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Interest in organic molecule-based materials has extraordinarily grown in both the 

electronic and data storage industries1,2. Specifically, research in the development of 

new plastic devices for technological proposes has emerged as they may provide lower 

manufacturing costs, more versatile synthetic processes and better mechanical 

properties (i.e. transparency, flexibility) than standard inorganic materials3. However, in 

order to compete with these inorganic-based materials in terms of effectiveness, their 

conductive, magnetic and switchable characteristics must be improved, such that they 

can be applied as high-performance molecular conductors4,5,6,7, magnets8,9 and 

memory devices10,11,12. The physical properties of these organic materials not only 

depend on the nature of its constituent molecules (magnetic, biocompatible) but on 

how they organize in the solids (polymeric, amorphous, crystalline)13. Therefore, 

predicting and achieving a particular final behaviour is challenging and requires 

investigations on the structure-property relationships as well as on the nature of the 

chemical species. 

In the context of organic-based materials, organic radicals have attracted much 

attention since they are excellent building blocks for their application in functional 

materials by virtue of having an unpaired electron14. However, these open-shell 

molecules are usually highly reactive and often suffer from disproportionation or 

recombination processes that are thermodynamically favoured. Two main strategies 

have been followed in order to prevent such undesired reactivity and to obtain stable 

radicals. One possibility consists in protecting the spin-bearing atoms with bulky 

substituents, but this forbids the communication between spin units. Another alternative 

is to delocalize the spin distribution to spread the unpaired electron over several atoms, 

which attenuates its reactivity. The latter allows each radical to interact with its 

neighbouring radicals such that interesting solid-state properties can appear once the 

molecule-based material crystallizes. At this point it must be stressed that an organic 

radical is classified as stable as long as it can be isolated as a pure compound15. 

 The main strategy used to obtain organic-based conductors has been to crystalize 

regular π-stacks of organic molecules in which the orbital overlap between 

neighbouring units results into a delocalized conducting band where the electrons are 

allowed to freely flow16. A large body of work has been recently reported devoted to 

obtain organic molecular conductors from efficient 1D arrays on the basis that the 

conductivity of a molecular material occurs through a partially filled band17. For 

instance, efficient conductivities have been manifested in crystals of segregated 

charge-transfers salts containing organic donors (D) and acceptors (A). The crystal 

packing of these salts leads to oxidised D+· and reduced A-· stacks of radical-ions (or 
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partially D+δA-δ species) such that the conductivity occurs through the partially filled 

donor and acceptor bands18. The same behaviour was predicted for regular π-stacks of 

neutral organic radicals provided that they give rise to a half filled band as a result of 

the orbital overlap between SOMO densities19 (Figure 1.1a). These molecules must be 

planar and π-conjugated in order to favour the crystallization as π-stacks. However, 

regular 1D stacks of radicals are usually thermodynamically unstable in front of lattice 

distortions that provoke radical-pair formations along the columns (known as Peierls 

distortion)20. This dimerization generates alternating short and long contacts along the 

π-stacks that create a band gap between the empty and filled bands and therefore, 

results in a semiconducting or insulating behaviour (Figure 1.1b). This phenomenon 

has been usually ascribed to a spin-pairing process and has been exploited for 

magnetic switchable purposes (see below). 

(a) (b) 

  

Figure 1.1. Schematic band structures for (a) a regular π-stack and (b) a distorted 
radical-pair π-stack (Peierls distortion) of organic radicals.12 

As an organic radical possess an S=½ unpaired electron, the solid-state packing of 

these organic molecules can lead to magnetic communication between spins and thus, 

to a molecular magnet9. There exists different possible magnetic exchange orderings. 

One possibility is that all the spins remain decoupled in a non-interacting system. In 

this extreme case all possible spin orientations have the same energy and the system 

gives a paramagnetic response. On the contrary, in those cases in which there are 

magnetic interactions between neighbouring spins, a particular magnetic topology 

arises, and a deviation from the paramagnetic behaviour is obtained. For two electron 

spins, there may be stabilization of the coparallel alignment of spins (!!) or of the 

