copper(II) rectangular layers of “brick-wall” topology (Figure 
IV.9b). The adjacent LiII

4CuII
2 layers of IV.2b closely stack above 

each other to give an infinite array of parallely displaced (not 
eclipsed) corrugated layers along the crystallographic a axis (Figure 
IV.9c). The intramolecular Cu–Cu distances (r) across the double 
polymethyl-substituted p-phenylenediamidate bridges are 8.002(2) 
(IV.1a), 7.939(2) (IV.2b), and 7.944(2) Å (IV.3c), while the 

 
Figure IV.9 (a) Perspective view of the asymmetric unit of IV.2b with the metal atom numbering scheme (hydrogen atoms have been omitted for clarity) [symmetry code: (I) = – x + 
1, y, – z + 3/2; (II) =  x – 1/2,  y + 1/2,  z – 1; (III) = – x + 3/2, y + 1/2, – z + 5/2; (IV) = – x + 1, – y, – z + 2; (V) = x, – y, z – 1/2]. (b) Projection view of a brick-wall rectangular layer 
of lithium-coordinated anionic dicopper units of IV.2b along the crystallographic a axis. (c) Crystal packing view of the lithium(I)-copper(II) layers of IV.2b along the 
crystallographic b axis. The adjacent heterobimetallic layers are shown in different colors. 

 
Figure IV.8 (a) Projection view of the discrete anionic dicopper units of IV.1a 
along the [100] direction [symmetry code: (I) = – x + 2, – y + 1, – z + 1; (II) = x – 1, 
y,  z + 1; (III) = x – 1, y – 1, z; (IV) = – x + 1, – y + 1, – z + 2].  The hydrogen bonds 
with the crystallization methanol molecules are represented by dotted lines. (b) 
Crystal packing view of IV.1a along the [001] direction. The n-tetrabutylammonium 
cations are shown in yellow color (hydrogen atoms have been omitted for clarity). 

 
Figure IV.10 (a) Projection view of a layer of hydrogen-bonded anionic dicopper 
units of 3c along the [110] direction [symmetry code: (I) = – x + 2, – y + 1, – z; (II) 
= – x + 1, – y + 1, – z + 1; (III) = – x + 1, – y + 1, – z]. The hydrogen bonds with the 
crystallization water molecules are represented by dotted lines. (b) Crystal packing 
view of IV.3c along the [–110] direction. The tetraphenylphosphonium cations are 
shown in yellow color (hydrogen atoms have been omitted for clarity). 
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shortest intermolecular Cu–Cu distances are 10.680(1) (IV.1a), 
7.009(1) (IV.2b), and 10.650(2) Å (IV.3c). 

IV.4 Magnetic Properties 

The magnetic properties of the tetra-n-butylammonium, lithium(I), 
and tetraphenylphosphonium salts of IV.1–IV.3 in the form of the 
χM vs. T plots (χM being the molar magnetic susceptibility per 
dinuclear unit and T the temperature) are typical of 
antiferromagnetically coupled CuII

2 pairs (Figures IV.11–IV.13). In 
fact, the presence of χM maxima in the ranges of 65–85 (IV.1), 90–
110 (IV.2), and 115–130 K (IV.3) indicates a ground singlet (S = 0) 
spin state resulting from the antiferromagnetic coupling between the 
unpaired electron of each CuII ion (SCu = ½). The qualitatively 
similar magnetic behavior with variation in the countercation for 
IV.1–IV.3 demonstrates the unambiguously intramolecular nature of 
the magnetic coupling in origin, the intermolecular interactions 
through the LiI ions, if any, being negligible. 

The magnetic susceptibility data of the tetra-n-butylammonium, 
lithium(I), and tetraphenylphosphonium salts of IV.1–IV.3 were 
analyzed according to the spin Hamiltonian for a dinuclear model 
(eq IV.1 with S1 = S2 = SCu = ½), where J is the magnetic coupling 
parameter and g is the Landé factor of the CuII ions. The least-
squares fits of the experimental data through the Bleaney-Bowers 
expression (eq IV.2 where N is the Avogadro number, β is the Bohr 
magneton, and kB is the Boltzmann constant] gave –J values in the 
ranges of 75–95 (IV.1), 100–124 (IV.2), and 128–144 cm–1 (IV.3) 
(Table IV.5). 

 H = – JS1 
. S2 + g(S1 + S2)βH     (IV.1) 

 χM = (2Nβ2g2/kBT) / [3 + exp(–J/kBT)] (IV.2) 

The moderately strong intramolecular antiferromagnetic 
coupling for IV.1–IV.3 despite the relatively large intramolecular 
Cu–Cu separation (r ≈ 8.0 Å) evidences that the EE interaction 
between the two CuII ions is  mainly transmitted through the π-bond 
system of the polymethyl-substituted p-phenylenediamidate 
bridges.10a Moreover, the overall strengthening of the 
antiferromagnetic coupling with the number of methyl substituents 
along this series is remarkable and, more importantly, it agrees with 
the theoretical calculations (see discussion below). 

IV.5 Redox Properties 

The cyclic voltammograms (CVs) of the tetra-n-
butylammonium and tetraphenylphosphonium salts of IV.1–IV.3 in 
acetonitrile (25 °C, 0.1 M nBu4NPF6) show identical results 
independently of the nature of the countercation. They exhibit two 
well-separated one-electron oxidation waves at E1 = +0.33 (IV.1), 
+0.24 (IV.2), and +0.15 V (IV.3) vs. SCE, and E2 = +0.79 (IV.1), 
+0.80 (IV.2), and +0.86 V (IV.3) vs. SCE (Table IV.6), only the 
first one being reversible (Figure IV.14). Indeed, the values of the 
anodic peak to cathodic peak separation of the first redox wave for 
IV.1–IV.3 are comparable to that of the ferricinium/ferrocene 
couple [∆E(Fc+/Fc) = 70 mV]. A perfect linear plot of the peak 
current against the square root of the scan rate is obtained for the 

Table IV.5 Least-squares fitting magnetic data. 

Complex –Ja (cm–1) gb Rc  × 105 
IV.1a 75 2.05 3.0 
IV.1b 95 2.05 1.1 
IV.1c 94 2.06 0.7  
IV.2a 112 2.05 1.0 
IV.2b 100 2.04 0.4 
IV.2c 124 2.08 0.4 
IV.3a 128 2.04 1.5 
IV.3b 130 2.06 0.5 
IV.3c 144 2.10 2.7 

 a Magnetic coupling parameter. b Landé factor. c Agreement factor defined as R = 

∑[(χMT)exp – (χMT)calcd]2/∑[(χMT)exp]2. 

 

 
Figure IV.11 Temperature dependence of χM for IV.1a (�), IV.2a (£), and IV.3a 
(r). The solid lines are the best-fit curves (see Table IV.5). 

 
Figure IV.12 Temperature dependence of χM for IV.1b (�), IV.2b (£), and IV.3b 
(r). The solid lines are the best-fit curves (see Table IV.5). 

 
Figure IV.13 Temperature dependence of χM for IV.1c (�), IV.2c (£), and IV.3c 
(r). The solid lines are the best-fit curves (see Table IV.5). 
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first redox wave of IV.3, which is then stated to be completely 
reversible on the voltammetric time-scale. 

These two redox processes for IV.1–IV.3 would correspond to 
the stepwise ligand-centered oxidation of each of the two facing 
polymethyl-substituted p-phenylenediamidate bridges. Hence, the 
resulting dicopper(II) π-radical and diradical species are the 
metallacyclic analogues of forms I and II from the N,N’,N’’,N’’’-
tetramethyl-tetraza[7.7]paracyclophane, which shows similar values 
of the formal potentials to those of IV.3 (E1 = +0.08 and E2 = +0.69 

 
Figure IV.14 CVs of IV.1 (dotted line), IV.2 (dashed line), and IV.3 (solid line) in 
acetonitrile at 25 ˚C (0.1 M nBu4NPF6) with a scan rate of 100 mV s–1. 

Table IV.7 Selected kinetic data for the decomposition of IV.3’.a 

T (˚C) c0
b × 104 (M) kb (M–1 s–1) t1/2

c (h) 
5 1.00(1) 0.295(3) 9.4 
15 0.64(2) 0.598(6)  7.3 
25 0.48(4) 1.86(2) 3.1 

 a In acetonitrile. b The initial concentration (c0) and second-order rate constant (k) 

values were calculated from the reciprocal of the absorbance at λmax = 875 nm 

(1/A875) vs time (t) plots through the expression (1/c) = (1/c0) + kt with c = A875/(l 
× ε875), where l is the path length (l = 1 cm) and ε875 is the molar extinction 

cofficient at λmax = 875 nm (ε875 = 5660 M–1 cm–1). c The half-life (t1/2) is the time 

required for the concentration to fall from c0 to c0/2 [t1/2 = (1/c0)(1/k)]. 

 

 
Figure IV.16 UV–Vis–NIR spectral changes for the chemical oxidation of IV.3 
with Br2 in acetonitrile at 5 ˚C. The arrows indicate the course of the reaction. 

Table IV.6 Selected electrochemical data.a 

Complex E1
b

 (V) E2
b

  (V) Kc
c 

IV.1 +0.33 (80) +0.79 (i) 0.6 × 108 
IV.2 +0.24 (80) +0.80 (i) 0.3 × 1010 
IV.3 +0.15 (70) +0.86 (i) 1.1 × 1012 

 a In acetonitrile (25 °C, 0.1 M nBu4NPF6) with a scan rate of 100 mV s–1. b All 

formal potential (E) values were taken as the half-wave potentials vs. SCE, except 

for the irreversible (i) waves for which the anodic peak potentials were given. The 

values of the peak-to-peak separation (∆E / mV) between the anodic and cathodic 

peak potentials are given in parentheses. c The values of the comproportionation 
constant (Kc) were calculated from the difference in the formal potential values 

between the two one-electron oxidation waves (∆E12 = E2 – E1) through the 

expression log Kc = ∆E12/0.059. 

 

 
Figure IV.15 Plot of the E1 (¡) and E2 () values with the number of methyl 
substituents (n) for IV.1– IV.3. The inset show the exponential dependence of the 
calculated Kc values (l) (data from Table IV.6). The solid lines correspond to the 
best-fit curves (see text). 

 
Figure IV.17 Time evolution of the reciprocal of the absorbance at λmax = 875 nm 
(1/A875) for the decomposition of IV.3’ in acetonitrile at 5 (), 15 (), and 25 ˚C 
(p). The solid lines correspond to the bes-fit curves (see Table IV.7). 
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V vs. SCE).6a The observed linear decrease of the E1 values 
according to IV.1 > IV.2 > IV.3 indicates that the oxidation of the 
polymethyl-substituted p-phenylenediamidate bridge is favored as 
the number of electron donating methyl substituents increases 
(Figure IV.15). On the contrary, the linear increase of the E2 values 
along this series reflects the higher thermodynamic stability of the 
one-electron oxidized dicopper(II) π-radical species according to 
IV.1’ < IV.2’ < IV.3’ (Figure IV.15). Hence, the estimated values of 
the comproportionation constant [Kc = 0.6 × 108 (IV.1’), 0.3 × 1010 
(IV.2’), and 1.1 × 1012 (IV.3’), Table IV.7] follow an almost perfect 
exponential increase with the number of methyl substituents (n) onto 
the p-phenylenediamidate bridges (inset of Figure IV.15). 

IV.6 Spectroscopic Properties 

Complex IV.3’ was prepared by chemical oxidation of the 
tetraphenylphosphonium salt of IV.3 with bromine in acetonitrile 
[E(Br2/Br–) = +0.47 V vs. SCE] (Figure IV.16) The in situ prepared, 
deep blue dicopper(II) π-radical species is fairly stable in 
acetonitrile solution at 5 ˚C but progressively decomposes when 
going up to room temperature (see Experimental Section). The 
decomposition reaction for IV.3’ follows a second–order kinetics 
(more probably, a disproportionation reaction) with calculated half-
life (t1/2) values of 9.4, 7.3, and 3.1 h at 5, 15, and 25 ˚C, 
respectively (Table IV.7 and Figure IV.17). 

The electronic absorption spectrum of IV.3’ shows two intense 
bands in the vis–NIR region at λmax = 595 and 875 nm (ε = 1460 and 

5660 M–1 cm–1, respectively) with a shoulder at λmax = 790 nm 
(Table IV.8 and Figure IV.18). In contrast, IV.3 exhibits two intense 
UV–Vis bands at λmax = 325 and 420 nm (ε = 6450 and 3810 M–1 
cm–1, respectively), together with a Vis band of lower intensity at 
λmax = 575 nm (ε = 180 M–1 cm–1) which corresponds to the typical 
d-d transitions of square planar CuII ion, as earlier found in related 
mononuclear oxamate copper(II) complexes (Table IV.8 and Figure 
IV.18).11 Because of their greater intensity, the unique Vis–NIR 
spectral features of 3’ would mainly correspond to either metal-to-
ligand (MLCT) or ligand-to-metal charge transfer (LMCT) 
transitions. Yet a partial contribution from inter-ligand charge 
transfer (ILCT) transitions cannot be discarded, by analogy with 
those found in fully delocalized, π-stacked radical cation species of 
Wurster blue cyclophanes (see Theoretical Calculations below).6d 

The X-band EPR spectra of frozen acetonitrile solutions of IV.3 
and IV.3’ at 77 (IV.3) and 4 K (IV.3’) show a rhombic signal with a 
complex multiline splitting pattern (Figure IV.19). These spectral 
features would be associated with either the excited triplet (S = 1) 
spin state of the moderately strong antiferromagnetically coupled 
dicopper(II) pair (IV.3) or the ground doublet (S = 1/2) spin state of 
the very strong antiferromagnetically coupled dicopper(II)-π-radical 
triad (IV.3’), as confirmed by the temperature dependence of the X-
band EPR spectra of IV.3 and IV.3’ in frozen acetonitrile solutions 
(Figure IV.20). So, the double integral of the intensity of the EPR 

Table IV.8 Selected UV–Vis–NIRa and calculated EPRb spectral data. 

Complex λmax
c (nm) νd (cm–1) gx

e gy
e gz

e 
IV.3 325 (6450) 

420 (3810) 
575 (180) 

30770 
23810 
17390 

2.005 (20) 2.085 (15) 2.239 (93) 

IV.3’ 595 (1460) 
875 (5660) 

16805 
11430 

2.012 (30) 2.065 (20) 2.250 (108) 

 a In acetonitrile at 5 ˚C. b In acetonitrile at 77 (IV.3) and 4 K (IV.3’). c The values of 

the molar extinction cofficient (ε / M–1 cm–1) are given in parentheses. d The 

wavenumber is defined as ν = 1/λmax. e The values of the Landé factors (gi) and the 

hyperfine coupling constants (Ai) associated with the x, y, and z components of the 

allowed Ms = 0 → Ms = ±1 transitions of the excited triplet (S = 1) spin state for IV.3, 

and the corresponding ones of the Ms = –1/2 → Ms = +1/2 transition of the ground 

doublet (S = 1/2) spin state for IV.3’ were calculated by using the XSOPHE program. 
The values of the calculated hyperfine coupling constants (Ai / G) are given in 

parentheses. 

 

 
Figure IV.18 Electronic spectra of IV.3 (a) and IV.3’ (b) in acetonitrile at 5 ˚C. 

 

 
Figure IV.19 X-band EPR spectra of IV.3 (a) and IV.3’ (b) in acetonitrile at 77 and 4 
K, respectively. The bold lines are the simulated spectra (see Table IV.8). 
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signal for IV.3 exhibits a maximum at ca. 80 K, whereas it increases 
continuously as the temperature decreases for IV.3’ (Figure IV.21), 
in agreement with the postulated magnetic switching behavior for 
the redox pair of permethylated derivatives IV.3/IV.3’ (see Figure 
IV.2). The least-squares fit of the double integrated EPR signal 
intensity (DI) in arbitrary units of IV.3 through the Bleaney-Bowers 
expression gave J = –91 cm–1 (solid line in Figure IV.21), as 
expected for a moderately strong antiferromagnetically coupled 
dicopper(II) species. This value is however somewhat smaller than 
that obtained from the fit of the magnetic susceptibility data of the 
structurally characterized tetraphenylphosphonium salt of IV.3 (J = 
–144 cm–1), reflecting thus the small variations of the molecular 
geometry in acetonitrile solution and in the solid state. On the other 
hand, the double integrated EPR signal intensity of IV.3’ follows a 
Curie law behavior (solid line in Figure IV.21), as expected for a 
very strong antiferromagnetically coupled dicopper(II)-π-radical 
species (see theoretical calculations below). 

The EPR spectra of IV.3 and IV.3’ were then simulated by 
using the XSOPHE program12 that diagonalizes the full Hamiltonian 
matrix within the basis of the three S = 1 spin functions (Ms = 0, ±1) 
for IV.3 or the two S = 1/2 spin functions (Ms = ±1/2) for IV.3’ 
(bold lines in Figure IV.19). The calculated values of the Landé 

factors are gx = 2.005 (IV.3) and 2.012 (IV.3’), gy = 2.085 (IV.3) 
and 2.065 (IV.3’), and gz = 2.239 (IV.3) and 2.250 (IV.3’), while 
those of the hyperfine coupling constants are Ax = 20 (IV.3) and 30 
G (IV.3’), Ay = 15 (IV.3) and 20 G (IV.3’), and Az = 93 (IV.3) and 
108 G (IV.3’) (Table IV.8). The most remarkable feature of the X-
band EPR spectra of IV.3 and IV.3’ is the well-resolved seven-line 
splitting of the gz signal due to the hyperfine coupling with the 
nuclear spin of the two CuII ions (2nICu + 1 = 7 with n = 2 and ICu = 
3/2) (Figure IV.19). This situation clearly contrasts with that 
expected for a metal-centered oxidation that would give a simple 
four-line splitting typical of a localized dicopper(II,III) species for 
IV.3’ (2nICu + 1 = 4 with n = 1 and ICu = 3/2). Although an 
alternative delocalized dicopper(II,III) description cannot be 
definitely discarded for IV.3’, this situation better agrees with that 
expected for an antiferromagnetically coupled dicopper(II)-π-radical 
species resulting from a ligand-centered oxidation. In fact, the 
calculated Az value of IV.3’ is almost four thirds that of IV.3 [Az = 
93 (IV.3) and 108 G (IV.3’)], as expected from the different S = 1 
CuII

2 (IV.3) and S = 1/2 CuII
2-π-radical (IV.3’) formulations [A(S = 

1/2) = 4/3A(S = 1) with A(S = 1) = 1/2ACu]. In contrast, the 
calculated Az value of a delocalized S = 1/2 CuII,III

2 mixed-valent 
formulation for IV.3’ [A(S = 1/2) = 1/2ACu] would be identical to 
that of a S = 1 CuII

2 one for IV.3 [A(S = 1) = 1/2ACu], both of them 
being half the value found for a localized S = 1/2 CuII,III

2 mixed-
valent formulation [A(S = 1/2) = ACu]. 

IV.7 Theoretical Calculations 

Energy and molecular orbital calculations. DF energy 
calculations on the model complexes IV.1–IV.3 with an imposed 
planar conformation of the copper basal planes (τ = 0°) and a 
perpendicular orientation of the copper basal planes with respect to 
the benzene rings (φ = 90°) are summarized in Table IV.9 (see 
Computational Details). All four possible configurations of the 
methyl substituents from the two facing benzene rings were 
considered for IV.2 (Figure IV.22). For all these orthogonal model 
complexes with polymethyl-substituted benzene spacers, –C6H(4–

n)Men– [n = 0 (IV.1), 1 (IV.2), and 4 (IV.3)], the energy calculations 
show a ground broken-symmetry (BS) singlet (S = 0) spin state 
lying well below the excited triplet (S = 1) spin state. The calculated 
value of the singlet-triplet energy gap (ΔEST = –J) for IV.1 and IV.3 
increases with the number of methyl substituents from 130 (IV.1) to 

 

 
Figure IV.20 Temperature dependence of the X-band EPR spectra of IV.3 (a) and 
IV.3’ (b) in acetonitrile. 