antiparallel arrangement of spin (!"). The first interaction corresponds to a 

ferromagnetic (FM) coupling, and the second to an antiferromagnetic (AFM) ground 

For conductivity to arise some charge-transfer is necessary

to generate partially oxidised donor (D) and partially reduced

acceptor (A) stacks, Dd+Ad2. The transfer of charge leads to

depletion of electron density in the donor band so that the

crystal orbitals based on the donor are no longer completely

filled. Conversely, addition of charge into the empty acceptor

orbitals also produces a partially filled band. The resultant

conductivity arising through these partially occupied bands

can be tuned by modulating the extent of charge transfer

between stacks and thereby modifying the density of states at

the Fermi level.19

In 1975, Haddon proposed an alternative model in which

regular stacks of closely spaced p-radicals were predicted to

give rise to conducting materials.14 Overlap of the singly

occupied molecular orbitals (SOMOs) of these radicals should

give rise to a band, which, by the very nature of the singly

occupied molecular orbital, should be half-filled (Fig. 2a) and

in which the energy gap between the bonding and antibonding

orbitals is zero.14 Electrons can be readily promoted to vacant

orbitals at the Fermi level and these compounds are predicted

to be conducting (although see the Mott insulating behaviour

described in Section 2.1). In order to generate systems which

might p-stack in this way, planar, sterically unencumbered,

stable p-radicals would be the ideal molecular building block.

The thiazyl radicals (e.g. those depicted in Scheme 1) com-

prise a large family of thermally stable, planar p-conjugated

molecules which provide a good system in which to explore

this theory. Indeed for planar molecules, including thiazyl

radicals, efficient molecular packing can be achieved in

p-stacked arrangements and the conditions for conduction

may then be achieved.

However, a regular one-dimensional stack of radicals is

thermodynamically unstable with respect to a Peierls

distortion.20 The lattice distortion is manifested as an

irregular stacking of molecules with alternating long and short

intermolecular contacts along the stacking direction which

leads to a stabilisation of the electronic structure. At the

molecular level this leads to stronger bonding between those

molecules with close contacts (a ‘dimer’) and weaker bonding

between these dimers. Indeed detailed temperature-dependent

solution EPR studies on a series of DTDA derivatives by

Passmore and Sutcliffe have revealed dimerisation in solution

to be thermodynamically strongly favourable (see Table 5).

The effect of this dimerisation on the band structure is to

generate a band gap at the Fermi level between the empty

and filled bands (Fig. 2b) which renders the system either a

semiconductor or an insulator depending on the magnitude of

the band gap, DE. This Peierls distortion can be inhibited if

substantial two or three-dimensional inter-stack interactions

are introduced which compete with the tendency to distort the

regular structure.21 These inter-stack interactions need not

necessarily be covalent in nature; strong dispersion or

electrostatic interactions can be utilised to suppress this

distortion. Lateral inter-stack orbital overlap is, by com-

parison, much weaker than the overlap along the p-stacking

direction, but has been shown to have important effects on the

properties of the neutral radicals since it provides a source of

anisotropy and influences the magnitude of the band gap.22

2.1 Neutral dithiadiazolyl (DTDA) radicals

The first steps to prepare neutral radical conductors (NRCs)

were derived from the dithiadiazolyl (DTDA) radical,

RCNSSN in which R was a planar aromatic substituent

(radical 2, Scheme 1). Initial derivatives such as PhCNSSN23a

and p-ClC6H4CNSSN23b tended to form dimers but with little

tendency to form p-stacks and the resultant materials were

diamagnetic insulators. In order to promote the formation of

lamellar p-stacked structures, the systematic synthesis of (a)

larger planar molecules and, (b) molecules bearing functional

groups which favour in-plane interactions, was undertaken

by Oakley.

Large planar aromatics favour face-to-face p-stacked struc-

tures.24 Whilst the 1,4-phenylene-substituted DTDA diradical

adopts a herring-bone motif, the 1,3-derivative adopts

p-stacked vertical arrays (Fig. 3a).25 Within these columns,

the radicals dimerise generating alternate long/short contacts.

Between these p-stacks, radicals are linked via heterocyclic

Sd+…Nd2 contacts.26 1,3,5-Benzene and triazine-based triradi-

cals also exhibit p-stacked structures. These too exhibit alter-

nating long-short contacts along the stacking direction.27,28

Supramolecular synthons have been widely used in crystal

engineering to generate crystal-structures with well-defined

inter-molecular contacts.24 In the case of DTDA radicals, the

strongly polar nature of the S–N bond favours the formation

of molecular sheets when the functional group (R) offers

the potential to form electrostatically favourable lateral inter-

stack contacts. In particular the –CNd2…Sd+ interaction in

cyano-functionalised dithiadiazolyl rings has been utilised

successfully by several groups.29–31 These interactions link

Scheme 2 Common donors and acceptors in the formation of

p-stacked charge transfer conductors

Fig. 2 Schematic band structures for (a) a regular p-stack; (b) a

Peierls distorted p-stack, and; (c) a distorted p-stack subjected to

p-type doping.
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For conductivity to arise some charge-transfer is necessary