 

 
Figure IV.21 Temperature dependence of the double integrated EPR signal intensity 
for IV.3 (r) and IV.3’ (p). The solid lines are the best-fit curves (see text). 
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139 cm–1 (IV.3), while they vary in the narrow range of 128–131 
cm–1 for the pseudo-gem, -ortho, -para, and -meta isomers of IV.2, 
being closer to that of IV.1 than to that of IV.3. However, the 
calculated –J values for the orthogonal model complexes (φ = 90° 
and τ = 0°) significantly differ from the experimental ones, as 
illustrated in Figure IV.23. The larger deviations among the 
calculated and experimental values in IV.1 when compared to those 
in IV.3 are likely due to the greater loss of orthogonality between 
the copper and the benzene planes and/or the larger tetrahedral 
distortion of the copper center when decreasing the number of 
methyl substituents, as evidenced by the crystal structures of IV.1a 
and IV.3c.  

DF energy calculations on the optimized molecular geometries 
of IV.1, IV.2 (pseudo-meta isomer), and IV.3 in acetonitrile 
solution show a much better agreement with the experimental data 
(see Computational Details). Hence, the calculated –J values [–J = 
106 (IV.1), 115 (IV.2), and 124 cm–1 (IV.3), Table IV.9] are close 
to the experimental ones obtained from the fit of the magnetic 
susceptibility data in the solid state [–J = 75–95 (IV.1a–IV.1c), 
100–124 (IV.2a–IV.2c), and 128–144 cm–1 (IV.3a– IV.3c), Table 
IV.5]. This situation reflects the structural similarities among the 
optimized molecular geometries [τ = 8.5 (IV.1), 6.3 (IV.2), and 1.9° 
(IV.3); φ = 63.9 (IV.1), 73.0 (IV.2), and 75.2° (IV.3)] and the 
experimental ones [τ = 16.1(1) (IV.1a), 5.4(2) (IV.2b), and 5.0(1)° 
(IV.3c); φ = 58.72(7) (IV.1a), 71.7(3) (IV.2b), and 73.67(5)° 
(IV.3c)]. As a matter of fact, the optimization geometry calculations 
evidence a significantly lesser tetrahedral distortion of the metal 
environment and a smaller deviation from the ideal D2h symmetry 
corresponding to the orthogonal conformation when going from the 
unsubstituted ancestor (IV.1) to the methyl-substituted (IV.2) and 
then to the tetramethyl-substituted derivatives (IV.3), as observed 
experimentally. More importantly, the calculated –J values for the 
optimized molecular geometries of IV.1, IV.2 (pseudo-meta 
isomer), and IV.3 in acetonitrile solution increase continuously with 

the increasing number of methyl substituents (n) from 0 (IV.1) to 1 
(IV.2) and 4 (IV.3) in agreement with the observed experimental 
trend. This indicates that the magnetic coupling along this series is 
governed by both electronic and structural factors associated with 
the electron donor properties and steric requirements of the methyl 
group (Figure IV.23). 

DF molecular orbital (MO) calculations on the optimized 
molecular geometries of IV.1, IV.2 (pseudo-meta isomer), and IV.3 
in acetonitrile solution reveal a parallel increase in the calculated 
energy separation between the two singly occupied molecular 
orbitals (SOMOs) [δ = 2702 (IV.1), 2831 (IV.2), and 2976 cm–1 
(IV.3), Table IV.9]. In fact, the calculated –J values vary almost 
linearly with the square of δ for both orthogonal and nonorthogonal 
models of IV.1– IV.3, in agreement with the simplest orbital models 
of the EE interaction (inset of Figure IV.23).13 This is explained by 
the electron donor character of the methyl group which increases the 
energy of the two π ligand orbitals involved in the EE mechanism, 
favoring thus the metal-ligand orbital mixing because of their 
smaller energy separation relative to the 3d metal orbitals [ΔEM–L 
and (ΔEM–L + ΔEL)] (Figure IV.24). This fact ultimately leads to an 
increased delocalization of the unpaired electrons of the CuII ions 
onto the π-conjugated electron system of the p-phenylene spacers 
with the increasing number of methyl substituents (n) for IV.1– IV.3. 
This situation is clearly reflected on the two calculated SOMOs for 
the triplet spin state of IV.3, which show a high metal-ligand 
covalency and strongly ligand delocalized character (Figure IV.25). 
These two SOMOs, noted bg* and bu*, are composed by the 
symmetric and antisymmetric combinations respectively, of the 
d(x2–y2) orbitals of the square-planar CuII ions mixed with the 
corresponding combinations of appropriate symmetry of the two π-
type orbitals of the tetramethyl-p-phenylenediamidate bridges, 
which are in turn made up of p(z) orbitals of the carbon and nitrogen 
atoms (Figure IV.24). 

 
Figure IV.22 Illustration of the metallacyclic core for the pseudo-gem (a), -ortho (b), 
-para (c), and -meta (d) isomers of IV.2. 

Table IV.9 Selected calculated energy data for the orthogonal model complexes 
IV.1– IV.3. 

 Molecular 
symmetry 

ΔEST
a (cm–1) δb (cm–1) 

IV.1 D2h 130 (106) 2992 (2702) 
IV.2 (pseudo-gem) Cs 131 3057 
IV.2 (pseudo-ortho) C2 128 3008 
IV.2 (pseudo-para) Ci 128 3017 
IV.2 (pseudo-meta) C2 129 (115) 3025 (2831) 
IV.3 D2h 139 (124) 3250 2976) 
a The calculated singlet-triplet energy gap (ΔEST = –J) of the optimized molecular 

geometries in acetonitrile solution are given in parentheses. b The calculated 

energy gap between the two singly occupied molecular orbitals (SOMOs) for the 

triplet spin state of the optimized molecular geometries in acetonitrile solution are 

given in parentheses. 

 
Figure IV.23 Plot of the calculated values of the magnetic coupling parameter (–J) 
with the number of methyl substituents (n) for the orthogonal model complexes (p) 
and the optimized molecular geometries in acetonitrile solution of IV.1–IV.3 (q) 
(data from Table IV.9). The dotted and solid lines correspond to the second 
polynomial fit curves. The experimental –J values for the tetra-n-butylammonium (�), 
lithium(I) (£), and tetraphenylphosphonium salts (¯) of IV.1–IV.3 are also shown 
for comparison (data from Table IV.5). The inset shows the linear dependence of the 
calculated –J values for the orthogonal model complexes (p) and the optimized 
molecular geometries in acetonitrile solution of IV.1–IV.3 (q) with the square of the 
energy gap (δ) between the two SOMOs (data from Table IV.9). The dotted and solid 
lines correspond to the linear fit curves (see text). 
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DF energy calculations on the optimized molecular geometries 
of IV.3 and IV.3’ in acetonitrile solution show ground BS singlet (S 
= 0) and doublet (S = 1/2) spin states, respectively (see 
Computational Details). Several electronic configurations were 
checked for IV.3’, even by modifying the starting geometrical 
parameters to stabilize them, but in all cases the geometry 
optimization leads to a unique geometry which corresponds to a S = 
1/2 CuII

2-π-radical configuration resulting from the one-electron 
oxidation of the double tetramethyl-p-phenylenediamidate bridge 
skeleton. This ground doublet (S = 1/2) spin state of IV.3’, labeled 
|↑↓↑>, would result from the antiferromagnetic coupling between 
the central π-radical (SR = 1/2) cation and the two peripheral CuII 
(SCu = 1/2) ions within the CuII

2-π-radical triad. In addition, there are 
two excited doublet (S = 1/2) and quartet (S = 3/2) spin states, 
labeled (|↑↑↓>) and  (|↑↑↑>), which are located at 1897 and 5550 
cm–1 respectively, well above the ground doublet (S = 1/2) spin state. 
The metal-radical magnetic coupling parameter can then be 
calculated from the energy gap between the two low-lying doublet 
spin configurations [ΔE = E(|↑↑↓>) – E(|↑↓↑>) = –J’]. The 
calculated –J’ value of 1897 cm–1 for IV.3’ is very large, ensuring 
thus that only the ground doublet (S = 1/2) spin state is thermally 
populated with essentially no population of the excited doublet (S = 

1/2) and quartet (S = 3/2) spin states, as deduced from the EPR 
spectroscopic data of IV.3’ in acetonitrile solution. This situation is 
that expected for a direct antiferromagnetic exchange interaction 
between the unpaired electrons occupying the d(x2–y2) orbitals of 
the square-planar CuII ions and that occupying the π-type orbital of 
the tetramethyl-p-phenylene radical cation. By comparison, the 
ground BS singlet (S = 0) spin state of IV.3 resulting from the 
antiferromagnetic coupling between the two CuII (SCu = 1/2) ions 
within the CuII

2 pair lies at only 124 cm–1 below the excited triplet 
(S = 1) spin state. The magnetic coupling parameter can be 
calculated from the singlet-triplet energy gap between these two 
spin configurations, labeled |↑↓> and |↑↑>, respectively [ΔE = 
E(|↑↑>) – E(|↑↓>) = –J]. The calculated –J value of 124 cm–1 for 
IV.3 is close to the experimental one obtained from the fit of the 
EPR spectroscopic data in acetonitrile solution (J = –91 cm–1). This 
situation corresponds to an indirect (through-bond) 
antiferromagnetic exchange interaction between the unpaired 
electrons occupying the d(x2–y2) orbitals of the square-planar CuII 
ions through the diamagnetic tetramethyl-p-phenylene spacers. 

Molecular geometry optimizations. The optimized molecular 
geometries for the ground BS singlet (IV.3) and doublet (IV.3’) spin 
states in acetonitrile solution are consistent with the generation of a 
fully delocalized (mixed-valent), π-stacked monoradical ligand upon 
one-electron oxidation of the double tetramethyl-p-
phenylenediamidate bridging skeleton (Table IV.10). The validity of 
this approach is confirmed by the structural similarities, in terms of 
both bond lengths and interbond angles, between the optimized 
structure in acetonitrile solution of IV.3 and that of its 
tetraphenylphosphonium salt (IV.3c), which was experimentally 

Table IV.10 Selected structural data for the optimized geometries in acetonitrile 
solution of the ground BS singlet and doublet spin states of IV.3 and IV.3’, 
respectively. 

 IV.3a IV.3’ 
C–N (Å) 1.436 (1.427) 

1.436 (1.431) 
1.411 
1.411 

C–C(Me) (intra-ring) (Å) 1.417 (1.398) 
1.417 (1.401)      
1.424 (1.401) 
1.424 (1.402) 

1.426 
1.426 
1.434 
1.434 

C(Me)–C(Me) (intra-ring) (Å) 1.415 (1.394) 
1.417 (1.401) 

1.405 
1.407 

C···C (inter-ring) (Å) 3.456 (3.290) 
3.456 (3.290) 

3.245 
3.245 

C(Me)···C(Me) (inter-ring) (Å) 3.540 (3.359) 
3.540 (3.359) 
3.544 (3.399) 
3.544 (3.399) 

3.338 
3.338 
3.338 
3.338 

φ b (°) 75.23 (73.67) 80.91 
a The experimental structural data of IV.3c are given in parentheses. b Dihedral 

angle between the copper basal planes and the benzene planes. 

 

 
Figure IV.25 Perspective views of the calculated SOMOs for the triplet spin state of 
IV.3. The isoelectronic surface corresponds to a cutoff value of 0.003 e bohr–3. 

 

Figure IV.24 Simplified energy level diagram of the EE interaction in dicopper(II) 
paracyclophanes with polymethyl-substituted p-phenylenebis(oxamate) bridging 
ligands. The dinuclear metallacyclophane skeleton is shown for the sake of clarity. 
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determined in the solid state by single-crystal X-ray diffraction 
(Table IV.10). 

A small but non-negligible bond alternation is observed within 
the two equivalent benzene rings of IV.3’, with average short and 
long intra-ring C(Me)–C(Me) and C–C(Me) distances of 1.406 and 
1.430 Å respectively, whereas IV.3 shows no appreciable bond 
alternation, with a mean value of the intra-ring C(Me)–C(Me) and 
C–C(Me) distances of 1.416 and 1.420 Å, respectively. Moreover, 
the amidate substituents of the benzene rings in IV.3’ have a 
common value of the C–N distance of 1.411 Å which is significantly 
shorter than that of 1.436 Å in IV.3, indicating thus the development 
of a partial double bond character typical of imines. Overall, these 
small but non-negligible bond length changes evidence a 
iminoquinonoid character for both tetramethyl-p-
phenylenediamidate bridges of IV.3’, in rather good agreement with 
the recently reported X-ray crystal structure of the fully delocalized, 
π-stacked radical iminium cation (form I) of the 2,2-
dimethylpropylene-bridged N,N’,N’’,N’’’-tetramethyl-
tetraza[5.5]paracyclophane [CH–CH = 1.364(4)–1.376(4) Å, C–CH 
= 1.399(4)–1.420(4) Å, and C–N = 1.374(4)–1.386(4) Å].[9d] 

The most salient structural feature for IV.3’ is, however, the 
inter-ring C···C and C(Me)···C(Me) distances of 3.245 and 3.338 Å 
respectively, values which are significantly shorter than the Van der 
Waals contact (3.40 Å). By comparison, the average inter-ring C···C 
and C(Me)···C(Me) distances for IV.3 are 3.456 and 3.542 Å, 
respectively. The approach of the benzene rings is accompanied by 
slightly smaller deviations from the eclipsed π-stacked, orthogonal 
molecular conformation on going from IV.3 (φ = 75.23°) to IV.3’ (φ 
= 80.91°). These inter-ring close contacts reveal the occurrence of 
an incipient π-π long-bond formation between the two facing 
tetramethyl-p-phenylene spacers within the metallacyclophane core 
of IV.3’, as expected from the ligand delocalized nature of this 
monooxidized metallacyclic radical species. This situation has also 
been found in the fully delocalized, π-stacked radical iminium cation 
(form I) of the 2,2-dimethylpropylene-bridged N,N’,N’’,N’’’-
tetramethyl-tetraza[5.5]paracyclophane, which have similar inter-

ring π-stacking bonding interactions [C···C = 3.188(4)–3.448(4) Å 
and CH···CH = 3.216(4)–3.492(4) Å].9d 

Spin density analysis. Spin densities obtained by NBO analysis 
on the ground BS singlet (IV.3) and doublet (IV.3’) spin states in 
acetonitrile solution agree with a switch from antiparallel to parallel 
alignment of the local spin moments of the CuII ions by the presence 
of the delocalized π-radical cation generated upon one-electron 
oxidation of the double tetramethyl-p-phenylenediamidate bridge 
skeleton (Table IV.11 and Figure IV.26). So, the spin density 
distribution for the ground BS singlet spin state of IV.3 shows spin 
densities of opposite sign at the metal atoms (ρM = ±0.5553 e), 
together with small but non-negligible spin densities of alternating 
sign at the adjacent carbon atoms of the benzene rings resulting 
from spin polarization effects by the amidate nitrogen atoms (Figure 
IV.26a). On the contrary, the spin density distribution for the ground 
doublet spin state of IV.3’ reflects spin densities of the same sign at 
the metal atoms (ρM = +0.4915 e), alongside a large amount of spin 
density of opposite sign mainly delocalized along each of the four 
benzene carbon atoms directly attached to the amidate nitrogen ones 
(ρC = –0.1122 e) (Figure IV.26b). This picture nicely corresponds to 
that expected for a metallacyclic analogue of the purely organic 
Wurster blue cyclophanes, which would be described by the four 
equivalent resonance forms I of a fully delocalized, π-stacked 
radical iminium cation species. 

IV.8 Concluding Remarks 

In this paper, we present a combined experimental and theoretical 
study on a novel family of electroactive, antiferromagnetically 
coupled dicopper(II) paracyclophanes with polymethyl-substituted 
benzene spacers, –C6H(4–n)Men– [n = 0, 1, and 4]. The overall 
strengthening of the antiferromagnetic coupling along this series is 
due to an increased delocalization of the unpaired electrons of the 
CuII ions onto the π-conjugated electron system of the p-phenylene 
spacers with the increasing number of electron donating methyl 
substituents. This phenomenon is ultimately responsible for the 
higher stability of the one-electron oxidized dicopper(II) π-radical 
species resulting from the oxidation of the polymethyl-substituted p-
phenylenediamidate bridge as the number of electron donating 
methyl substituents increases. Interestingly, the permethylated 
dicopper(II) paracyclophane exhibits a unique magnetic 
electroswitching (ON/OFF) behavior, as shown both experimentally 
and theoretically. The magnetic bistability obeys to the change from 
antiparallel (OFF) to parallel (ON) spin alignment of the metal 
centers by the π-stacked delocalized monoradical ligand generated 
upon one-electron oxidation of the double tetramethyl-p-

 
Figure IV.26 Perspective views of the calculated spin density distribution for the 
ground BS singlet and doublet spin configurations of IV.3 (a) and IV.3’ (b), 
respectively. Blue and yellow contours represent positive and negative spin densities, 
respectively. The isodensity surface corresponds to a cutoff value of 0.003 e bohr–3. 

Table IV.11 Selected calculated atomic spin density data for the optimized 
geometries in acetonitrile solution of the ground BS singlet and doublet spin 
states of IV.3 and IV.3’, respectively.a,b 

 IV.3 IV.3’ 
Cu(1) ±0.5553 +0.4915 
N(1) –0.1027 +0.0390 
N(2) +0.1021 +0.0389 
O(1) –0.0947 +0.0815 
O(2) –0.0078 +0.0086 
O(3) –0.0068 –0.0017 
O(4) +0.0946 +0.0813 
O(5) +0.0077 +0.0086 
O(6) +0.0067 –0.0018 
C(1) +0.0401 –0.1121 
C(2) –0.0346 +0.0039 
C(3) +0.0345 +0.0037 
C(4) –0.0401 –0.1121 
C(5) +0.0344 –0.0027 
C(6) –0.0343 –0.0030 
C(7) +0.0026 –0.0045 
C(8) +0.0067 –0.0055 
C(9) –0.0025 –0.0045 
C(10) –0.0068 –0.0055 
C(20) +0.0026 +0.0006 
C(30) –0.0025 +0.0006 
C(50) –0.0025 +0.0017 
C(60) +0.0025 +0.0017 
a The calculated values of the atomic spin density (ρX) are given in e units. b The 
atom-numbering scheme is given in Figure IV.7a. 
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phenylenediamidate bridge skeleton. Permethylation in this 
metallacyclic system constitutes thus a unique example of ligand 
design for the supramolecular control of magnetic properties and 
electrochemical reactivity. 

IV.9 Experimental Section 

Materials. All chemicals were of reagent grade quality. They 
were purchased from commercial sources and used as received, 
except those for electrochemical measurements. The nBu4NPF6 salt 
was recrystallized twice from ethyl acetate/diethyl ether, dried at 
80 °C under vacuum, and kept in an oven at 110 °C. Acetonitrile 
was purified by distillation from calcium hydride on activated 3 Å 
molecular sieves and stored under argon. 

Physical techniques. Elemental analyses (C, H, N) were 
performed at the Servicio Central de Soporte a la Investigación 
(SCSIE) at the Universitat de València (Spain). 1H NMR spectra 
were recorded at room temperature on a Bruker AC 200 (200.1 
MHz) spectrometer. Chemical shifts are reported in δ (ppm) vs. 
SiMe4. C2D6SO was used as solvent and internal standard (δ = 2.50 
ppm). FTIR spectra were recorded on a Nicolet-5700 
spectrophotometer as KBr pellets. 

Preparation of the ligands. Et2H2ppba: Ethyl oxalyl chloride 
ester (14.0 mL, 120 mmol) was poured into a solution of 2,3,5,6-
tetramethyl-p-phenylenediamine (6.5 g, 60 mmol) in THF (250 mL) 
under vigorous stirring at 0 °C on an ice-bath. The reaction mixture 
was then refluxed for 1 h. After cooling, the solid was collected by 
filtration, washed with diethyl eter, and dried under vacuum (15.7 g, 
85% yield). Anal. Calcd for C14H16N2O6 (308): C, 54.55; H, 5.19; N, 
9.09%. Found: C, 54.42; H, 5.21; N, 9.21%. 1H NMR (C2D6SO): 
1.28 (t, 6 H, 2 CH3), 4.29 (q, 4 H, 2 CH2O), 7.71 (s, 4H, C6H4), 
10.79 (s, 2 H, 2 NH). IR (KBr): 3250 (N–H), 1733, 1685 cm–1 
(C=O).  

Et2H2Meppba: Ethyl oxalyl chloride ester (14.0 mL, 120 
mmol) was poured into a solution of 2-methyl-p-phenylenediamine 
dihydrogen sulfate (13.2 g, 60 mmol) and triethylamine (16.8 mL, 
120 mmol) in THF (250 mL) under vigorous stirring at 0 °C on an 
ice-bath. The reaction mixture was then refluxed for 1 h. After 
cooling, the solid was collected by filtration, washed thoroughly 
with water to remove the precipitate of (Et3NH)2SO4 and then with 
diethyl eter, and dried under vacuum (15.5 g, 80% yield). Anal. 
Calcd for C15H18N2O6 (322): C, 55.90; H, 5.59; N, 8.70%. Found: C, 
55.87; H, 5.29; N, 8.91%. 1H NMR (C2D6SO): 1.28 (t, 6 H, 2 CH3), 
2.16 (s, 3H, CH3 of C6H3CH3), 4.28 (q, 4 H, 2 CH2O), 7.30 (d, 1 H, 
5–H of C6H3CH3), 7.53 (d, 1 H, 4–H of C6H3CH3), 7.62 (s, 1 H, 3–
H of C6H3CH3), 10.26 (s, 1 H, 1 NH), 10.74 (s, 1 H, 1 NH). IR 
(KBr): 3237 (N–H), 1752, 1734, 1693 cm–1 (C=O). 

Et2H2Me4ppba: Ethyl oxalyl chloride ester (14.0 mL, 120 
mmol) was poured into a solution of 2,3,5,6-tetramethyl-p-
phenylenediamine (9.9 g, 60 mmol) in THF (250 mL) under 
vigorous stirring at 0 °C on an ice-bath. The reaction mixture was 
then refluxed for 1 h. After cooling, the solid was collected by 
filtration, washed with diethyl eter, and dried under vacuum (19.7 g, 
90% yield). Anal. Calcd for C18H24N2O6 (364): C, 59.33; H, 6.64; N, 
7.68%. Found: C, 58.98; H, 6.67; N, 7.74%. 1H NMR (C2D6SO): 

1.29 (t, 6 H, 2 CH3), 2.02 (s, 12H, 4 CH3 of C6(CH3)4), 4.30 (q, 4 H, 
2 CH2O), 10.39 (s, 2 H, 2 NH). IR (KBr): 3246 (N–H), 1728, 1677 
cm–1 (C=O). 

Preparation of the complexes. (nBu4N)4[Cu2(ppba)2] . 
2CH3OH (IV.1a): A 1.0 M methanol solution of nBu4NOH (20 mL, 
20.0 mmol) was added all at once to a suspension of H2Et2ppba (1.6 
g, 5.0 mmol) in methanol (50 mL). A methanol solution (10 mL) of 
Cu(ClO4)2 

. 6H2O (1.85 g, 5.0 mmol) was then added dropwise 
under stirring at room temperature to the reaction mixture. The deep 
green solution was filtered to eliminate the small amount of solid 
particles and the solvent was removed under vacuum. The green 
solid was recuperated with acetone, collected by filtration, washed 
thoroughly with tetrahydrofuran to remove the precipitate of 
nBu4NClO4, and air dried. Recrystallization from a methanol 
solution gave green prisms of IV.1a suitable for single-crystal X-ray 
diffraction upon layering of diethyl ether (3.3 g, 80% yield). Anal. 
Calcd for C86H160Cu2N8O14 (1657): C, 62.32; H, 9.73; N, 6.76%. 
Found: C, 61.98; H, 9.51; N, 6.74%.  IR (KBr): 1654, 1612 cm–1 

(C=O). 

Li4[Cu2(ppba)2] ⋅  10H2O (IV.1b): An aqueous solution (10 
mL) of Cu(NO3)2 . 3H2O (1.2 g, 5.0 mmol) was added dropwise to 
an aqueous solution (50 mL) of Et2H2ppba (1.5 g, 5.0 mmol) and 
LiOH ⋅ H2O (0.8 g, 20.0 mmol) under stirring at room temperature. 
The resulting deep green solution was then filtered, and the solvent 
was reduced under vacuum until a solid appeared. The light green 
solid of IV.1b was collected by filtration, washed with acetone and 
diethyl ether, and air dried (1.6 g, 75% yield). Anal. Calcd for 
C20H28Cu2Li4N4O22 (831): C, 28.88; H, 3.37; N, 6.74%. Found: C, 
28.75; H, 3.28; N, 6.67%. IR (KBr): 1624, 1616 cm–1 (C=O). 

(Ph4P)4[Cu2(ppba)2] ⋅  8H2O (IV.1c): An aqueous solution (10 
mL) of AgNO3 (1.4 g, 8.0 mmol) was added to an aqueous solution 
(20 mL) of IV.1b (1.7 g, 2.0 mmol) under stirring at room 
temperature. The dark green solid that appeared was collected by 
filtration, suspended in water (10 mL), and then charged with an 
acetonitrile solution (5 mL) of Ph4PCl (3.0 g, 8.0 mmol). The 
reaction mixture was further stirred for 30 min under gentle 
warming and then filtered to remove the precipitate of AgCl. Slow 
evaporation of the filtered deep green solution gave dark green 
crystals of IV.1c not suitable for single-crystal X-ray diffraction 
after several days in the open air at room temperature (4.2 g, 95% 
yield). Anal. Calcd for C116H104Cu2N4O20P4 (2123): C, 65.56; H, 
4.89; N, 2.63%. Found: C, 65.65; H, 4.82, N 2.47%. IR (KBr): 1644, 
1603 cm–1 (C=O). 

(nBu4N)4[Cu2(Meppba)2] . 3H2O (IV.2a): A 1.0 M methanol 
solution of nBu4NOH (20 mL, 20.0 mmol) was added all at once to 
a suspension of H2Et2Meppba (1.6 g, 5 mmol) in methanol (50 mL). 
A methanol solution (10 mL) of Cu(ClO4)2 

. 6H2O (1.85 g, 5.0 
mmol) was then added dropwise under stirring at room temperature 
to the reaction mixture. The deep brown solution was filtered to 
eliminate the small amount of solid particles and the solvent was 
removed under vacuum. The dark brown solid of IV.2a was 
recuperated with acetone, collected by filtration, washed thoroughly 
with tetrahydrofuran to remove the precipitate of nBu4NClO4, and 
air dried (3.4 g, 80% yield). Anal. Calcd for C88H162Cu2N8O15 
(1700): C, 61.65; H, 9.75; N, 6.69%. Found: C, 61.53; H, 9.61; N, 
6.51%.  IR (KBr): 1649, 1602 cm–1 (C=O). 
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Li4[Cu2(Meppba)2] ⋅  7H2O (IV.2b): An aqueous solution (10 
mL) of Cu(NO3)2 . 3H2O (1.2 g, 5.0 mmol) was added dropwise to 
an aqueous solution (50 mL) of Et2H2Meppba (1.6 g, 5.0 mmol) and 
LiOH ⋅ H2O (0.8 g, 20.0 mmol) under stirring at room temperature. 
The resulting deep brown solution was then filtered, and the solvent 
was reduced under vacuum until a solid appeared. The dark brown 
solid was collected by filtration, washed with acetone and diethyl 
ether, and dried under vacuum. Recrystallization from an aqueous 
solution gave dark brown prisms of IV.2b suitable for single-crystal 
X-ray diffraction upon layering of methanol (1.7 g, 85% yield). 
Anal. Calcd for C22H26Cu2Li4N4O19 (804): C, 32.81; H, 3.25; N, 
6.96%. Found: C, 31.34; H, 3.20; N, 6.89%. IR (KBr): 1645, 1618 
cm–1 (C=O). 

(Ph4P)4[Cu2(Meppba)2] ⋅  8H2O (IV.2c): An aqueous solution 
(10 mL) of AgNO3 (1.4 g, 8.0 mmol) was added to an aqueous 
solution (20 mL) of IV.2b (1.6 g, 2.0 mmol) under stirring at room 
temperature. The dark brown solid that appeared was collected by 
filtration, suspended in water (10 mL), and then charged with an 
acetonitrile solution (5 mL) of Ph4PCl (3.0 g, 8.0 mmol). The 
reaction mixture was further stirred for 30 min under gentle 
warming and then filtered to remove the precipitate of AgCl. Slow 
evaporation of the filtered deep brown solution gave dark brown 
crystals of IV.2c not suitable for single-crystal X-ray diffraction 
after several days in the open air at room temperature (3.9 g, 90% 
yield). Anal. Calcd for C118H108Cu2N4O20P4 (2151): C, 65.82; H, 
5.06; N, 2.60%. Found: C, 65.45; H, 4.99; N, 2.77%. IR (KBr): 
3425 (O–H), 1642, 1617 cm–1 (C=O). 

(nBu4N)4[Cu2(Me4ppba)2] . 5H2O (IV.3a): A 1.0 M methanol 
solution of nBu4NOH (20 mL, 20.0 mmol) was added all at once to 
a suspension of H2Et2Me4ppba (1.8 g, 5.0 mmol) in methanol (50 
mL). A methanol solution (10 mL) of Cu(ClO4)2 

. 6H2O (1.85 g, 5.0 
mmol) was then added dropwise under stirring at room temperature 
to the reaction mixture. The deep brown solution was filtered to 
eliminate the small amount of solid particles and the solvent was 
removed under vacuum. The dark brown solid of IV.3a was 
recuperated with acetone, collected by filtration, washed thoroughly 
with tetrahydrofuran to remove the precipitate of nBu4NClO4, and 
air dried (3.9 g, 85% yield). Anal. Calcd for C94H178Cu2N8O17 
(1820): C, 61.54; H, 9.99; N, 6.24%. Found: C, 61.91; H, 9.90; N, 
5.99%.  IR (KBr): 1647, 1597 cm–1 (C=O). 

Li4[Cu2(Me4ppba)2] ⋅  9H2O (IV.3b): An aqueous solution (10 
mL) of Cu(NO3)2 . 3H2O (1.2 g, 5.0 mmol) was added dropwise to 
an aqueous solution (50 mL) of Et2H2Me4ppba (1.8 g, 5.0 mmol) 
and LiOH . H2O (0.8 g, 20.0 mmol) under stirring at room 
temperature. The resulting deep brown solution was then filtered, 
and the solvent was reduced under vacuum until a solid appeared. 
The dark brown solid of IV.3b was collected by filtration, washed 
with acetone and diethyl ether, and air dried (2.0 g, 85% yield). 
Anal.: calcd for C28H42Cu2Li4N4O21 (924): C, 36.34; H, 4.57; N, 
6.05%. Found: C, 36.63; H, 4.40; N, 6.03%; IR (KBr): ν = 3473 (O–
H), 1634, 1605 cm–1 (C=O). 

(Ph4P)4[Cu2(Me4ppba)2] ⋅  15H2O (IV.3c): An aqueous 
solution (10 mL) of AgNO3 (1.4 g, 8.0 mmol) was added to an 
aqueous solution (20 mL) of IV.3b (1.9 g, 2.0 mmol) under stirring 
at room temperature. The dark brown solid that appeared was 
collected by filtration, suspended in water (10 mL), and then 

charged with an acetonitrile solution (5 mL) of Ph4PCl (3.0 g, 8.0 
mmol). The reaction mixture was further stirred for 30 min under 
gentle warming and then filtered to remove the precipitate of AgCl. 
Slow evaporation of the filtered solution gave dark brown prisms of 
IV.3c suitable for single-crystal X-ray diffraction after several days 
in the open air at room temperature (4.2 g, 90% yield). Anal. Calcd 
for C124H134Cu2N4O27P4 (2363): C, 63.02; H, 5.71; N, 2.37%. 
Found: C, 63.99; H, 5.59; N, 2.46%. IR (KBr): 3413 (O–H), 1637, 
1604 cm–1 (C=O). 

Chemical oxidation procedures and spectroscopic 
measurements. Variable-temperature (5–25 °C) UV–vis–NIR 
spectra of acetonitrile solutions were recorded on an Agilent 
Technologies-8453 spectrophotometer equipped with a thermostated 
Chem Station. Varying amounts of a 0.01 M solution of bromine (0–
15 µL) were added stepwise to a 0.1 mM solution of IV.3c in 
acetonitrile (2.5 mL) at 5, 15, and 25 °C. In each case, the course of 
the decomposition reaction of the monooxidized species was 
followed by measuring the absorbance at λmax = 875 nm as a 
function of time. 

Variable-temperature (4.0–150 K) X-band EPR spectra (ν = 
9.47 GHz) of frozen-matrix acetonitrile solutions were recorded 
under non-saturating conditions on a Bruker ER 200 D spectrometer 
equipped with a helium cryostat. The monooxidized species was 
obtained by addition of an excess of Br2 to a 0.1 M solution of IV.3c 
in acetonitrile (0.5 mL) at –40 °C. 

Magnetic measurements. Variable-temperature (2.0–300 K) 
magnetic susceptibility measurements were carried out on powdered 
samples with a SQUID magnetometer under an applied field of 10 
kOe (T ≥ 50 K) and 100 Oe (T < 50 K). The experimental data were 
corrected for the diamagnetic contributions of the constituent atoms 
and the sample holder as well as for the temperature-independent 
paramagnetism (tip) of the CuII ion (60 × 10–6 cm3 mol–1). 

Electrochemical measurements. The cyclic voltammetry 
measurements were performed using a PAR 273A scanning 
potentiostat operating at a scan rate of 10–1000 mV s–1. Cyclic 
voltammograms were carried out in acetonitrile using 0.1 M 
nBu4NPF6 as supporting electrolyte and 1.0 mM of either IV.1a–
IV.3a or IV.1c–IV.3c. The working electrode was a glassy carbon 
disk (0.32 cm2) that was polished with 1.0 µm diamond powder, 
sonicated, washed with absolute ethanol and acetone and air dried. 
The reference electrode was AgClO4/Ag separated from the test 
solution by a salt bridge containing the solvent/supporting 
electrolyte, with platinum as auxiliary electrode. All experiments 
were performed in standard electrochemical cells at 25 °C under 
argon. The potential range investigated was between –2.00 and 
+1.80 V vs. SCE. The formal potentials were measured at a scan rate 
of 100 mV s–1 and were referred to the saturated calomel electrode 
(SCE), which was consistently measured as –0.26 V vs. the 
AgClO4/Ag electrode. Ferrocene (Fc) was added as internal standard 
at the end of the measurements [E(Fc+/Fc) = +0.40 V vs. SCE]. 

Crystal structure data collection and refinement. The X-ray 
diffraction data of IV.1a were collected with graphite-
monochromated Mo-Kα radiation (λ = 0.7107 Å) using a Bruker-
Nonius X8APEXII CCD area detector diffractometer, while those of 
IV.2b and IV.3c were collected using synchrotron radiation [λ = 
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0.7380 (IV.2b) and 0.7513 Å (IV.3c)] at the BM16-CRG beamline 
in the ESRF (Grenoble, France). Although several crystals of IV.2b 
were tested, their small size and poor diffraction power precluded 
the achievement of an optimal sin(θ)/λ ratio. In fact, we are totally 
conscious of the poor quality of the data for IV.2b with high R, wR, 
and S values (see Table IV.1). The program TwinRotMat included in 
the PLATON package14 indicates that IV.2b was composed of two 
crystal domains related by a rotation of 180° each other. A twin law 
was created and included in the SHELXL refinement together with 
the corresponding BASF parameter, the best refinement value being 
0.173. The statistical weight factor was also included in the last 
cycles of the refinement. A detailed model for the crystal refinement 
can be seen in the “refine_special_details” section of the CIF file. 
Although the disorder in the region of the benzene ring is 
complicated, the proposed model does lead to a clear positioning of 
the methyl substituents. In spite of all these disorder problems, the 
metallacyclic molecular structure and the essential heterobimetallic 
layered network and crystal packing features of IV.2b could be 
realisticaly discussed and reasonably established. 

The X-ray diffraction data of IV.2b and IV.3c were indexed, 
integrated and scaled using the HKL2000 program.15 All calculations 
for data reduction, structure solution, and refinement were done 
through the SAINT and SADABS programs16 (IV.1a) or through the 
WINGX17 program (IV.2b and IV.3c). The structures were solved by 
direct methods and refined with full-matrix least-squares technique 
on F2 using the SHELXTL software package18 (IV.1a) or the 
SHELXS-97 and SHELXL-97 programs (IV.2b and IV.3c).19 All 
non-hydrogen atoms of IV.1a, IV.2b, and IV.3c were refined 
anisotropically except for the C(2), C(3), C(5), C(6), and C(11) 
atoms from the benzene ring of IV.2b, which are greatly disordered 
and consequently, they were refined with occupancy factors of 0.76 
and 0.24 by using isotropic thermal parameters at the later of these 
two sites. In addition, soft restraints were used to fix the planarity 
and the bond distances within the benzene ring of IV.2b. The O(1w), 
O(2w), and O(5w) atoms from the weakly coordinated water 
molecules of IV.2b were somewhat disordered as well as the O(3w) 
and O(4w) atoms from the crystallization water molecules, and they 
were all refined anisotropically with an occupancy factor of 0.5. 
Some thermal disorder was also observed for the n-butyl chains of 
the nBu4N+ cations in IV.1a. The hydrogen atoms from the benzene 
ring of IV.1a, IV.2b, and IV.3c were calculated and refined with 
isotropic thermal parameters, while those of the crystallization water 
molecules were neither found nor calculated. The final geometrical 
calculations and the graphical manipulations were carried out with 
PARST97 and CRYSTALMAKER programs, respectively.20 

Crystallographic data (excluding structure factors) for the 
structures reported in this paper have been deposited with the 
Cambridge Crystallographic Data Centre as supplementary 
publication CCDC no. 911161 (IV.1a), 901378 (IV.2b), and 856597 
(IV.3c). Copies of the data can be obtained free of charge on 
application to CCDC, 12 Union Road, Cambridge CB21EZ, UK 
(fax: (+44) 1223-336-033; e-mail: deposit@ccdc.cam.ac.uk). 

IV.10 Computational Details 

Density functional (DF) calculations were carried out on the broken-
symmetry (BS) singlet and triplet spin states of the orthogonal 
model complexes IV.1–IV.3 using the hybrid B3LYP functional21 
combined with the BS approach,22 as implemented in the Gaussian 

09 program.23 Triple- and double-ζ quality basis sets proposed by 
Ahlrichs and co-workers were used for the metal and non-metal 
atoms, respectively.24 All four possible configurations of the methyl 
substituents from the two facing benzene rings were considered for 
IV.2. The molecular geometries of the model complexes IV.1 and 
IV.3 with D2h molecular symmetry as well as those of the pseudo-
gem, -ortho, -para, and -meta isomers of IV.2 with Cs, C2, Ci, and 
C2 molecular symmetries respectively, were not optimized but their 
metal bond lengths and metal interbond angles were taken from the 
crystal structure of 3c with an imposed planar conformation of the 
copper basal planes (τ = 0°) and a perpendicular orientation of the 
copper basal planes with respect to the benzene rings (φ = 90°).  