to generate partially oxidised donor (D) and partially reduced

acceptor (A) stacks, Dd+Ad2. The transfer of charge leads to

depletion of electron density in the donor band so that the

crystal orbitals based on the donor are no longer completely

filled. Conversely, addition of charge into the empty acceptor

orbitals also produces a partially filled band. The resultant

conductivity arising through these partially occupied bands

can be tuned by modulating the extent of charge transfer

between stacks and thereby modifying the density of states at

the Fermi level.19

In 1975, Haddon proposed an alternative model in which

regular stacks of closely spaced p-radicals were predicted to

give rise to conducting materials.14 Overlap of the singly

occupied molecular orbitals (SOMOs) of these radicals should

give rise to a band, which, by the very nature of the singly

occupied molecular orbital, should be half-filled (Fig. 2a) and

in which the energy gap between the bonding and antibonding

orbitals is zero.14 Electrons can be readily promoted to vacant

orbitals at the Fermi level and these compounds are predicted

to be conducting (although see the Mott insulating behaviour

described in Section 2.1). In order to generate systems which

might p-stack in this way, planar, sterically unencumbered,

stable p-radicals would be the ideal molecular building block.

The thiazyl radicals (e.g. those depicted in Scheme 1) com-

prise a large family of thermally stable, planar p-conjugated

molecules which provide a good system in which to explore

this theory. Indeed for planar molecules, including thiazyl

radicals, efficient molecular packing can be achieved in

p-stacked arrangements and the conditions for conduction

may then be achieved.

However, a regular one-dimensional stack of radicals is

thermodynamically unstable with respect to a Peierls

distortion.20 The lattice distortion is manifested as an

irregular stacking of molecules with alternating long and short

intermolecular contacts along the stacking direction which

leads to a stabilisation of the electronic structure. At the

molecular level this leads to stronger bonding between those

molecules with close contacts (a ‘dimer’) and weaker bonding

between these dimers. Indeed detailed temperature-dependent

solution EPR studies on a series of DTDA derivatives by

Passmore and Sutcliffe have revealed dimerisation in solution

to be thermodynamically strongly favourable (see Table 5).

The effect of this dimerisation on the band structure is to

generate a band gap at the Fermi level between the empty

and filled bands (Fig. 2b) which renders the system either a

semiconductor or an insulator depending on the magnitude of

the band gap, DE. This Peierls distortion can be inhibited if

substantial two or three-dimensional inter-stack interactions

are introduced which compete with the tendency to distort the

regular structure.21 These inter-stack interactions need not

necessarily be covalent in nature; strong dispersion or

electrostatic interactions can be utilised to suppress this

distortion. Lateral inter-stack orbital overlap is, by com-

parison, much weaker than the overlap along the p-stacking

direction, but has been shown to have important effects on the

properties of the neutral radicals since it provides a source of

anisotropy and influences the magnitude of the band gap.22

2.1 Neutral dithiadiazolyl (DTDA) radicals

The first steps to prepare neutral radical conductors (NRCs)

were derived from the dithiadiazolyl (DTDA) radical,

RCNSSN in which R was a planar aromatic substituent

(radical 2, Scheme 1). Initial derivatives such as PhCNSSN23a

and p-ClC6H4CNSSN23b tended to form dimers but with little

tendency to form p-stacks and the resultant materials were

diamagnetic insulators. In order to promote the formation of

lamellar p-stacked structures, the systematic synthesis of (a)

larger planar molecules and, (b) molecules bearing functional

groups which favour in-plane interactions, was undertaken

by Oakley.

Large planar aromatics favour face-to-face p-stacked struc-

tures.24 Whilst the 1,4-phenylene-substituted DTDA diradical

adopts a herring-bone motif, the 1,3-derivative adopts

p-stacked vertical arrays (Fig. 3a).25 Within these columns,

the radicals dimerise generating alternate long/short contacts.

Between these p-stacks, radicals are linked via heterocyclic

Sd+…Nd2 contacts.26 1,3,5-Benzene and triazine-based triradi-

cals also exhibit p-stacked structures. These too exhibit alter-

nating long-short contacts along the stacking direction.27,28

Supramolecular synthons have been widely used in crystal

engineering to generate crystal-structures with well-defined

inter-molecular contacts.24 In the case of DTDA radicals, the

strongly polar nature of the S–N bond favours the formation

of molecular sheets when the functional group (R) offers

the potential to form electrostatically favourable lateral inter-

stack contacts. In particular the –CNd2…Sd+ interaction in

cyano-functionalised dithiadiazolyl rings has been utilised

successfully by several groups.29–31 These interactions link

Scheme 2 Common donors and acceptors in the formation of

p-stacked charge transfer conductors

Fig. 2 Schematic band structures for (a) a regular p-stack; (b) a

Peierls distorted p-stack, and; (c) a distorted p-stack subjected to

p-type doping.
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state. Within this context, the Hamiltonian that represents two interacting spins can be 

defined as Η = −2!!" · !! · !! (Heisenberg Hamiltonian). Therefore, a positive value of 