DF calculations were also performed on the optimized 
molecular geometries of IV.1– IV.3 and IV.3’ in acetonitrile 
solution. A pseudo-meta configuration of the methyl substituents 
from the two facing benzene rings was only considered for IV.2, as 
observed in the X-ray crystal structure of IV.2b. Different ground 
electronic configurations are available for IV.3’ depending on the 
oxidized center (metal or ligand-based oxidation) and the overall 
spin state (doublet or quartet). That being so, the starting geometry 
was modified in each case to come closer to those experimentally 
observed in either copper(III) complexes or copper(II)-radical 
ligands. However, a unique result was found in all cases during the 
geometry optimization process. In fact, the S = 1/2 CuII

2-π-radical 
configuration is the most stable one and moreover, there is no 
energy barrier with other possible electronic configurations. 
Solvation effects were introduced using a polarizable continuum 
model (PCM), where the cavity is created via a series of overlapping 
spheres.25 The calculated spin density data for IV.3 and IV.3’ were 
obtained from natural bond orbital (NBO) analysis.26 
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On the road to molecular photoswitches: upon UV light 
irradiation, the two CuII ions (SCu = 1/2) that are 
moderately strong antiferromagnetically coupled in the 
dicopper(II) 2,6-anthraceno- and 1,5-naphthalenophanes 
(ON state) become magnetically uncoupled in the 
corresponding [4+4] photocycloaddition products (OFF 
state), as shown both experimentally and theoretically. 
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V.1 Introductory Aspects 

The supramolecular control of photochemical reactivity and 
photophysical (optical, electronic, and magnetic) properties of 
polymetallic complexes is a current challenge in coordination 
chemistry which lies at the interface of several disciplines, 
including photochemistry and magnetochemistry.1–3 In particular, 
the design and synthesis of photoactive aromatic bridging ligands 
that are able to self-assemble with paramagnetic transition metal 
ions to form photoswitchable exchange-coupled, dinuclear 
metallacyclic complexes, so-called metallacyclophanes, constitute 
a largely unexplored subject in this multidisciplinary field of 
supramolecular coordination chemistry (metallosupramolecular 
chemistry).1 Besides their interest as models for the fundamental 
research on electron exchange phenomena between distant metal 
centers through extended π-conjugated aromatic spacers, 
photoswitchable metallacyclophanes could be also of great 
importance in the “bottom-up” approach to nanometer-scale 
electronic and photonic devices.4,5 So, they appear as potential 
alternatives to metal-based molecular magnetic photoswitches, in 
contrast to earlier examples reported by Irie and others which are 
purely organic diradicals or hybrid metal-organic radicals with 
photoactive stilbene, azobenzene, diarylethene, and 
diarylanthracene bridges.6,7 

Our strategy in this field consists of using oxamato-based 
dinuclear copper(II) metallacyclophanes with potentially 
photoactive α,α’- and β,β’-disubstituted oligoacene spacers such as 
1,5-naphthalene or 2,6-anthracene (Scheme 1).8 In fact, oligoacenes 
possess a well-recognized and rich photochemical reactivity that 
includes both uni- and bimolecular reactions, either in solution or 
in the solid state.9 In particular, the [4+4] photodimerization of 
anthracene and its 1- and 2-substituted derivatives through the 
more reactive carbon atoms at the 9,10 and 9’,10’ (meso) positions 
of the central benzene rings to give the corresponding cyclodimer is 
one of the oldest known photochemical reactions which has been 
extensively investigated from synthetic and mechanistic viewpoints 
(Figure V.1a).10 However, naphtalenes are much less photoreactive 
than anthracenes such as less is known about their 
photodimerization, which is largely dependent on the substittion 
pattern.11 So, although naphthalene itself does not react upon 
irradiation, its 1- and 2-substituted derivatives undergo a [4+4] 
photodimerization reaction through the more reactive carbon atoms 
at the 1,4 and 1’,4’ positions of the substituted benzene rings 
(Figure V.1b).11a,b In the former case, however, the resulting [4+4] 
cyclodimer can experience a subsequent Cope rearrangement to the 
corresponding [2+2] cyclodimer (Figure V.1c).11c,d 

We recently demonstrated that the 2,6-anthracenebis(oxamate) 
bridging ligand can act as thermally reversible, photoswitchable 
magnetic wire for the transmission of EE interactions between the 
two square planar CuII ions, as reported in a preliminary 
communication (see fourth communication in Appendices).8b In the 
solid state, the moderately strong antiferromagnetically coupled 
dicopper(II) anthracenophane converts to the corresponding 
magnetically uncoupled dicopper(II) product resulting from the 
intramolecular (“pseudo-bimolecular”) [4+4] photocycloaddition 
reaction of the two facing 2,6-anthracene spacers (Figure V.2a).8b 

As an extension of this previous work, we have also investigated 
the photodimerization of the moderately strong 
antiferromagnetically coupled dicopper(II) naphthalenophane with 
the bridging ligand N,N'-1,5-naphthalenebis(oxamate). In this case, 
a similar photomagnetic switching behavior is expected upon 
conversion to the putative magnetically uncoupled dicopper(II) 
product resulting from the [4+4] photocycloaddition reaction of the 
two facing 1,5-naphthalene spacers (Figure V.2b). 

Here we report a complete study concerning the synthesis, X-
ray crystal structures, solution spectrophotochemical and solid-state 
photomagnetic properties of the two novel dicopper(II) 
oligoacenophanes of formula (nBu4N)4[Cu2(2,6-anba)2] (V.1) and 
(nBu4N)4[Cu2(1,5-naba)2] · 4H2O (V.2) [nBu4N+ = tetra-n-
butylammonium cation, H4-2,6-anba = N,N'-2,6-
anthracenebis(oxamic acid), and H4-1,5-naba = N,N'-1,5-
naphthalenebis(oxamic acid)]. In order to give further support to 
the photomagnetic switching behavior observed experimentally, we 
have performed accurate density functional (DF) calculations for 
the photocycloaddition of V.1 and V.2 to the corresponding 
metallacyclic cyclodimers V.c-1(9,10) and V.c-2(1,4) (Figure V.2). 

V.2 Synthesis of the Ligands and Complexes 

The proligands N,N'-2,6’-anthracenebis(oxamic acid) (H4-2,6-anba) 
and N,N'-1,5-naphthalenebis(oxamic acid) (H4-1,5-naba) were 
synthesized from the straightforward condensation of 2,6-
anthracene- and 1,5-naphthalenediamine respectively, with ethyl 
oxalyl chloride ester (1:2 ratio) in THF in the presence of 
triethylamine (Figure V.3), and they were isolated as the diethyl 

 

Figure V.1 Photodimerization of anthracene (a), 2- (b) and 1-substituted (c) 
naphthalene derivatives.  

 

Figure V.2 Illustration of the postulated photomagnetic switching in oxamato-based 
dicopper(II) 2,6-anthracenophanes (a) and 1,5-naphthalenophanes (b).  
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ester derivatives in very good yields (80–85%). In the former case, 
the 2,6-anthracenediamine was not commercially available and it 
was prepared by reduction of the commercially available 2,6-
anthraquinone with zinc in basic water solution, as reported 
earlier.8b 

The tetraanionic dinuclear copper(II) complexes were 
synthesized by reaction of the diethyl ester derivatives of H4-1,5-
naba and H4-2,6-anba respectively, with CuCl2 (2:2 ratio) in a 
water-methanol solution by using nBu4OH as base. They were 
isolated as the tetra-n-butylammonium salts of formula 
(nBu4N)4[Cu2(2,6-anba)2] (V.1) and (nBu4N)4[Cu2(1,5-naba)2] · 
4H2O (V.2) in very good yields (90%) after extraction with 

dichloromethane and subsequent recrystallization from 
acetonitrile/methanol. The chemical identity of the complexes was 
obtained from elemental analysis and FTIR spectroscopies (see 
Experimental Section and Appendices). 

V.3 Description of the Structures 

Single-crystal X-ray diffraction analysis of V.1 and V.2 confirmed 
the double-stranded dicoppertetraaza[3.3](2,6)anthracenophane 
(V.1) and dicoppertetraaza[3.3](1,5)naphthalenophane (V.2) 
metallacyclic structures of the dicopper(II) anions that were earlier 
proposed or actually observed respectively, for the related 
tetraphenylphosphonium salts of formula for (Ph4P)4[Cu2(anba)2] ⋅ 
4H2O for (Ph4P)4[Cu2(1,5-naba)2] ⋅ 8H2O (Figures V.4 and V.5).8a 

A summary of the crystallographic data of V.1 and V.2 is given in 
Table V.1, while selected bond distances and interbond angles are 
listed in Tables V.2 and V.3, respectively. 

The two centrosymmetrically related Cu(1) and Cu(1)I atoms of 
V.1 and V.2 are essentially square planar (Figures V.4a and V.5a). 
The CuN2O2 environment is formed by two amidate-nitrogen and 
two carboxylate-oxygen atoms from two oxamato donor groups of 
the bis(chelating) bridging ligands. The values of the tetrahedral 
twist angle (τ) between the Cu(1)N(1)O(3) and Cu(1)N(2)IO(6)I 
mean planes are 14.30(5) (V.1) and 13.30(5)° (V.2), indicating thus 
a similar small tetrahedral distortion for the metal environment in 
V.1 and V.2. The average values of the Cu–N distances 
[1.9609(16) (V.1) and 1.965(3) Å (V.2)] are slightly greater than 
those of the Cu–O one [1.9432(15) (V.1) and 1.936(3) Å (V.2)], 
while the values of the N–Cu–N angles [107.89(7) (V.1) and 
107.40(14)° (V.2)] are significantly greater than those of the O–
Cu–O ones [85.42(5) (V.1) and 86.31(14)° (V.2)]. The overall Cu–
N bond lengthening and the N–Cu–N interbond broadening for V.1 
and V.2 can obey to the π–π stacking interactions between the two 
facing oligoacene spacers within the metallacyclic core. 

Within the dinuclear metallacyclophane cores, Cu2(2,6-
N2C14H8)2 (V.1) and Cu2(1,5-N2C10H6)2 (V.2), the oligoacene 
spacers connected by the two N–Cu–N linkages are not exactly 
planar in V.1 but they are slightly bent outwards (Figures V.4b and 
V.5b). The values of the dihedral angle between the fused benzene 

 

Figure V.3 Synthetic procedure for the Et2H2-2,6-anba and Et2H2-1,5-naba 
proligands: (a) Zn, NaOH, H2O; (b) C2O2Cl(OEt), Et3N, THF.  

Table V.2 Selected bond distances (Å) and interbond angles (°) for V.1.a,b 

Cu(1)–N(1) 1.9571(16) Cu(1)–N(2)I 1.9647(16) 

Cu(1)–O(3) 1.9453(14) Cu(1)–O(6)I 1.9410(15) 

N(1)–Cu(1)–N(2)I 107.89(7) N(1)–Cu(1)–O(3) 84.53(6) 

N(1)–Cu(1)–O(6)I 165.92(6) N(2)I–Cu(1)–O(3) 164.44(7) 

N(2)I–Cu(1)–O(6)I 83.78(6) O(3)–Cu(1)–O(6)I 85.42(5) 

 a The estimated standard deviations are given in parentheses. b Symmetry code: (I) = 

–x + 1, –y + 1, –z. 

 Table V.3 Selected bond distances (Å) and interbond angles (°) for V.2.a,b 

Cu(1)–N(1) 1.956(3) Cu(1)–N(2)I 1.973(3) 

Cu(1)–O(3) 1.948(3) Cu(1)–O(6)I 1.924(3) 

N(1)–Cu(1)–N(2)I 107.40(14) N(1)–Cu(1)–O(3) 83.40(14) 

N(1)–Cu(1)–O(6)I 167.01(14) N(2)I–Cu(1)–O(3) 168.13(14) 

N(2)I–Cu(1)–O(6)I 83.62(14) O(3)–Cu(1)–O(6)I 86.31(14) 

 a The estimated standard deviations are given in parentheses. b Symmetry code: (I) = 

–x, –y, –z + 1. 

 

Table V.1 Summary of crystallographic data. 

 V.1 V.2 

formula C100H160Cu2N8O12 C92H164Cu2N8O16 

M (g mol–1) 1793.44 1765.39 

crystal system orthorhombic triclinic 

space group Pbca P–1 

a (Å) 23.490(5) 11.6909(14) 

b (Å) 16.875(3) 14.6859(13) 

c (Å) 24.537(5) 16.241(3) 

α (°) 90.00 70.160(10) 

β (°) 90.00 75.453(9) 

γ (°) 90.00 77.602(8) 

V (Å3) 9726(3) 2513.1(6) 

Z 4 1 

ρcalc (g cm–3) 1.225 1.166 

µ (mm–1) 0.500 0.485 

T (K) 100(2) 293(2) 

indep. reflect. 9873 9321 

obs. reflect. [I > 2σ(I)] 9057 4985 

Ra [I > 2σ(I)] 0.0641 0.0756 

wRb [I > 2σ(I)] 0.1804 0.1324 

Sc 0.957 1.028 

a R = ∑(|Fo| – |Fc|)/∑|Fo|. b wR = [∑w(|Fo| – |Fc|)2/∑w|Fo|2]1/2. c S = [∑w(|Fo| – 

|Fc|)2/(No – Np)]1/2. 
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rings within each oligoacene spacer (ϕ) are 3.44(5) (V.1) and 
0.44(5)° (V.2). A small but nonnegligible bond length alternation is 
observed in the anthracene (V.1) and naphthalene (V.2) spacers 
which is typical of oligoacene molecules. The average values for 
the short C–C distances are 1.375(3) (V.1) and 1.360(8) Å (V.2), 
while the average values for the long C–C distances are 1.423(3) 
(V.1) and 1.414(8) Å (V.2). The average values of the torsion angle 
(φ) around the Cu–N–C–C bonds (φ) are 58.5(2) (V.1) and 70.9(2)° 
(V.2), reflecting thus an appreciable larger distortion from 
perpendicularity between the copper basal planes and the 
oligoacene spacers in V.1. For symmetry reasons, the copper basal 
planes are parallel to each other in V.1 and V.2, so that the value of 
the angle between the copper basal planes (ψ) are exactly 0°. 
Deviations from the ideal C2h molecular symmetry corresponding 

to an eclipsed π-stacked orthogonal conformation (φ = 90°) may be 
originated from the favorable π-π interactions in the diagonal- 
(V.1) or parallel-displaced (V.2) conformation of the two facing 
oligoacene spacers (Figures 1c and 2c). The average values of the 
centroid-centroid inter-ring distance (h) between the equivalent 
benzene rings are 3.678(3) (V.1) and 3.429(4) Å (V.2), while the 
average values of the angle between the centroid-centroid vector 
from the equivalent benzene rings and their normal (θ) are 23.04(4) 
(V.1) 17.15(5)° (V.2). 

In the crystal lattice, the dicopper(II) anions of V.1 and V.2 are 
well separated from each other by the bulky tetra-n-
butylammonium cations (Figures V.6 and V.7). The discrete 
dicopper(II) anions of V.2 establish, however, weak hydrogen 
bonds with the crystallization water molecules through the free 
carbonyl- and carboxylate-oxygen atoms from the oxamato groups 
[O…Ow = 2.790(2)–2.949(2) Å]. The value of the intramolecular 
Cu(1)–Cu(1)I distance (r) across the double 2,6-
anthracenediamidate bridge in V.1 is 12.477(2) Å, whereas that 
through the double 1,5-naphthalenediamidate bridge in V.2 is 

 
Figure V.4 (a) Perspective view of the centrosymmetric anionic dicopper unit of 
V.1 with the atom-numbering scheme of the metal environments [symmetry code: 
(I) = –x + 1, –y + 1, –z]. (b) Front and (c) top projection views of the metallacyclic 
core of V.1. 

 
Figure V.6 Crystal packing view of V.1 along the b axis [symmetry code: (I) = –x + 
1, –y + 1, –z; (II) = –x + 1, y + ½, –z + ½]. The n-tetrabutylammonium cations are 
shown in yellow color (hydrogen atoms have been omitted for clarity). 

 
Figure V.7 Crystal packing view of V.2 along the crystallographic a axis [symmetry 
code: (I) = –x, –y, –z + 1; (II) = –x, –y, –z]. The n-tetrabutylammonium cations are 
shown in yellow color (hydrogen atoms have been omitted for clarity). The 
hydrogen bonds with the crystallization water molecules are represented by dotted 
lines. 

 
Figure V.5 (a) Perspective view of the centrosymmetric anionic dicopper unit of 
V.2 with the atom-numbering scheme of the metal environments [symmetry code: 
(I) = –x, –y, –z + 1]. (b) Side and (c) top projection views of the metallacyclic core 
of V.2. 
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8.368(2) Å. The values of the shortest intermolecular Cu(1)–Cu(1)II 
separation are 10.387(2) (V.1) and 8.988(2) Å (V.2). 

V.4 Spectrophotochemical Properties 

The electronic absorption spectra of V.1 and V.2 in acetonitrile 
consist of several intense and fairly narrow bands in the far UV 
region, together with a less intense and much broader largely 
splitted band in the near UV region with a shoulder that extends 
into the visible zone (Figure V.8). The high-energy UV bands 
located at 211, 234, and 287 nm for V.1 (ε = 70450–114500 M–1 
cm–1) or at 213 and 232 nm for V.2 (ε = 78200–86300 M–1 cm–1) 
are commonly assigned to intraligand (IL) π–π* transitions within 
the anthracene and naphthalene spacers, respectively.10 The low-
energy UV band with up to five peaks centered at 325, 343, 361, 
389, and 410 nm for V.1 (ε = 10400–13250 M–1 cm–1) or at 290, 
298, 316, 330, and 342 nm for V.2 (ε = 14050–20330 M–1 cm–1), 
alongside a distinct visible shoulder located around 435 (V.1) and 
430 nm (V.2), can be attributed to IL and metal-to-ligand charge 
transfer (MLCT) transitions, respectively. So, the unique fivefold 
vibronic splitting of this low-energy UV band [average energy 
splitting of ca. 1570 (V.1) and 1310 cm–1 (V.2)] is typical of 
anthracene and naphthalene derivatives,10 namely that 
corresponding to the π–π* transition between the ground S0 and 
first exited S1 singlet states. In fact, this S0 → S1 transition band is 
also present at 387 and 306 nm in somewhat perturbed yet 
identifiable form in the spectra of the proligands Et2H2-2,6-anba 
and Et2H2-1,5-naba in dimethylsulphoxide, respectively (inset of 
Figure V.8). The overall batochromic shift in the position of this 
low-energy UV band for both the proligands and the complexes is 
as expected for the increase in the effective π-conjugation length 
when going from naphthalene to anthracene. 

The electronic absorption spectra recorded upon irradiation at 
room temperature of a deaerated 0.01 mM acetonitrile solution of 
V.1 and V.2 with UV light (λmax = 308 nm) during 90 min are 
shown in Figures V.9 and V.10, respectively. In both cases, the 
low-energy vibronically splitted UV band centered at 361 (V.1) and 
316 nm (V.2) disappears with irradiation time, while a distinct 
visible band at 440 (V.1) and 450 nm (V.2) progressively develops 
in the low-energy side of this IL π–π* transition band. Likewise, a 
progressive fading of the high-energy UV bands at 234 and 287 nm 
(V.1) or at 213 and 232 nm (V.2) occurs, concomitantly with the 

appearance of two distinct shoulders around 270 and 300 nm (V.1) 
or around 225 and 245 nm (V.2). 

The electronic absorption spectra of deaerated 0.02 mM 
dimethylsulfoxide solutions of the proligands Et2H2-2,6-anba and 
Et2H2-1,5-naba were also recorded upon UV light (λmax = 308 nm) 
irradiation at room temperature during 180 min (Figures V.11 and 
V.12). Although no spectral changes were observed in the UV band 
at 306 nm of Et2H2-1,5-naba upon irradiation (Figure V.12), Et2H2-
2,6-anba shows however a gradual disappearence of both the low-
energy vibronically splitted UV band centered at 387 nm and the 
high-energy UV band at 298 nm, to give a single UV band at 276 
nm (Figure V.11). The dramatically different photochemical 
behaviour of Et2H2-2,6-anba and Et2H2-1,5-naba agrees with those 
earlier reported for anthracene and naphthalene themselves.10,11 

The presence of clear isosbestic points for V.1 suggests an 
equilibrium between only two species up to the attainment of the 
photostationary state (Figure V.9). This is supported by the 

 
Figure V.8 UV–Vis spectra of V.1 (black) and V.2 (grey) in acetonitrile solution. 
The inset shows the spectra of the corresponding proligands Et2H2-2,6-anba (black) 
and Et2H2-1,5-naba (grey) in dimethylsulphoxide. 

 
Figure V.10 Electronic absorption spectra of an acetonitrile solution of V.2 (0.01 
mM) after UV light irradiation (λmax = 308 nm) at room temperature under Ar. The 
arrows indicate the course of the photochemical reaction. The inset shows the time 
evolution of the normalized absorbance at 330 () and 450 nm (�). The solid lines 
are onle eye-guides. 

 
Figure V.9 Electronic absorption spectra of an acetonitrile solution of V.1 (0.01 
mM) after UV light irradiation (λmax = 308 nm) at room temperature under Ar. The 
arrows indicate the course of the photochemical reaction. The inset shows the time 
evolution of the normalized absorbance at 287 () and 440 nm (�). The solid lines 
are onle eye-guides. 
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representation of the normalized absorbance values at 287 and 440 
nm with irradiation time for V.1, which shows a crossing point of 
the two curves at an ordinate value of 0.5, with a final conversion 
value of up to 0.6 (inset of Figure V.9). In contrast, the appearance 
of isosbestic points characteristic of an equilibrium between two 
species is preceded by a short induction period during the first 5 
min of irradiation for V.2 (Figure V.10). This may indicate that an 
intermediate rapidly forms in a preequilibrium process and that it 
converts to the final product. Yet the curves of the normalized 
absorbance values at 333 and 450 nm with irradiation time for V.2 
also shows a crossing point at an ordinate value close to 0.5, with a 
final conversion value of up to 0.6 (inset of Figure V.10). Once the 
photostationary state was reached for both V.1 and V.2, no further 
spectral changes were observed upon standing for several hours at 
room temperature without irradiation, suggesting thus a very slow 
(if any) thermal relaxation in solution for the photocycloaddition 
products of these dicopper(II) metallacyclophanes, as shown for the 

9,10:9’,10’ photocycloaddition product of the proligand Et2H2-2,6-
anba. 

These unique spectral changes upon irradiation of V.1 and V.2 
would be likely related to the formation of the corresponding 
cyclodimers V.c-1(9,10) and V.c-2(1,4) (Figure V.2). Hence, the 
disparition of the low-energy vibronically splitted IL π–π* 
transition evidence the loss of the aromatic character within the 
resulting [4+4] photocycloaddition products, as reported earlier for 
the photodimerization of anthracene and 2-substituted naphthalenes 
(Figure V.1a and b).10,11a,11b That being so, the presence of a visible 
band for V.c-1(9,10) and V.c-2(1,4) is accordingly attributed to a 
metal-to-ligand charge transfer (MLCT) transition from the CuII 
ions to the benzene rings of the anthracene and naphthalene 
photodimer moieties respectively, supporting thus the integrity of 
the dicopper(II) photocycloaddition products in solution. However, 
the complex photoreaction kinetics found for V.2 does not exclude 
that a facile Cope rearrangement of the cyclodimer V.c-2(1,4) to 
the corresponding [2+2] photocycloaddition product would occur 
in solution, as reported earlier for the photodimerization of 1-
substituted naphthalenes (Figure V.1c).11c,11d 

V.5 Photomagnetic Properties 

The magnetic properties of V.1 and V.2 in the form of the χM 
and χMT vs. T plots (χM being the molar magnetic susceptibility per 
dinuclear unit and T the absolute temperature) are typical of 
moderately strong antiferromagnetically coupled CuII

2 pairs (Figure 
V.13). At room temperature, the χMT values of 0.79 (V.1) and 0.81 
cm3 mol–1 K (V.2) are close to that expected for two magnetically 
isolated CuII ions [χMT = 2 × (Nβ2gCu

2/3kB)SCu(SCu + 1) = 0.83 cm3 
mol–1 K with SCu = ½ and gCu = 2.1]. Upon cooling, χMT 
continuously decreases for both V.1 and V.2 and vanishes at ca. 4 
K, whereas χM exhibits a characteristic maximum at 21 (V.1) and 
17 K (V.2) which unambiguously indicates a ground singlet (S = 0) 
spin state resulting from the antiferromagnetic intramolecular 
coupling between the two CuII ions through the 2,6-anthracene- 
(V.1) and 1,5-naphthalenediamidate (V.2) bridges (inset of Figure 
V.13). 

The least-squares fit of the experimental data of V.1 and V.2 
through the Bleaney-Bowers expression (eq V.1) for a dinuclear 
copper(II) complex [H = – JS1 ⋅ S2 + gβH(S1 + S2) with S1 = S2 = 

 
Figure V.12 Electronic absorption spectra of a dimethylsulphoxide solution of 
Et2H2-1,5-naba (0.02 mM) after UV light irradiation (λmax = 308 nm) at room 
temperature of during 15, 30, 60, 120, and 180 min under Ar. The arrows indicate 
the course of the photochemical reaction.  

 
Figure V.13 Temperature dependence of χMT of V.1 (l) and V.2 (n). The inset 
shows the χM maxima of V.1 (�) and V.2 (£). The solid lines are the best-fit curves 
(see text). 

 
Figure V.11 Electronic absorption spectra of a dimethylsulphoxide solution of 
Et2H2-2,6-anba (0.02 mM) after UV light irradiation (λmax = 308 nm) at room 
temperature of during 15, 30, 60, 120, and 180 min under Ar. The arrows indicate 
the course of the photochemical reaction.  
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SCu = ½ and g = gCu] gave J = –23.9(1) (V.1) and –18.6(1) cm–1 
(V.2) and g = 2.089(1) (V.1) and 2.101(1) (V.2), with R = 1.2 × 10–

5 (V.1) and 0.7 × 10–5 (V.2) (R = ∑[(χMT)exp – 
(χMT)calcd]2/∑[(χMT)exp]2). The theoretical curves reproduce 
perfectly well the experimental data (solid lines in Figure V.13). 
The calculated –J values of V.1 and V.2 are similar to those found 
earlier for their lithium(I) and tetraphenylphosphonium salts of 
formulas Li4[Cu2(2,6-anba)2] ⋅ 12H2O and (Ph4P)4[Cu2(2,6-anba)2] 
⋅ 4H2O (–J = 21.2 and 23.0 cm–1, respectively) or Li4[Cu2(1,5-
naba)2] ⋅ 12H2O and (Ph4P)4[Cu2(1,5-naba)2] ⋅ 8H2O (–J = 20.5 and 
20.7 cm–1, respectively).8a As stated earlier, the somewhat greater –
J value for V.1 compared to V.2 [–J = –23.9 (V.1) and 18.6 cm–1 
(V.2)] is quite remarkable given the larger Cu–Cu separation 
through the double 2,6-anthracenediamidate bridge compared to 
that through the 1,5-naphthalenediamidate one [r = 12.477(2) (V.1) 
and 8.368(2) Å (V.2)]. Once again, this situation clearly evidences 
the better efficiency of β,β’- over α,α’-substitution pattern on long-

range magnetic coupling across extended π-conjugated oligoacene 
spacers, as we demonstrated earlier, both experimentally and 
theoretically.8a 

 χM = (2Nβ2g2/kBT) / [3 + exp(–J/kBT)] (V.1) 

The magnetic properties recorded after irradiation at room 
temperature of powdered samples of V.1 and V.2 with UV light 
(λmax = 308 nm) in a Pyrex tube in the absence of dioxygen reveal 
the occurrence of a slow and incomplete, solid-state photochemical 
reaction to give the putative [4+4] cycloaddition products V.c-
1(9,10) and V.c-2(1,4) (Figure V.2). So, the χM vs. T plots of the 
irradiated samples of V.1 and V.2 for 6, 12, and 24 h show a 
progressive disappearence of the χM maximum at 20 (V.1) and 17 
K (V.2) characteristic of the moderately strong 
antiferromagnetically coupled dicopper(II) oligoacenophanes, 
concomitantly with the development of a low-temperature χM tail 
corresponding to the magnetically uncoupled dicopper(II) 
photocycloaddition products (Figures V.14 and V.15). Moreover, 
V.c-1(9,10) slowly relaxes upon heating at 75 ºC for 1h to render 
V.1, as evidenced by the partial disappearence of the low-
temperature χM tail with the concurrently recovery of the χM 
maximum, suggesting thus that the changes in the magnetic 
properties upon irradiation of V.1 are not due to a photodegradation 
product. This thermally reversible photomagnetic switching is 
accompanied by a peculiar photo- and thermochromic behavior in 
the solid state. So, upon irradiation of V.1 with UV light (λmax = 
308 nm) at room temperature during 24 h, a gradual color change 
from green to brown occurred, the transformation being reversible 
as evidenced by the partial recovery of the original green color by 
heating at 75 ºC for 1 h. 

Satisfactory least-squares fits of the experimental data for the 
irradiated samples of V.1 and V.2 were obtained by taken into 
account the presence of a variable amount (α) of a magnetically 
uncoupled dinuclear copper(II) complex alongside the original 
antiferromagnetically coupled one [eq V.2 with fixed –J values of 
23.9 (V.1) and 18.6 cm–1 (V.2)] (solid lines in Figure V.14 and 
V.15).  

 χM = α (Nβ2g2/2kBT) + 

 
Figure V.15 Temperature dependence of χM for V.2 under dark () and after UV 
light irradiation (λmax = 308 nm) at room temperature during 6 (), 12 (), and 24 h 
() under Ar and subsequent thermal relaxation by heating at 75 °C during 1h (∆). 
The solid lines are the best-fit curves (see text). 

 
Figure V.14 Temperature dependence of χM for V.1 under dark () and after UV 
light irradiation (λmax = 308 nm) at room temperature during 6 (), 12 (), and 24 h 
() under Ar and subsequent thermal relaxation by heating at 75 °C during 1h (∆). 
The solid lines are the best-fit curves (see text).  

 
Figure V.16 Time evolution of the calculated α values for the photocycloaddition of 
V.1 () and V.2 () after UV light irradiation (λmax = 308 nm) during 24 h under Ar 
at room temperature and subsequent decay upon thermal relaxation by heating at 
75 °C during 1h. The solid lines are only eye-guides. 
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 (1 – α) (2Nβ2g2/kBT) / [3 + exp(–J/kBT)] (V.2) 

The calculated α values for the photocycloaddition and 
subsequent decay of V.1 and V.2 evidence a lower photochemical 
efficiency and thermal reversibility for the intramolecular 
(“pseudo-bimolecular”) photodimerization of V.2 (Figure V.16). 
This situation agrees with that previously reported for the 
photodimerization of anthracene and naphthalene themselves and 
their derivatives.10,11 Yet they are comparable to those reported for 
the intramolecular [4+4] photocycloaddition of purely organic 

anthracenophane and naphthalenophane analogues,[9b,14] reflecting 
thus the importance of the steric constraints associated with the 
rigid cyclic or metallacyclic structures. 

V.6 Theoretical Calculations  

Molecular geometry optimizations. Geometry optimizations 
of V.1 and V.2 were performed in acetonitrile solution using the 
B97D, PBE, B3LYP, and CAMB3LYP functionals (Figures V.17 
and V.18). The validity of the CAMB3LYP functional over other 
commonly used hybrid functionals was confirmed by the stronger 

Table V.4 Selected experimental and calculated structural data for the optimized molecular geometries of V.1 using different functionals.a 

 B97D PBE B3LYP CAMB3LYP Exp. 
Cu–Nb (Å) 1.998 1.985 1.989 1.972 1.9609(16) 
Cu–Ob (Å) 2.026 1.999 1.965 1.954 1.9432(15) 
N–Cu–Nc (°) 111.5 113.4 113.6 110.5 107.89(7) 
O–Cu–Oc (°) 86.5 84.3 91.3 85.2 85.42(5) 
ϕ d (°) 0.9 2.8 5.1 2.7 3.44(5) 
φ e (°) 60.0 57.0 36.9 61.5 58.5(2) 
τf (°) 21.1 26.5 49.5 12.9 14.30(5) 
a The calculated structural data correspond to the BS singlet state of the optimized molecular geometries in acetonitrile solution. b Average values of the bond legths at the copper 

atoms. c Average values of the interbond angles at the copper atoms. d Dihedral angle between the fused benzene rings from each anthracene spacer. e Torsion angle between the 

copper basal planes and the lateral benzene rings from each anthracene spacer. f Tetrahedral twist angle at the copper atoms. 

 

 
Figure V.17 Front, top, and side projection views of the optimized molecular geometries of V.1 using the B97D (a), PBE (b), B3LYP (c), and CAMB3LYP (d) functionals 
(hydrogen atoms have been omitted for clarity).  
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structural and conformational similarities, in terms of both bond 
lengths and interbond and torsion angles, between the optimized 
molecular geometries in acetonitrile solution of V.1 and V.2 and 
those experimentally determined in the solid state by single-crystal 
X-ray diffraction (Tables V.4 and V.5). Geometry optimizations of 
the putative cyclodimers, V.c-1(9,10), V.c-2(1,4), V.c-2(1,2), and 
V.c-2(3,4), as well as the corresponding intermediates, V.i-1(9) and 
V.i-2(4), and transition states, V.c-1(9,10)#, V.c-2(1,4)#, and V.c-
2(3,4)#, were then performed in acetonitrile solution using the 
CAMB3LYP functional (Figures V.19 and V.20). Selected 

calculated structural data for the titled complexes are summarized 
in Tables V.6 and V.7. 

The optimized molecular geometries in acetonitrile solution of 
the cyclodimers, V.c-1(9,10), c-V.2(1,4), V.c-2(1,2), and V.c-
2(3,4), reveal the occurrence of a significant bond length 
alternation within the two directly connected cyclohexadiene rings 
in the oligoacenophane photodimer bridge skeleton. So, the two 
short and four long intra-ring C–C distances with average values of 
1.41 [V.c-1(9,10)]/1.37 [V.c-2(1,4)]/1.38 [V.c-2(1,2)]/1.38 Å [V.c-

Table V.5 Selected experimental and calculated structural data for the optimized molecular geometries of V.2 using different functionals.a 

 B97D PBE B3LYP CAMB3LYP Exp. 
Cu–Nb (Å) 1.995 1.986 1.971 1.971 1.965(3) 
Cu–Ob (Å) 2.026 2.003 1.956 1.956 1.936(3) 
N–Cu–Nc (°) 110.0 111.2 109.6 109.6 107.40(14) 
O–Cu–Oc (°) 86.5 84.6 86.0 86.0 86.31(14) 
ϕ d (°) 1.1 0.9 0.6 0.5 0.44(5) 
φ e (°) 69.1 70.7 76.1 68.0 70.9(2) 
τf (°) 3.3 4.4 1.7 2.7 13.30(5) 
a The calculated structural data correspond to the BS singlet state of the optimized molecular geometries in acetonitrile solution. b Average values of the bond legths at the copper 

atoms. c Average values of the interbond angles at the copper atoms. d Dihedral angle between the fused benzene rings from each naphthalene spacer. e Torsion angle between the 

copper basal planes and the lateral benzene rings from each naphthalene spacer. f Tetrahedral twist angle at the copper atoms 

 

 
Figure V.18 Front, top, and side projection views of the optimized molecular geometries of V.2 using the B97D (a), PBE (b), B3LYP (c), and CAMB3LYP (d) functionals 
(hydrogen atoms have been omitted for clarity).  
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2(3,4)] and 1.52 [V.c-1(9,10)]/1.53 [V.c-2(1,4)]/1.51 [V.c-
2(1,2)]/1.51 Å [V.c-2(3,4)] respectively, correspond to those 
expected for double and single carbon-carbon bonds (Tables V.6 
and V.7). In contrast, V.1 and V.2 show no appreciable bond 
alternation within the benzene rings, with mean values of 1.42 
(V.1)/1.41 Å (V.2) for the six intra-ring C–C distances (Tables V.6 
and V.7). Yet the most salient structural feature of the cyclodimers 
is the rather long inter-ring C–C distances of 1.65 [V.c-
1(9,10)]/1.66 [V.c-2(1,4)]/1.62 [V.c-2(1,2)]/1.60 Å [V.c-2(3,4)] for 
the two newly formed single carbon-carbon bonds, which are 
however shorter than the corresponding inter-ring C–C separations 
of 3.80 (V.1)/3.44 Å (V.2) in the reactants (Tables V.6 and V.7). 
This situation agrees with that previously reported for the X-ray 
crystal structure of the 9,10:9’,10’ anthracene photodimer, which 

also shows long inter-ring single carbon-carbon bonds [C–C = 1.62 
Å].12 

In addition, the fused benzene rings from the oligoacene 
spacers are considerably bent in the cyclodimers V.c-1(9,10) and 
V.c-2(1,4), as a result of the pronounced boat conformation of the 
directly connected cyclohexadiene rings (Figures V.19 and V.20). 
By comparison, the cyclodimers V.c-2(1,2) and V.c-2(3,4) show 
smaller deviations from planarity of the two naphthalene halves 
because of the almost planar conformation of the directly 
connected cyclohexadiene rings (Figure V.19). So, the values of the 
dihedral angle beween the cyclohexadiene and fused benzene ring 
from each oligoacene spacer (ϕ) are 43.7 [V.c-1(9,10)]/46.9 [V.c-
2(1,4)]/5.7 [V.c-2(1,2)]/4.9° [V.c-2(3,4)] (Tables V.6 and V.7). Yet 
the ϕ value is slightly smaller for V.c-1(9,10) than that found in the 
9,10:9’,10’ anthracene photodimer itself (ϕ = 46°),12 more likely 
due to the steric constraints of the rigid metallacyclic core structure. 
Overall, these structural features are consistent with a complete loss 
of the aromatic character of the two facing 2,6-anthracene and 1,5-
naphthalene spacers of V.1 and V.2 upon intramolecular [4+4] 
photocycloaddition through the more reactive carbon atoms at the 
9,10/9’,10’ and 1,4/1’,4’ positions, respectively. A partial recovery 
of the aromatic character of the naphtalene spacers would then 
occur upon the putative intramolecular Cope rearrangement to the 
corresponding [2+2] photocycloaddition products. 

On the other hand, the optimized molecular geometries in 
acetonitrile solution of the intermediates, V.i-1(9) and V.i-2(4), and 
the transition states, V.c-1(9,10)# and V.c-2(1,4)#, which are 
involved in the [4+4] photocycloaddition of V.1 and V.2 to V.c-
1(9,10) and V.c-2(1,4) agree with those expected for concerted 
(synchronous) and non-concerted (asynchronous) pathways 
(Figures V.19 and V.20). So, the intermediates with a ligand 
biradical character show short and long inter-ring C–C distances of 

 
Figure V.20 Reaction pathway for the photocycloaddition of V.2 showing the metallacyclic cores for the optimized molecular geometries in acetonitrile solution of the reactant 
(black), the cyclodimer products (blue), the intermediate (red), and the transition states (green). 

 
 

Figure V.19 Reaction pathway for the photocycloaddition of V.1 showing the 
metallacyclic cores for the optimized molecular geometries in acetonitrile solution of 
the reactant (black), the cyclodimer product (blue), the intermediate (red), and the 
transition state (green). 
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1.69 [V.i-1(9)]/1.65 Å [V.i-2(4)] and 3.39 [V.i-1(9)]/3.04 Å [V.i-
2(4)] respectively, for the two successively forming, asymmetric 
single carbon-carbon bonds, whereas the non-radical transition 
states exhibit intermediate inter-ring C–C distances of 2.30 [V.c-
1(9,10)#]/2.21 Å [V.c-2(1,4)#] for the two simultaneously forming, 
symmetric single carbon-carbon bonds (Tables V.6 and V.7). 