JAB indicates a ferromagnetic interaction, whereas negative values imply an 

antiferromagnetic coupling (note that a zero JAB denotes that there is not magnetic 

communication between those radicals). Then, the bulk magnetic properties of a 

system are defined by the final magnetic topology that results from considering all the 

two-spin magnetic couplings (zero, FM or AFM) within the crystal (see Figure 1.2)21. 

Usually, in organic radicals organized as π-stacks, the magnetic couplings between 

columns are much weaker than the exchange interactions along the stacks such that 

the final magnetic behaviour is mostly defined by these strongest JAB values. However, 

in some cases the magnetic topology cannot be easily inferred from the crystal 

structure arrangement and a complete analysis of the magnetic interactions is 

required22,23. The presence or absence of magnetic response must be always 

considered at a certain temperature, that is, evaluating the thermal population of the 

excited magnetic states24. In general, room temperature magnetic properties are 

desired, nevertheless, the magnetic interactions in organic crystals are usually weak 

such that low temperatures must be achieved to observe magnetic ordering. 

(a) (b) 

  

Figure 1.2. Scheme of the lowest-lying spin configurations that results from a totally 
(a) ferromagnetic and (b) antiferromagnetic topology of 16 spins in a 2D framework. 

Although there is not a universal mechanism to predict a ferro- or antiferromagnetic 

coupling between radical units, a strong overlap between SOMO densities stabilizes 

the electron pairing and usually leads to strong antiferromagnetic interactions25,26,27,28. 

When Peierls distortion appears (see above), strong antiferromagnetic couplings are 

usually displayed between short radical-pairs. As a consequence, a silent magnetic 

response (diamagnetism) is obtained in a large temperature range in spite of the 

system being constituted by radicals. Moreover, if there is a small dimerization enthalpy 

for the π-dimer formation, the system can undergo a spin transition between a 

diamagnetic (dimer-based) phase and a paramagnetic (radical-based) phase at high 
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temperatures. The first would be enthalpy-favoured whereas the second would be 

entropy-favoured. Spin transitions of these characteristics have been reported for 

different derivatives of purely-organic molecular materials12,29,30,31,32, thus demonstrating 

that these compounds can provide switchable materials in a similar way to metalo-

organic compounds that undergo a spin transition. However, while for the former the 

transition between a paramagnetic and a diamagnetic phase occurs through a 

dimerization process, for the latter occurs through a spin crossover mechanism33,34. 

When the transition temperature depends on being in the heating or cooling thermal 

mode, the system shows bistability, that is, it can exist in two different polymorphs 

under the same external conditions. Given that two different responses might be 

obtained for the same system depending on its history, this particular behaviour is of 

paramount interest in the development of memory devices. Although several transition-

metal-based materials show bistability, only few purely-organic materials displaying a 

wide thermal hysteresis loop have been reported, being the most extraordinary a 

thiazyl- (Figure 1.3a)7 and a phenalnyl-based material (Figure 1.3b)8. The TTTA (1,3,5-

trithia-2,4,6-triazapentalenyl) thiazyl-derivative is organized as π-stacked columns that 

not only form radical-pairs but also change their relative disposition at the LT phase7. 

On the contrary, the butyl-SBP phenalenyl-based radical is constituted by isolated π-

dimers that undergo an intramolecular electron transfer upon the phase transition, 

which is accompanied by an abrupt change in the interdimer distance and volume cell8. 

 

Figure 1.3. Top: (left) Side views of the columnar LT and HT phases of TTTA, (right), 
LT and HT dimers of butyl-SBP. Bottom: χ(T) of (left) TTTA7 and (right) butyl-SBP8. 
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The stability of the π-association between radical units has been experimentally35 

and computationally36,37 ascribed to the electron pairing process that arises from the 

efficient overlap between SOMO orbitals (Ebond, Figure 1.4a). This phenomenon is 

known as long, multicentre bond38 or, alternatively, pancake bond39, and is 

characterized by interplanar distances shorter than the sum of the van der Waals radii 

of two carbon atoms (3.4 Å), which is found in bare dispersion interactions. The π-

dimerization of planar radical species has been observed not only between neutral 

radicals, but also for several radical anions34 and radical cations40. Compounds that are 