Instead, the transition state V.c-2(3,4)# that is involved in the 
intramolecular Cope rearrangement of the [4+4] 
photocycloaddition product V.c-2(1,4) to the corresponding [2+2] 
photocycloaddition product V.c-2(3,4) shows intermediate and long 
inter-ring C–C distances of 2.25 and 2.90 Å for the two 
simultaneously forming/breaking single carbon-carbon bonds at the 
3/3’ and 1/1’ positions respectively, together with a relatively short 
inter-ring C–C distance of 1.59 Å for the remaining single carbon-
carbon bond at the 4/4’ position (Table V.7). All these inter-ring 
C–C separations are indeed shorter than the Van der Waals contact 
(3.40 Å), revealing thus the occurrence of incipient single carbon-
carbon bond formation and breaking between the two facing 
cyclohexadiene rings from each naphthalene spacer. 

Energy calculations. DF energy calculations were performed 
on the BS singlet (S = 0) and triplet (S = 1) states of the optimized 
molecular geometries in acetonitrile solution of V.1 and V.2 and 

the putative cyclodimers, V.c-1(9,10), V.c-2(1,4), V.c-2(1,2), and 
V.c-2(3,4), as well as the corresponding intermediates, V.i-1(9) and 
V.i-2(4), and transition states, V.c-1(9,10)#, V.c-2(1,4)#, and V.c-
2(3,4)#, using the CAMB3LYP functional (see Computational 
Details). Selected calculated structural energy data for the titled 
complexes are summarized in Table V.8. 

The calculated values of the standard free energy of V.c-
1(9,10) and V.c-2(1,4) relative to those of the reactants (ΔG) 
clearly indicate that the [4+4] photocycloaddition product of the 
dicopper(II) naphthalenophane are more thermodinamically 
unfavored than that of the dicopper(II) anthracenophane (Table 
V.8). This agrees with the photomagnetic studies of V.1 and V.2 in 
the solid state, which also reveals a less efficiency of the 
photocycloaddition reaction in the latter case (Figure V.16). 

In both cases, however, the calculated ΔG values of V.i-1(9) 
and V.i-2(4) are lower than those of V.c-1(9,10)# and V.c-2(1,4)# 
(Table V.8), indicating that the dicopper(II) biradical intermediates 
possessing a single carbon-carbon bond at the 9/9’ and 4/4’ 
positions respectively, are much more stable than the alternative 
dicopper(II) non-radical transition states with two incipient carbon-
carbon bonds at the 9,10/9’,10’ and 1,4/1’,4’ positions, respectively. 
This situation conforms with a non-concerted (asynchronous) 
against a concerted (synchronous) mechanism of double carbon-
carbon bond formation (solid and dashed lines respectively, in 
Figures V.19 and V.20), in agreement with recent reaction path 
calculations on the photodimerization of simpler oligoacenes.13 Yet 
the rather high ΔG values for the singly carbon-carbon bonded, 
dicopper(II) biradical intermediates, V.i-1(9) and V.i-2(4), when 
compared to those of the dicopper(II) cyclodimers, V.c-1(9,10) and 
V.c-2(1,4), agree with the experimental results concerning the 
unfavorable thermal relaxation in solution of the [4+4] 
photocycloaddition product at room temperature (RT = 0.6 kcal 
mol–1 at 298.15 K) or in the solid state by heating. So, the 
calculated values of the energy barrier, ΔΔG = ΔG[V.i-1(9)] – 
ΔG[V.c-1(9,10)] and ΔG[V.i-2(4)] – ΔG[V.c-2(1,4)], are 18.9 and 
8.8 kcal mol–1, respectively. This situation is also in agreement 
with earlier experimental and theoretical investigations on purely 
organic anthracenophanes, which evidence the occurrence of a 
bond dissociation of the anthracenophane photodimer only at high 
pressures.14 

Table V.7 Selected calculated structural data for the photocycloaddition of V.2.a 

 V.2 V.c-2(1,4) V.c-2(1,2) V.c-2(3,4) V.c-2(1,4)# V.c-2(3,4)# V.i-2(4) 
C–C (intra-ring)b (Å) 1.378 (1.359) 

1.383 (1.363) 
1.337 
1.408 

1.345 
1.415 

1.347 
1.416 

1.361 
1.422 

1.393 
1.398 

1.372 
1.423 

 1.417 (1.402) 
1.424 (1.414) 
1.431 (1.422) 
1.438 (1.430) 

1.513 
1.519 
1.525 
1.541 

1.471 
1.494 
1.518 
1.576 

1.489 
1.494 
1.505 
1.561 

1.453 
1.466 
1.468 
1.487 

1.419 
1.475 
1.517 
1.534 

1.420 
1.457 
1.510 
1.516 

C–C (inter-ring)c (Å) 3.371 (3.353) 
3.501 (3.473) 

1.624 
1.699 

1.593 
1.640 

1.594 
1.607 

2.205 
2.205 

1.585 
2.245 
2.903 

1.650 
3.043 

ϕ d (°) 3.2 (0.4) 46.9 5.7 4.9 28.0 27.3 25.3 
φ e (°) 68.0 (70.9) 69.8 76.3 73.3 75.6 73.4 72.5 
τf (°) 2.7 (13.3) 1.4 1.7 1.8 1.1 3.5 2.4 
a The calculated structural data correspond to the BS singlet state of the optimized molecular geometries in acetonitrile solution using the CAMB3LYP functional (see 

Computational Details). The experimental structural data are given in parentheses. b Distances between the carbon atoms of the proximal benzene ring from each naphthalene 

spacer. c Distances between the equivalent carbon atoms of the proximal benzene rings from the two facing naphthalene spacers. d Dihedral angle between the fused rings from 

each naphthalene spacer. e Average torsion angle between the copper basal planes and the benzene ring from each naphthalene spacer. f Average tetrahedral twist angle at the 

copper atoms. 

 

Table V.6 Selected calculated structural data for the photocycloaddition of V.1.a 

 V.1 V.c-1(9,10) V.c-1(9,10)# V.i-1(9) 
C–C (intra-ring)b (Å) 1.401 (1.393) 

1.404 (1.397) 
1.406 
1.406 

1.428 
1.428 

1.425 
1.428 

 1.405 (1.397) 
1.405 (1.401) 
1.440 (1.433) 
1.442 (1.435) 

1.515 
1.516 
1.516 
1.517 

1.452 
1.452 
1.452 
1.453 

1.429 
1.432 
1.511 
1.512 

C–C (inter-ring)c (Å) 3.797 (3.700) 
3.797 (3.700) 

1.653 
1.653 

2.300 
2.300 

1.687 
3.393 

ϕ d (°) 2.7 (3.4) 43.7 26.7 19.4 
φ e (°) 61.5 (58.5) 80.7 83.6 82.3 
τf (°) 12.9 (14.3) 3.3 3.0 3.4 
a The calculated structural data correspond to the BS singlet state of the optimized 

molecular geometries in acetonitrile solution using the CAMB3LYP functional (see 
Computational Details). The experimental structural data are given in parentheses. b 

Distances between the carbon atoms of the central benzene ring from each anthracene 

spacer. c Distances between the equivalent carbon atoms of the central benzene rings 

from the two facing anthracene spacers. d Dihedral angle between the fused rings 

from each anthracene spacer. e Average torsion angle between the copper basal 

planes and the lateral benzene rings from each anthracene spacer. f Tetrahedral twist 

angle at the copper atoms. 
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On the other hand, the calculated ΔG values of V.c-2(1,2) and 
V.c-2(3,4) indicate a small but significant stabilization when 
compared to V.c-2(1,4) (Table V.8), the more stable cyclodimer 
being V.c-2(3,4) in agreement with related reaction pathway 
calculations on the photodimerization of naphthanene itself.13 
However, DF energy calculations reveal the presence of a 
dicopper(II) transition state with two incipient carbon-carbon bonds 
at the 3,4/3’,4’ positions, V.c-2(3,4)#, which is somewhat less 
stable than the dicopper(II) biradical intermediate, V.i-2(4), 
possessing a single carbon-carbon bond at the 4/4’ positions (Table 
V.8). Overall, this indicates that the Cope rearrangement of the 
initial [4+4] photocycloaddition product, V.c-2(1,4), to give the 
corresponding [2+2] photocycloaddition product, V.c-2(3,4), is 
kinetically unfavored over the thermal relaxation to the original 
dicopper(II) naphthalenophane precursor (Figure V.19). 

More importantly, the DF energy calculations on the BS singlet 
and triplet spin states of the optimized geometries in acetonitrile 
solution of the reactants, V.1 and V.2, and the cyclodimers, V.c-
1(9,10) and V.c-2(1,4), are consistent with the occurrence of a 
switch from a moderately strong antiferromagnetic coupling in the 
dicopper(II) oligoacenophane precursors to the lack of magnetic 
coupling in the corresponding [4+4] photocycloaddition products. 
So, the calculated values of the singlet-triplet energy gap for V.c-
1(9,10) and V.c-2(1,4) are almost negligible (ΔEST = J = +0.9 [V.c-
1(9,10)] and +0.8 cm–1 [V.c-2(1,4)]; Table V.8), as expected due to 
the complete loss of aromatic character of the oligoacene spacers in 
the [4+4] photocycloaddition products. Yet the calculated J values 
for V.1 and V.2 are similar [J = –18.8 (V.1) and –19.0 cm–1 (V.2); 
Table V.8], in spite of the largely different values of the 
intermetallic distance resulting from the inclusion of an additional 
fused benzene ring in the oligoacene spacer [r = 12.453 (V.1) and 
8.295 Å (V.2)]. Moreover, they are very close to the experimental 
ones [J = –23.9 (V.1) and –18.6 cm–1 (V.2) with r = 12.477(2) 
(V.1) and 8.368(2) Å (V.2)]. 

On the other hand, the DF energy calculations on the BS singlet 
and triplet spin states of the optimized geometries in acetonitrile 
solution of the cyclodimers V.c-2(1,2) and V.c-2(3,4) evidence the 
occurrence of a small but nonnegligible, either ferro- or 

antiferromagnetic coupling respectively, which contrast with the 
almost negligible ferromagnetic coupling found for the cyclodimer 
V.c-2(1,4) (J = +0.8 [V.c-2(1,4)]/+3.3 [V.c-2(1,2)]/–7.8 cm–1 [V.c-
2(3,4)]; Table V.8). This situation agrees with the aforementioned 
partial recovery of aromatic character of the naphthalene spacers in 
the putative [2+2] photocycloaddition products resulting from the 
putative intramolecular Cope rearrangement of the [4+4] 
photocycloaddition product and, in turn, it clearly discards the 
occurrence of a solid-state intramolecular Cope rearrangement of 
V.c-2(1,4) to give neither V.c-2(1,2) nor V.c-2(3,4). 

Spin density analysis. Spin densities obtained by natural bond 
orbital (NBO) analysis on the BS singlet state of the optimized 
molecular structures in acetonitrile solution of V.1 and V.2 and the 
cyclodimers V.c-1(9,10) and V.c-2(1,4) conform to the interruption 
of the π-conjugation upon [4+4] photocycloaddition of the two 
facing oligoacene spacers (Figures V.21 and V.22). As stated 
earlier,8a the spin polarization and spin delocalization effects into 
the extended π-conjugated oligocenediamidate bridges lead to 
significant values of the spin density of opposite sign at the 
adjacent carbon atoms of the fused benzene rings in V.1 and V.2 
(Figures V.21a and V.22a). On the contrary, the spin polarization 
and spin delocalization effects across the non-conjugated 
oligoacenediamidate photodimer bridge skeleton in V.c-1(9,10) and 
V.c-2(1,4) are restricted to the benzene rings, the values of the spin 
density at the tertiary bridgehead carbon atoms of the fused 
cyclohexadiene rings being strictly zero (Figures V.21b and V.22b). 
Hence, a net decrease of the exchange interaction between the 
unpaired electrons occupying the dx2-y2 orbitals (‘magnetic 
orbitals’) of each square planar CuII ion results for V.c-1(9,10) and 
V.c-2(1,4) relative to V.1 and V.2 respectively, which is ultimately 
responsible for the photomagnetic switching behavior observed 
experimentally in the solid state. 

Table V.8 Selected calculated energy data for the photocycloaddition of V.1 and 
V.2.a 

Complex Eb (a.u.) ΔHc (kcal mol–1) ΔGd (kcal mol–1) ΔEST
e (cm–1) 

V.1 –5781.5473 0 0 –18.8 (–23.9) 
V.c-1(9,10) –5781.5105 23.1 27.6 +0.9 
V.c-1(9,10)# –5781.4391 67.9 68.8  
V.i-1(9) –5781.4736 46.2 46.5  
     
V.2 –5474.7404 0 0 –19.0 (–18.6) 
V.c-2(1,4) –5474.6673 45.9 49.6 +0.8 
V.c-2(1,2) –5474.6683 45.2 47.4 +3.3 
V.c-2(3,4) –5474.6671 46.0 42.9 –7.8 
V.c-2(1,4)# –5474.6082 83.0 81.8  
V.c-2(3,4)# –5474.6392 63.5 64.5  
V.i-2(4) –5474.6459 59.3 58.4  
a DF energy calculations were performed on the ground BS singlet (S = 0) state of the 

optimized molecular geometries in acetonitrile solution using the CAMB3LYP 

functional (see Computational Details). b Potential energy minimum. c Standard 

enthalpy values relative to those of the reactants. d Standard free energy values 

relative to those of the reactants. e Singlet-triplet energy gap (ΔEST = J). The 

experimental J values are given in parentheses. 

 
Figure V.21 Perspective views of the calculated spin density distribution for the BS 
singlet spin states of V.1 (a) and V.c-1(9,10) (b). Yellow and blue contours represent 
positive and negative spin densities, respectively. The isodensity surface 
corresponds to a value of 0.0015 e bohr–3. 
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At this regards, the spin densities obtained by NBO analysis on 
the BS singlet state of the optimized molecular structure in 
acetonitrile solution of the cyclodimer V.c-2(3,4) agree with the 
partial recovery of the π-conjugation into the dicopper(II) 
naphthalenophane photodimer bridge skeleton upon intramolecular 
Cope rearrangement of the [4+4] photocycloaddition product to the 
corresponding [2+2] photocycloaddition product. In fact, the spin 
polarization by the amidate nitrogen atoms leads to significant 
values of the spin density of opposite sign at the directly attached 
sp2-hybridized carbon atoms of the fused cyclohexadiene rings, 
which are ultimately reponsible for the small antiferromagnetic 
coupling in V.c-2(3,4) (Figure V.22d). In contrast, the spin 
delocalization effects by the amidate nitrogen atoms dominate over 
the spin polarization ones leading to relatively small values of the 
spin density of the same sign at the directly attached sp3-hybridized 
carbon atoms of the cyclohexadiene rings in both V.c-2(1,4) and 
V.c-2(1,2), which explain the almost negligible to small 
ferromagnetic coupling (Figures V.22b and V.22c).  

V.7 Concluding Remarks 

In this work, we present a complementary experimental and 
theoretical study on long-range magnetic coupling in a family of 
dinuclear copper(II) metallacyclophanes with extended π-
conjugated oligoacene spacers as new examples of photoswitchable 
magnetic wires. The oxamato-based dicopper(II) 2,6-anthraceno- 
and 1,5-naphthalenophanes resulting from the self-assembly of the 
ligands 2,6-anba and 1,5-naba with CuII ions exhibit an 
antiferromagnetically coupled to magnetically uncoupled 
(ON/OFF) switching behavior upon UV light irradiation and 
heating in the solid state. This photomagnetic bistability results 
from a putative [4+4] photocycloaddition of the two facing 
anthracene and naphthalene spacers through the more reactive 
carbon atoms at the 9,10/9’,10’ and 1,4/1’,4’ positions of the 

central and lateral benzene rings respectively, as supported by 
molecular and electronic structure calculations. Energy calculations 
on the relative stability of the dicopper(II) photocycloaddition 
products evidence that there do not exist severe steric constraints 
associated to the metallacyclic structure that preclude the formation 
of the resulting [4+4] photodimer of anthracene and naphthalene. 
Moreover, they allow explaining the lower photochemical 
efficiency and thermal reversibility for the photodimerization of the 
dicopper(II) naphthalenophane while excluding the subsequent 
Cope rearrengement to the corresponding [2+2] photodimer. 
Finally, the calculations on the energetics and reaction pathway of 
the [4+4] photocycloaddition reaction support the singly carbon-
carbon bonded, biradical ligand nature of the dicopper(II) 
intermediate against the alternative doubly carbon-carbon bonded, 
dicopper(II) transition state for a non-concerted vs. concerted 
mechanism of double carbon-carbon bond formation, respectively. 
This intramolecular (“pseudo-bimolecular”) reaction constitutes a 
unique example of coordination-driven self-assembly for the 
supramolecular control of photochemical reactivity and 
photophysical properties, both in solution and in the solid state. 

V.8 Experimental Section 

Materials. All chemicals were of reagent grade quality. They 
were purchased from commercial sources and used as received. 
2,6-Anthracenediamine was prepared as reported in the literature.8b 

Physical techniques. Elemental analyses (C, H, N) were 
performed at the Servicio Central de Soporte a la Investigación 
(SCSIE) at the Universitat de València (Spain). FT-IR spectra were 
recorded on a Nicolet-5700 spectrophotometer as KBr pellets. The 
irradiation experiments were carried out in a photoreactor equipped 
with eight UVB lamps (λ in the range of 281–315 nm, λmax 

 
Figure V.22 Perspective views of the calculated spin density distribution for the BS singlet spin states of V.2 (a), V.c-2(1,4) (b), V.c-2(1,2) (c), and V.c-2(3,4) (d). Yellow and blue 
contours represent positive and negative spin densities, respectively. The isodensity surface corresponds to a value of 0.0015 e bohr–3. 
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centered at 308 nm). UV-vis spectra were recorded on an Agilent 
Technologies-8453 spectrophotometer equipped with a UV-vis 
Chem Station. Variable-temperature (2.0–300 K) magnetic 
susceptibility measurements were carried out with a SQUID 
magnetometer under an applied field of 10 kOe (T ≥ 50 K) and 100 
Oe (T < 50 K). The experimental data were corrected for the 
diamagnetic contributions of the constituent atoms and the sample 
holder as well as for the temperature-independent paramagnetism 
(tip) of the CuII ion (60 × 10–6 cm3 mol–1). 

Preparations of the ligands. Et2H2-2,6-anba: Ethyl oxalyl 
chloride ester (2.3 mL, 20 mmol) was added all at once to a 
solution of 2,6-anthracenediamine (2.08 g, 10 mmol) in THF (250 
mL) under vigorous stirring at 0 °C on an ice-bath. The reaction 
mixture was charged with triethylamine (2.8 mL, 20 mmol) and it 
was heated to reflux for 3 h under argon. The light yellow solid was 
collected by filtration after cooling, washed thoroughly with water 
to eliminate the precipitate of Et3NHCl, and dried under vacuum 
(3.3 g, 80% yield). Anal. Calcd for C22H20N2O6: C, 64.71; H, 4.90; 
N, 6.86. Found: C, 65.03; H, 4.78; N, 6.98. 1H NMR (C2D6SO): δ = 
1.31 (t, J = 7.2 Hz, 6 H, 2 CH3), 4.33 (q, J = 7.2 Hz, 4–H, 2 CH2O), 
7.79 (d, J = 7.7 Hz, 2 H, 3–H and 7–H of C14H8N2), 8.04 (d, J = 9.2 
Hz, 2 H, 4–H and 8–H of C14H8N2), 8.46 (s, 2 H, 1–H and 5–H of 
C14H8N2), 8.56 (s, 2 H, 9–H and 10–H of C14H8N2), 10.99 (s, 2 H, 
2–NH). IR (KBr): ν = 3222 (NH), 1735, 1693 cm–1 (CO). 

Et2H2-1,5-naba: Ethyl oxalyl chloride ester (7.0 mL, 60 mmol) 
was added all at once to a solution of 1,5-naphthalenediamine (5.75 
g, 30 mmol) in THF (250 mL) under vigorous stirring at 0 °C on an 
ice-bath. The reaction mixture was charged with triethylamine (2.8 
mL, 20 mmol) and it was heated to reflux for 1 h. The light grey 
solid was collected by filtration after cooling, washed thoroughly 
with water to eliminate the precipitate of Et3NHCl, and dried under 
vacuum (9.25 g, 85% yield). Anal. Calcd for C18H18N2O6: C, 
60.34; H, 5.03; N, 7.82. Found: C, 60.77; H, 5.17; N, 7.52. 1H 
NMR (C2D6SO): δ = 1.34 (t, J = 7.2 Hz, 6 H, 2 CH3), 4.36 (q, J = 
7.2 Hz, 4 H, 2 CH2O), 7.59 (dd, J = 7.2 and 2.8 Hz, 2 H, 4–H and 
8–H of C10H6N2), 7.60 (t, J = 7.2 Hz, 2 H, 3–H and 7–H of 
C10H6N2), 7.91 (dd, J = 6.3 and 2.8 Hz, 2 H, 2–H and 6–H of 
C10H6N2), 10.96 (s, 2 H, 2 NH). IR (KBr): ν = 3207 (NH), 1738, 
1689 cm–1 (CO).  

 Preparations of the complexes. (nBu4N)4[Cu2(2,6-anba)2] 
(V.1): A 1.0 M methanolic solution of nBu4NOH (4.0 mL, 4.0 
mmol) was added to an aqueous suspension (20 mL) of H2Et2-2,6-

anba (0.41 g, 1.0 mmol). An aqueous solution (25 mL) of CuCl2 . 

2H2O (0.17 g, 1.0 mmol) was then added dropwise under stirring. 
The resulting green mixture was filtered to remove the rest of solid 
particles and then it was extracted with dichloromethane. The 
organic phase was separated from the mixture and dried over a 
molecular sieve to give a deep green solution. Solvent was 
removed under vacuum and the resulting dark green solid was 
recovered with tetrahydrofuran, collected by filtration, washed with 
acetone and diethyl eter, and dried under vacuum. Recrystallization 
from an acetonitrile/methanol mixture (10:1, v/v) afforded X-ray 
quality crystals of V.1 as green tiny prisms upon slow vapor 
diffussion of acetone in a closed flask (0.81 g, 90% yield). Anal. 
Calcd for C100H160Cu2N8O12: C, 66.97; H, 8.99; N, 6.25%. Found: 
C, 65.81; H, 9.08; N, 6.12%. IR (KBr): ν = 1650, 1604 cm–1 (CO). 

(nBu4N)4[Cu2(1,5-naba)2]·4H2O (V.2): A 1.0 M methanolic 
solution of nBu4NOH (4.0 mL, 4.0 mmol) was added to an aqueous 
suspension (20 mL) of H2Et2-2,6-anba (0.41 g, 1.0 mmol). An 

aqueous solution (25 mL) of CuCl2 . 2H2O (0.17 g, 1.0 mmol) was 
then added dropwise under stirring. The resulting green mixture 
was filtered to remove the rest of solid particles and then it was 
extracted with dichloromethane. The organic phase was separated 
from the mixture and dried over a molecular sieve to give a deep 
green solution. Solvent was removed under vacuum and the 
resulting dark green solid was recovered with tetrahydrofuran, 
collected by filtration, washed with acetone and diethyl eter, and 
dried under vacuum. Recrystallization from an 
acetonitrile/methanol mixture (10:1, v/v) afforded X-ray quality 
crystals of V.2 as green tiny prisms upon slow vapor diffussion of 
acetone in a closed flask (0.81 g, 90% yield). Anal. Calcd for 
C100H160Cu2N8O12: C, 66.97; H, 8.99; N, 6.25%. Found: C, 65.81; 
H, 9.08; N, 6.12%. IR (KBr): ν = 1625, 1601 cm–1 (CO). 

Spectrophotochemical measurements. Solutions of the 
proligands Et2H2-2,6-anba and Et2H2-1,5-naba and complexes V.1 
and V.2 in dimethylsulfoxide and acetonitrile respectively, were 
degassed with Ar in a sealed quartz cell designed for solution 
studies under inert atmosphere prior to carry out the irradiation 
experiments at room temperature. The electronic absorption spectra 
of the deaerated irradiated solutions were measured at regular time 
intervals until the photostationary state was reached, and they were 
then measured without irradiation to check for possible thermal 
relaxation effects at room temperature. 

Photomagnetic measurements. Powdered samples of V.1 and 
V.2 were stored in a sealed Pyrex tube saturated with Ar during the 
course of the irradiation experiments at room temperature. The 
magnetic properties of the irradiated powdered samples were 
immediately measured after different irradiation times, and they 
were then measured after heating in situ at 75 ºC for 1 h without 
irradiation to check for possible thermal relaxation effects. 

Crystal structure data collection and refinement. The X-ray 
diffraction data of V.1 were collected at 100(2) K using 
synchrotron radiation (λ = 0.7513 Å) at the BM16-CRG beamline 
in the ESRF (Grenoble, France), while those of V.2 were collected 
at 293(2) K with graphite-monochromated Mo-Kα radiation using a 
Bruker Nonius Kappa CCD diffractometer. The data of V.1 were 
indexed, integrated and scaled using the HKL2000 program,15 while 
the data collection and data reduction of V.2 were done with the 
COLLECT and EVALCCD programs.16 All calculations for the 
structure solution and refinement of V.1 and V.2 were done by 
standard procedures using the WINGX program.17 The structures of 
V.1 and V.2 were solved by direct methods and refined with full-
matrix least-squares technique on F2 using the SHELXS-97 and 
SHELXL-97 programs.18 All non-hydrogen atoms of V.1 and V.2 
were refined anisotropically. The hydrogen atoms from the organic 
ligands of V.1 and V.2 were set on calculated positions and refined 
with a riding model, while those of the crystallization water 
molecules of V.2 were neither found nor calculated. The final 
geometrical calculations and the graphical manipulations of V.1 
and V.2 were carried out with PARST97 and CRYSTAL MAKER 
programs, respectively.19 
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Crystallographic data (excluding structure factors) for the 
structures reported in this paper have been deposited with the 
Cambridge Crystallographic Data Centre as supplementary 
publication CCDC no. 828222 (V.1) and 949613 (V.2). Copies of 
the data can be obtained free of charge on application to CCDC, 12 
Union Road, Cambridge CB21EZ, UK (fax: (+44) 1223-336-033; 
e-mail: deposit@ccdc.cam.ac.uk). 

V.9 Computational Details 

Geometry optimizations of V.1 and V.2 were performed in 
acetonitrile solution using the B97D, PBE, B3LYP, and 
CAMB3LYP functionals20 combined with the broken-symmetry 
(BS) approach,21 as implemented in the Gaussian 09 program.22 DF 
energy calculations were then performed on the BS singlet and 
triplet spin states of the optimized molecular geometries in 
acetonitrile solution of the reactants, V.1 and V.2, the intermediates, 
V.i-1(9), V.i-2(1), and V.i-2(4), the photocycloaddition products, 
V.c-1(9,10), V.c-2(1,4), V.c-2(1,2), and V.c-2(3,4), and the 
corresponding transition states, V.c-1(9,10)#, V.c-2(1,4)#, and V.c-
2(3,4)#, with the hybrid CAMB3LYP functional. Solvation effects 
were introduced using a polarizable continuum model (PCM), 
where the cavity is created via a series of overlapping spheres.23 
Triple- and double-ζ quality basis sets proposed by Ahlrichs and 
co-workers were used for the metal and non-metal atoms, 
respectively.24 The calculated spin density data were obtained from 
natural bond orbital (NBO) analysis.25 
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Molecular spintronics is a new and emergent field of 
spintronics which can benefit from the well-stablished 
developments in molecular magnetism and molecular 
electronics.1,2 As occurs in these two related fields, molecular 
spintronics can be divided into two areas, namely single-molecule 
spintronics and molecule-based spintronics.2a The first area 
focuses on the study of the spin-dependent electron transport 
through a single molecule and the use of these individual 
molecules as active components of spintronic circuits.2b,c The 
second area deals with the design and synthesis of new materials 
from molecular precursors (‘molecule-based materials’) that can 
mimic the unique magnetic and electronic properties exhibited by 
the existing ‘conventional’ inorganic materials used in 
spintronics.2d 

At this regard, metallosupramolecular chemistry is an 
outstanding research area in the field of supramolecular chemistry 
which offers convenient tools for the evolution from molecular 
magnetism and molecular electronics toward molecular 
spintronics.3,4 The spectacular development of 
metallasupramolecular chemistry in the late eighties and nineties 
has set up the guiding principles for the self-assembly of well-
defined multimetallic coordination architectures of increasing 
structural complexity based on metal-ligand interactions.3 Discrete 
zero-dimensional (0D) polynuclear coordination compounds,4 as 
well as infinite, one- (1D), two- (2D), or three-dimensional (3D) 
coordination polymers,5 referred to as metal-organic clusters 
(MOCs) and metal-organic frameworks (MOFs) respectively, 
are included in this category. 

At the beginning of this new century, the introduction of 
functionality into these MOCs and MOFs has become one of the 
aims of a large number of research groups6,7 They take advantage 
from the chemical reactivity (redox or photochemical) and 
electronic properties (conducting, magnetic or optical) of the 
metal ions and eventually the organic ligands, as well as from the 
particular level of organization created by the metal-ligand 
coordinative interaction. In general, the unique properties 
exhibited by these hybrid inorganic-organic systems are not the 
sum of those from the individual components but they derive from 
the cooperative interactions between the metal ions through the 
organic bridging ligands. The study of the supramolecular 
structure-function correlations will then orientate the rational 
design and synthesis of self-assembled supramolecular functional 
materials. They display interesting physicochemical properties 
that could be exploited in supramolecular recognition and 
catalysis6 and supramolecular photo-, electro-, and 
magnetochemistry.7 

In pursuing molecular spintronic materials,8 the ligand design 
is crucial both to organize the paramagnetic metal ions in a desired 
topology and to efficiently transmit electron exchange interactions 
between the metal ions in a controlled manner.9,10 This basic 
principle is impressively demonstrated by our recent work on the 
rich supramolecular coordination chemistry of a novel family of 
aromatic polyoxalamide (APOXA) ligands with first-row 
transition metal ions which has allowed to get on one step further 
in the rational design of metallosupramolecular assemblies of 
increasing structural and magnetic complexity.11-21 

APOXA ligands with multiple oxamato donor groups, from 
one to up to four, separated by more or less hindered, polymethyl-
substituted phenylene spacers of varying substitution pattern, offer 
a kind of double programming according to the terminology of 
metallosupramolecular chemistry.11 The first level of ligand 
programming allows the coordination to transition metal ions (M 
= CuII, NiII, and CoII) through the bidentate N,O-oxamato donor 
sets to give double- or triple-stranded oligonucler complexes, from 
mono- to tetranuclear.13-15 The second level of ligand 
programming resides precisely on the free cis carbonyl oxygen 
atoms of the oxamato donor groups, which allow these self-
assembled metallacyclic species to be used as ligands 
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Figure VI.1 Illustration of the molecular-programmed strategy for the rational design 
of MOCs (c) and MOFs (d) from self-assembling dicopper(II) metallacyclophanes (b) 
with APOXA ligands (a).  
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(metalloligands) toward other alkaline, alkaline earth, and 
transition metal ions (M’ = LiI, NaI, MgII, CaII, SrII, CuII, NiII, CoII, 
and MnII). This molecular-programmed approach based on ligand 
design allows the rational preparation of a variety of molecular 
magnetic materials with predictable structures and magnetic 
properties.16-21 

In particular, MOCs and MOFs of variable nuclearity and 
dimensionality have been designed and synthesized from self-
assembled dicopper(II) metallacyclophanes with polymethyl-
substituted 1,3- and 1,4-phenylene dioxamato bridging ligands 
(Figure VI.1). In the former case, both homo- and 
heterobimetallic, penta- and hexanuclear complexes were obtained 
when using blocking ligands in the coordination sphere of the 
coordinated metal ion to preclude polymerization (Figure VI.1c).16 
These latter hexanuclear complexes constitute the basic structural 
units for the construction of the corresponding homo- and 
heterobimetallic nD (n = 1–3) coordination polymers, whose 
topology would depend on both the coordination mode and steric 
requirements of the CuII

2 metalloligand and the stereochemical 
preferences of the MII ion, as well as the templating effects of the 
organic or inorganic countercation. They include 1D ladders , 2D 
brick-wall monolayers and hexagonal bilayers, and 3D square-
octogonal pillared nets (Figure VI.1d).20 

In this thesis, we have developed new oxamato-based 
dicopper(II) metallacyclophanes with potential photo or redox 
activity at the aromatic ligand counterpart. This will provide us 
with appropriate building blocks for the elaboration of molecular 
spintronic materials for future applications in materials science 
and nanotechnology. Let us briefly develop this point in the 
following two sections by including a summary of our major 
achievements, together with an advancement of our preliminary 
results in this area.  

VI.1 Redox and Photo Control of the Magnetic 
Properties through Ligand Design 

The design and synthesis of ligands which are able to self-
assemble spontaneously with paramagnetic metal ions to form 
exchange-coupled polymetallic complexes of predetermined 
nuclearity and topology are one of the major goals in molecular 
magnetism and molecular spintronics. Our strategy in this field 
has been based on the use of polytopic ligands possessing multiple 
oxamato donor groups, separated by aromatic spacers. These 
aromatic polyoxalamide (APOXA) ligands coordinate to the late 
first-row transition metal ions, from copper to cobalt, to afford 
stable oligonuclear metallacyclic complexes.11 

Overall, we have shown that aromatic spacers are really 
effective to transmit exchange interactions between paramagnetic 
metal centers separated by relatively long intermetallic distances 
in discrete metallacyclic entities. Furthermore, we have 
demonstrated that the appropriate choice of the electronic 
configuration of the metal ion and the topology of the bridging 
ligand allows to control the nature and magnitude of the magnetic 
coupling between the metal centers through the aromatic spacers 
in the corresponding dinuclear metallacyclic complexes. 

Earlier investigations of our research group on the unique pair 
of dicopper(II) metallacyclophanes with 1,3- and 1,4-phenylene 
spacers has provided deeper insights on the fundamental 
knowledge of the distinct spin delocalization and spin polarization 
effects that govern the magnetic coupling through extended π-
conjugated aromatic spacers.13a,b Thus, the ferromagnetic or 
antiferromagnetic nature of the electron exchange interaction in 
the corresponding dicopper(II) meta- and paracyclophanes results 
from a spin polarization mechanism through the extended π-
conjugated bond system of the phenylene spacers, as supported by 
theoretical calculations (Figure VI.2). 

In this thesis, we have investigated a novel family of 
electroactive, antiferromagnetically coupled dicopper(II) 
paracyclophanes with polymethyl-substituted 1,4-phenylene 
spacers, –C6H(4–n)Men– (n = 0, 1, and 4) (see Chapter IV). The 
overall strengthening of the antiferromagnetic coupling along this 
series is due to an increased delocalization of the unpaired 
electrons of the CuII ions onto the π-conjugated electron system of 
the p-phenylene spacers with the increasing number of electron 
donating methyl substituents. This phenomenon is ultimately 
responsible for the higher stability of the one-electron oxidized 
dicopper(II) π-radical species resulting from the oxidation of the 
polymethyl-substituted p-phenylenediamidate bridge as the 
number of electron donating methyl substituents increases. 

Interestingly, the permethylated dicopper(II) paracyclophane 
exhibits a unique magnetic electroswitching (ON/OFF) behavior, 
as shown both experimentally and theoretically.13f The magnetic 
bistability obeys to the change from antiparallel (OFF) to parallel 
(ON) spin alignment of the metal centers by the π-stacked 
delocalized monoradical ligand generated upon one-electron 
oxidation of the double tetramethyl-p-phenylenediamidate bridge 
skeleton (Figure VI.3). Permethylation in this metallacyclic 
system constitutes thus a unique example of ligand design for the 
supramolecular control of magnetic properties and electrochemical 
reactivity. 
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Figure VI.2 Chemical structure of the oxamato-based dicopper(II) meta- and 
paracyclophanes showing the different spin alignment resulting from the alternance of 
the spin densities on the (a) meta- and (b) para-substituted phenylene spacer. 
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Figure VI.3 Illustration of the magnetic electroswitching in oxamato-based 
permethylated dicopper(II) paracyclophanes. 
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In this thesis, we have also explored an alternative way to 
electroactive oxamato-based dicopper(II) metallacyclophanes by 
incorporating anthraquinone spacers possessing higher 
electrochemical stability, both thermodynamic and kinetic (see 
Chapter III). In the former case, the redox non-innocent 1,4-
anthraquinone spacers and the CuII ions function as electron 
reservoirs for reduction and oxidation respectively, to impart a 
dual multielectron redox (charge storage) behavior to this novel 
antiferromagnetically coupled dicopper(II) 1,4-anthraquinophane 
to be used as magnetic capacitor, i.e., electroactive (oxidizable and 
reducible) molecules with several chemically accessible oxidation 
levels at the exchange-coupled spin carriers that can store and 
deliver an electric charge. In this case, the charging and 
decharging processes of the magnetic capacitor can be regarded as 
the disproportionation equilibrium reaction of the dicopper(II) 1,4-
anthraquinophane (Figure VI.4a). That being so, the overall 
efficiency depends on the available number of oxidation (nox) and 
reduction equivalents (nred), as well as the magnitude of the 
comproportionation constant (Kc), that is, small Kc and large nox 
and nred values.  

We can go have gone one step further in this study by 
developing new oxamato-based dicopper(II) metallacyclophanes 
with 2,6-anthraquinone spacers as new prototypes of magnetic 
electroswitches in the emerging field of molecular spintronics. In 
this latter case, the spins of the CuII ions are magnetically isolated 

accross the non-conjugated 2,6-anthraquinone spacers (‘OFF’ 
state), whereas they are weak antiferromagnetically coupled 
through the extended π-conjugated spacers in the fully reduced 
bis(catecholate)-type dicopper(II) species (‘ON’ state) (Figure 
VI.4b).13h Quinone functionalization in this metallacyclic system 
constitutes thus a unique example of ligand design for the 
supramolecular control of the magnetic properties and 
electrochemical reactivity. 

This work has directed our research efforts toward other 
dicopper(II) metallacyclophane molecules with extended π-
conjugated aromatic spacers that were earlier investigated by our 
research group, such as linear oligophenylenes (OPs) and 
oligoacenes (OAs).13b,c At this respect, OAs are very appealing 
candidates as molecular wires because of their unique electronic 
properties and photochemical reactivity which have received 
much attention from both experimental and theoretical points of 
view.22 As a matter of fact, the design and synthesis of novel 
bridging ligands which can act as effective molecular wires to 
transmit spin coupling effects over long distances are a major 
achievement in the field of molecular spintronics.13c In contrast to 
conventional charge transport-based molecular wires, these so-
called “magnetic molecular wires” (MMWs) may offer a new 
design concept for the transfer of information over long distances 
based on purely electron exchange interactions (EE) and without 
current flow. 

In this thesis, we have further demonstrated that OAs can act 
as thermally reversible photoswitchable magnetic wires for the 
transmission of EE interactions between the two square planar 
CuII ions in the corresponding dicopper(II) metallacyclophanes 
(see Chapter V).13d However, rather low photochemical 
efficiencies and thermal reversibilities are obtained for the 
conversion of the moderately strong antiferromagnetically coupled 
dicopper(II) 1,5-naphthaleno- and 2,6-anthracenophanes to the 
corresponding magnetically uncoupled dicopper(II) products 
resulting from the [4+4] photocycloaddition of the two facing 
oligoacene spacers (Figure VI.5). This intramolecular (“pseudo-
bimolecular”) reaction constitutes a unique example of 
coordination-driven self-assembly for the supramolecular control 
of photochemical reactivity and photophysical properties, both in 
solution and in the solid state. 
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Figure VI.4 Illustration of the magnetic charge storage (a) and electroswitching (b) in 
oxamato-based dicopper(II) anthraquinophanes.  
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Figure VI.5 Illustration of the magnetic photoswitching in oxamato-based 
dicopper(II) naphthalenophanes (a) and anthracenophanes (b).  
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Oligo(p-phenyleneethyne) (OPE) spacers are also very 
appealing candidates as molecular magnetic wires due to their 
potential extended π-conjugation.23 In this thesis, we have shown 
that the rigid rod-like OPEs allow for a stronger magnetic 
communication between very distant metal centers in the 
corresponding dicopper(II) oligophenyleneethynophanes, when 
compared with their dicopper(II) oligophenylenophane ancestors 
(see Chapter II).13e	
  Because of the planar configuration of the OPE 
spacers, a strong orbital overlap between the pz-type orbitals of the 
para-substituted benzene rings across the carbon-carbon triple 
bonds occurs along the p-phenylethyne repeat units. Moreover, the 
rather low exponential decay of the antiferromagnetic coupling 
with the intermetallic distance indicates that the electron exchange 
(EE) through linear OPE spacers follows a spin polarization 
mechanism. This conclusion is further supported by the presence 
of non-negligible spin densities of alternating sign on the bridge in 
the calculations on the broken-symmetry (BS) singlet states, as 
earlier found for the dicopper(II) oligophenylenophane analogues 
(Figure VI.6). Based on this combined experimental and 
theoretical study, we then propose that linear OPE spacers can act 
as effective antiferromagnetic wires between two CuII ions 
separated by up to 3.0 nm.	
  

In turn, the related oligo(p-phenylenevinylidene) (OPV) and 
oligo(p-azobenzene) (OAB) spacers, like stilbene and azobenzene, 
are very appealing candidates as photoswitchable magnetic wires 
because of their well known rich photochemical reactivity that 
includes intramolecular [2+2] cycloadition and cis-trans geometric 
isomerization, respectively (Figure VI.7).24 So, compared with 
dicopper(II) oligoacenophanes, our preliminary studies show that 
higher photochemical efficiencies and thermal reversibilities are 
found for the conversion of the weak antiferromagnetically 
coupled dicopper(II) stilbenophane (‘ON’ state) to the 
corresponding magnetically uncoupled dicopper(II) 
photocycloaddition product (‘OFF’ state) resulting from the 
intramolecular [2+2] photocycloaddition reaction of the two 
facing stilbene spacers (Figure VI.7a).13i Moreover, a complete 
photochemical reversivility has been achieved in dicopper(II) 
azobenzenophanes after irradiation with UV and visible light. The 
spins of the CuII ions are weak antiferromagnetically coupled 
through the planar trans-azobenzene spacers (‘ON’ state), whereas 
they are magnetically isolated accross the non-planar cis-
azobenzene spacers (‘OFF’ state) (Figure VI.7b).13j 

We are currently investigating these novel series of electro- 
and photo-active, oxamato-based dicopper(II) metallacyclophanes 
as prototypes of molecular magnetic devices as well as potential 
precursors for molecular spintronic materials. Indeed, these simple 
molecules were revealed as ideal experimental and theoretical 
models for the fundamental study on electron- and photo-triggered 

EE processes, which are two central topics in the emerging area of 
molecular spintronics. Because of their nanoscopic size and 
feasible “addressing” over a variety of substrates (electrodes, 
surfaces, porous materials, etc.), they thus appear as very 
promising candidates to get single-molecule spintronic devices. 
They include those facilitating the spin communication (“magnetic 
molecular wires”, MMWs) or exhibiting multistable spin behavior 
(“magnetic molecular switches”, MMSs) for future applications in 
information processing and storage. Moreover, they could bring an 
external photo- and redox-control over the magnetic properties of 
MOCs and MOFs when used as precursors to prepare molecule-
based spintronic materials. 

VI.2 Metalloligand Approach in the Design of 
Molecular Spintronic Materials  

The design and synthesis of simple paramagnetic molecules that 
are able to self-assemble through metal–ligand interactions to 
form more complex aggregates (supermolecules) with prefixed 
dimensionality, nuclearity, and/or topology is a major target in 
molecular magnetism and molecular spintronics. Our strategy in 
this field has been based on the use of oxamato-based 
metallacyclic complexes as ligands (metalloligands) toward either 
coordinatively unsaturated metal complexes or fully solvated 
transition metal ions affording discrete polynuclear coordination 
compounds (metal-organic clusters, MOCs) or infinite 
coordination polymers (metal-organic frameworks, MOFs), 
respectively. 

This well-known metalloligand approach allowed controlling 
the overall magnetic properties of the resulting nD (nD = 0–3) 
multidimensional compound through the appropriate choice of the 
precursor (substitution pattern and steric requirements of the 
bridging ligand) and the coordinated metal ion or metal complex 
(electronic configuration and local anisotropy). The development 
of this unique family of oxamato-bridged MOCs and MOFs 
expands on the reported examples of multidimensional magnetic 
materials.11 Our target dicopper(II) metallacyclophanes developed 
in this thesis also contained predetermined information as to act as 
metalloligands towards other metal ions in order to generate 
clusters and high dimensionality arrays. The pursuit of our goal is 
allowing us to modify their magnetic properties under electro- and 
photochemical control. 
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Figure VI.6 Chemical structure of the oxamato-based dicopper(II) 
oligophenylenophanes (a) and oligophenylethinophanes showing the alternance of the 
spin densities on the spacer resulting from the spin polarization mechanism. NO
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Figure VI.7 Illustration of the magnetic photoswitching in oxamato-based 
dicopper(II) stilbenophanes (a) and azobenzenophanes (b).  
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Metal-Organic Clusters. A definite breakthrough has been 
accomplished in the field of molecular magnetism upon the 
syntheses of metal-organic clusters (MOCs).27 These systems are 
characterized by highly interesting magnetic properties, and they 
are attracting much attention as for their inspiring use of the 
unlimited well of organic molecules combined with inorganic 
synthesis. Thus, the obtention of discrete high-nuclearity MOCs 
takes us from high spin molecules to single-molecule magnets.28 
Using this approach, chemists are pushing the limit for new 
challenges, such as engineering switchable magnetic materials, 
that is to say, where the magnetic behavior of the MOC can be 
modified under external stimuli, such as optical and/or electrical.29 

A series of hexanuclear copper(II) complexes have been 
rationally prepared starting from oxamato-based dicopper(II) 
meta- and paracyclophanes as tetrakis-bidentate metalloligands 
toward coordinatively unsaturate mononuclear copper(II) 
complexes with acyclic aliphatic polyamines such as 
N,N,N’,N’,N’’-pentamethyldiethylenetriamine (Me5dien) as 
blocking ligands (Figure VI.8).16a,b 

These CuII
6 MOCs exhibit a ladder-like molecular structure of 

“dimer-of-trimers” molecular topology (Figure VI.8a and b). 
Considering this, the nature of the ground state can be rationally 
interpreted based on the concept of antiferro- (ACU) and 
ferromagnetic coupling units (FCU) that was earlier used to 
control the spin in organic polyradicals.30 Thus, the meta- and 
paracyclophane CuII

2 cores act as FCU and ACU respectively, 
between the two CuII

3 linear entities (SA = SB = 2SCu – SCu = 1/2) 
leading to either a ground triplet (S = SA + SB = 1) or a singlet (S = 
SA – SB = 0) spin state for the CuII

6 molecule (Figures VI.8c–
e).16a,b 

A series of related oxamato-based hexanuclear copper(II) 
complexes carrying a non-innocent, redox- or photoactive ligands 

has been synthesized and their electro- and photochemical 
properties have been investigated (Figures VI.9 and 10).16c,d 

Our preliminary studies on the redox activity of the CuII
6 

MOC with a permethylated dicopper(II) paracyclophane core 
show a unique magnetic electroswitching behavior (Figure 
VI.9).16c So, a change from a non-magnetic singlet (S = SA – SB = 
0) to a magnetic quartet (S = SA + SB + SR = 3/2) ground state 
occurs due to the π-stacked delocalized monoradical ligand 
generated upon Br2 oxidation of the tetramethyl-substituted p-
phenylene spacers (Figure VI.9b).16d 

Alternatively, our preliminary studies on the photochemical 
activity of the CuII

6 MOC with a dicopper(II) naphthalenophane 
core show a unique magnetic photoswitching behavior (Figure 
VI.10). In this case, a change from a non-magnetic singlet (S = SA 
– SB = 0) ground state to a pair of magnetically isolated doublet 
states (SA = SB = 1/2) occurs due to the [4+4] photocycloaddition 
of the two facing naphthalene spacers upon UV light irradiation 
(Figure VI.10b). 

Metal-Organic Frameworks. The last decade witnessed an 
increasing interest in metal-organic frameworks (MOFs) due to 
their versatility as porous materials for broad applications in gas 
storage and separation, molecular sensing, and catalysis.31–34 
Among this new class of multifunctional molecular materials, 
dynamic porous magnets have become a major target for chemists, 
physicists, and material scientists.35 Indeed, the coexistence of 
long-range magnetic ordering and porosity in the same material is 
a current challenge. With some remarkable exceptions,36,37 
porosity in general requires bridging ligands with long organic 
spacers that do not facilitate the magnetic exchange interactions 
between the distant paramagnetic metal centers. So that, the 
magnetic properties of the resulting MOF would be the same as 
the ones corresponding to the isolated metallic ions or polynuclear 
complexes used as precursors. This fact can be happily avoided by 
using the metalloligand strategy.38 

The metalloligand design strategy constitutes a clear 
advantage when comparing to the conventional ‘secondary 
building block’ (SBB) strategy for the obtention of MOFs. It 
consists on bonding metal complexes prepared from organic 

 

Figure VI.8 (a) and (b) Structures of the oxamato-based hexanuclear copper(II) 
MOCs with dicopper(II) meta- and paracyclophane cores, respectively. Ligand and 
metal atoms are represented by sticks and balls, respectively (C, gray; N, blue; O, red; 
Cu, green). (c) Spin coupling scheme and (d) and (e) spin topologies for the CuII

6 
MOCs with dicopper(II) meta- and paracyclophane cores, respectively. 

	
  

Figure VI.9 (a) Structure of the oxamato-based hexanuclear copper(II) MOC with a 
permethylated dicopper(II) paracyclophane core. Ligand and metal atoms are 
represented by sticks and balls, respectively (C, gray; N, blue; O, red; Cu, green). (b) 
Magnetic electroswitching and spin topologies for the CuII

6 MOC. 
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ligands with suitable donor groups, so-called metalloligands, 
through other metal ions (“metal-mediated self-assembly”). This 
way, the coordination preferences of ligands, metal ions and 
metalloligands can be useful to control the final structure and 
magnetic properties of the resulting mixed-metal-organic 
framework (M’MOF). 

Our strategy in this field has been based on the use of 
dicopper(II) metallacyclophanes as metalloligands toward first-
row transition metal ions, such as manganese(II) and cobalt(II). It 
allows to synthesize heterobimetallic open-frameworks with 
controlled topology and dimensionality and with predictable 
magnetic and adsorption properties that depend on the reactivity 
of the dinuclear precursors, whose specific nature is a 
consequence of the substitution pattern and the steric requirements 
of the aromatic spacer, as well as on the electronic configuration 
and the magnetic anisotropy of the metal ion. 

So, for instance, the simple dicopper(II) metallacyclophanes 
with polymethyl-substituted 1,3- and 1,4-phenylene spacers can 
act as metalloligands toward first-row transition metal ions, such 
as manganese(II) and cobalt(II), to render a variety of oxamato-
based heterobimetallic MOFs with brick-wall layer architectures 
(Figure VI.11).20a,b Interestingly, they show overall magnetic and 
non-magnetic layer ground states resulting from the ferro- and 
antiferromagnetic interchain interactions between the oxamato-
bridged MnIICuII ferrimagnetic chains across the permethylated m- 
and p-phenylene spacers respectively, constituting thus a unique 
example of spin control in MOFs.20b 

Our preliminary studies on the sorption properties of the 
oxamato-based manganese(II)-copper(II) 2D MOFs with 
permethylated dicopper(II) paracyclophane cores show a unique 
magnetic switching behavior after bromine gas adsorption.20j So, a 
change from non-magnetic to magnetic layer ground state occurs 
upon Br2 oxidation of the tetramethyl-substituted p-phenylene 
spacers, constituting thus a unique example of electroactive 
porous magnet.  

The use of more sophisticated dicopper(II) metallacyclophane 
precursors with extended π-conjugated aromatic spacers such as 
those developed in this thesis, v.g. oligophenylenes (OPs), 

oligophenyleneethynylenes (OPEs), oligophenylenevinilenes 
(OPVs), oligoazaphenylenes (OAPs), oligoacenes (OAs), and 
oligoacenequinones (OAQs), would open the gate to molecule-
based spintronic materials (Figure VI.12). At this respect, several 
points should be considered in order to obtain a new family of 
electro- and photoactive porous magnets. 

Firstly, a systematic variation of the length of the aromatic 
spacers of the oxamatocopper(II) precursors can modulate the size 
of the channels which, in the last term, would afford a selective 
adsorption (Figure VI.12a and b). For instance, the longer OPEs as 
4,4'-diphenylethyne and 1,4-di(4-phenylethynyl)phenylene are 
suitable candidates to afford large channels available for gas 
storage or inclusion of interesting organic molecules such as 
photoresponsive ruthenium(II) complexes or electroactive 
fullerenes (Figure VI.12a). 

Secondly, the utilization of aromatic spacers with electro- or 
photochemical properties permits the obtention of multifunctional 
materials possessing host-guest properties of further applications 
as spintronic devices. In this sense, the shorter OPVs and OAPs 
like stilbene and azabenzene respectively, are interesting 
candidates for storage and delivery of gas because of its 
photochemical reactivity taking advantage of the well known cis-
trans isomerization to modulate the size of the pores by irradiation 
(‘photo-gated pores’) (Figure VI.12b). 

In each case, this rational design of porous magnets profits the 
ability of the aromatic spacers acting as molecular magnetic wires 
(MMWs) and molecular magnetic switches (MMSs) in the 
transmission of the magnetic interactions between metal centers 
separated by relatively long intermetallic distances (Figure VI.12a 
and b). 

	
  

Figure VI.10 (a) Structure of the oxamato-based hexanuclear copper(II) MOC with a 
dicopper(II) naphthalenophane core. Ligand and metal atoms are represented by sticks 
and balls, respectively (C, gray; N, blue; O, red; Cu, green). (b) Magnetic 
photoswitching and spin topologies for the CuII

6 MOC. 

	
  

Figure VI.11 (a) and (b) Structures of the oxamato-based brick-wall M’MOFs with 
dicopper(II) meta- and paracyclophane cores, respectively. Ligand and metal atoms 
are represented by sticks and balls, respectively (Cu, green; Co and Mn, purple).  
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On the other hand, because of their unique Lewis acid (Diels-
Alder) and redox properties, OAs and OAQs like anthracene and 
anthraquinone respectively, can be used for reaction with various 
organic guest molecules of interest, such as photoresponsive 
dienophiles or redox-active metallocenes and tetrathiofulvalenes 
(Figure VI.12c and VI.12d).  

So, different dienophiles like styrene can be adsorbed into the 
host framework by reacting with the anthracene host active sites to 
give the corresponding [2+4] cycloaddition product in a 
photochemically reversible reaction (Figure VI.12c). 
Alternatively, metallocenes and tetrathiofulvalenes can be readily 
oxidized by the anthraquinone host active sites to give the 
corresponding magnetic and/or conducting cation radical salts and 
the dihydroanthraquinonate derivative (Figure VI.12d). 

In each case, the spins of the metal centers are 
antiferromagnetically coupled in one form (‘ON’ state), whereas 
they are magnetically isolated in the other one (‘OFF’ state). So 
that, collateral magnetic changes are found in the host network, as 
much as photochemical and redox processes are experimented by 
the guest molecules (Figure VI.12a and VI.12b). Moreover, the 
changes in the magnetic properties of the host framework can be 
used to monitor the binding and transformation of the guest. These 

dynamic porous magnets are then very appealing candidates as 
magnetic sensors for applications in nanospintronics. 

The impressive potential of the metalloligand approach in 
designing new molecular spintronic materials constitutes a great 
scientific challenge for the chemical research community that 
requires a multidisciplinary formation. New fundamental concepts 
and future applications in materials science and nanotechnology 
will emerge from the study of magneto, electro-, and 
photochemistry as a supramolecular function in 
metallosupramolecular chemistry. Although it is still in its 
infancy, this ‘bottom-up’ approach appears as an advantageous 
alternative to the classical ‘top-down’ one to nanoscopic 
spintronic materials displaying unique magnetic properties as well 
as redox, optical, conducting, sensor, or catalytic activities. As a 
matter of fact, the morphosynthesis of novel hybrid materials from 
the multilevel organization of molecules with interesting chemical 
and physical properties into suitable ordered host systems is a 
major current challenge in material science and nanotechnology 
which requires the collaboration of groups from different 
disciplines, including organic, inorganic, or theoretical chemists 
and physicists. 
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Figure VI.12 Oxamato-bridged 2D M’MOFs from antiferromagnetically coupled dicopper(II) metallacyclophane precursors acting as magnetic sensors of the ‘host-guest’-type. 
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EPILOG 

The work presented in this thesis is only our first step in the area of molecular 

spintronics and the main reason for us to pursue along this research avenue. This is 

rightly expressed in the voice of the greek most famous contemporary poet, Constantin 

P. Cavafy:   

The young poet Evmenis 

complained one day to Theocritos: 

“I have been writing for two years now 

and I have composed just one idyll. 

It’s my only completed work. 

I see, sadly, that the ladder of Poetry 

is tall, extremely tall; 

and from this first step I now stand on 

I will never climb any higher.” 

Theocritos replied: “Words like that 

are improper, blasphemous. 

Just to be on the first step 

should make you happy and proud. 

To have come this far is no small 

achievement: 

what you have done is a glorious thing. 

Even this first step 

is a long way above the ordinary world. 

To stand on this step 

you must be in your own right 

a member of the city of ideas. 

And it is a hard, unusual thing 

to be enrolled as a citizen of that city. 

Its councils are full of Legislators 

no charlatan can fool. 

To have come this far is no small 

achievement: 

what you have done already is a 

glorious thing.”  

(The First Step, Collected Poems) 

 

Indeed, this thesis is also meant to be a “message in a bottle” for physicists and 

materials scientists with a large expertice in the manipulation and measurement of 

single-molecule electron transport properties, as well as in the processing and 

addressing of molecules into different supports, and those other members of city of 

ideas who may be interested in our work. 
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EPÍLOGO 

El trabajo presentado en esta tesis es sólo un primer paso en el área de la espintrónica 

molecular y nuestra principal razón para continuar a lo largo de esta avenida de 

investigación. Ello queda muy bien expresado en la voz del más famoso poeta griego 

contemporáneo, Constantin P. Cavafy:  

A Teócrito se quejaba 

un día el joven poeta Eumenes: 

“Dos años han pasado desde que 

escribo y 

 un idilio he hecho solamente. 

Es mi única obra acabada. 

Ay de mí, es alta, lo veo, 

muy alta la escala de la Poesía; 

y del primer escalón aquí donde estoy 

nunca he de subir el desdichado”. 

Dijo Teócrito: “Esas palabras 

son impropias y blasfemas. 

Y si estás en este primer escalón debes 

estar orgulloso y feliz. 

Allí donde has llegado, no es poco: 

cuanto has hecho, grande gloria. 

Y aun este primer escalón 

dista mucho de la gente común. 

Para que hayas pisado en esta grada 

es menester que seas con derecho 

ciudadano en la ciudad de las ideas. 

Y es difícil y raro que en aquella ciudad 

te inscriban como ciudadano. 

En su ágora hallas Legisladores 

a los que no burla ningún aventurero. 

Aquí donde has llegado, no es poco: 

cuanto has hecho, grande gloria”. 

 (El Primer Escalón, Antología de 

Poemas) 

 

Así pues, esta tesis es un “mensaje en una botella” para físicos y científicos del 

área de materiales con gran experiencia en la manipulación y la medición de las 

propiedades de transporte electrónico a través de moléculas, así como en el 

procesamiento e implementación de las mismas sobre diferentes soportes físicos y, en 

general, a todos los miembros de esta “ciudad de las ideas” que puedan estar 

interesados en nuestro trabajo.  
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