π-electron rich or poor (donors or acceptors) can be easily oxidised or reduced, 

respectively, giving rise to salts of stable radical ions analogous to neutral radicals but 

that have a net charge and need for a counterion. When radical ions are considered, 

the balance between the electrostatic repulsion and the bonding terms results into a 

metastable minimum that lies above the dissociation energy (Figure 1.4b). Despite their 

intrinsic energetic repulsive nature, π-dimers between radical ions are detected in the 

solid state41 and in solution42 due to the stabilizing interactions with the counterions43 

and with the solvent molecules44, respectively. Nevertheless, in solution these 

aggregates are only stable at extremely low temperatures because of their low 

enthalpy of formation45,46. In order to detect these π-dimers in solution and at room 

temperature, they have been included into supramolecular aggregates47,48 or have 

been used to synthesize derivatives49,50 that stabilize the dimerization, either 

thermodynamically or kinetically.  

(a) (b) 

 

Figure 1.4. Interaction energy (Eint) of the radical-pair formation between (a) neutral 
radicals and (b) positively-charged ionic radicals. Only Ebond and Ecoul are considered. 
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Over the last years, continuous effort has been done aimed at developing new 

purely organic-based materials with technologically relevant properties. Since 

Gomberg’s synthesis of the triphenylmethyl neutral radical51, a large variety of stable 

organic radicals have been reported, such as nitroxides52, verdazyl-53, phenoxyl-54, 

phenalenyl-55, dithiazolyl-56 and triazinyl-based57 compounds, as well as several 

functionalized radical ions based on tetracyanoethylene (TCNE·-), and 

tetrathiafulvalene (TTF+·) among others. These particular families of organic radicals 

can be used as versatile templates for the synthesis of new derivatives with improved 

characteristics by the introduction of different substituents into their basic skeleton58. 

However, further progress in novel materials must be achieved through a rational 

design of new chemical structures. In this context, the available computational tools 

can substantially contribute to obtain the necessary knowledge of the factors controlling 

the final target physical properties, namely conductivity, magnetism and bistability, 

which are essentially dominated by the electronic structure of these materials.  

The work presented in this thesis is devoted to study different purely organic 

derivatives that have been shown to be promising for the development of new 

functional materials. In particular, the attention has been focused on three different 

families of organic radicals that present interesting physical properties as a 

consequence of a π-stacked radical-pair formation in the condensed phase, that is: (1) 

radical ions, (2) phenalenyl- and (3) triazinyl-based compounds. Overall, the present 

PhD thesis aims at contributing to the field of computational chemistry as well as to the 

understanding of the electronic properties that govern the π-dimerization of these 

systems, which, ultimately, determine their magnetic and switchable behaviour. 

This thesis is presented as a compendium of publications, either already published 

or in the process of publication, and is organized in 8 chapters as follows: Chapter 2 

contains the methodology section, Chapter 3 to 5 comprise the results of the research 

performed all through the thesis, Chapter 6 gathers the main conclusions, Chapter 7 

specifies the contribution of the author of this thesis to the publications presented in 

this document, and finally, Chapter 8 holds a brief summary of the PhD thesis in 

Catalan. 

In Chapter 2, the fundamental aspects of the methods used to compute all the 

calculations performed in this thesis are described, as well as the main strategies 

applied to analyse the computed data, that is: (1) the analysis of the intermolecular 

interactions, (2) the First-Principles Bottom-Up procedure, and (3) the potential and 

free energy surface characterization. Finally, the packages of programs used to 
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perform each type of calculation are specified at the end of the chapter. Altogether, 

Chapter 2 collects all the necessary information about the methodology employed to 

obtain the results documented in the following chapters. 

In Chapters 3 to 5, the results of the investigations carried out in this thesis are 

presented and discussed. First, in Chapter 3, the π-dimer formation between radical-

ions is studied. In particular, the causes behind the room temperature stability of a 

[TTF]+·-derivative that form supramolecular aggregates in solution are revealed. In 

addition, a comprehensive description of the electronic absorption spectrum that 

characterize the [TTF2]2+ and [TCNE2]2- radical-pairs in solution is given. Then, in 

Chapter 4 it is reported the mechanism of the spin transition displayed by two neutral 

phenalenyl-based compounds, which present π-dimers as their basic building block in 

the crystal. Moreover, the origin of the hysteresis loop shown by butyl-SBP (Figure 

1.3b) is elucidated by means of a detailed structural and electronic analysis. Finally, in 

Chapter 5, the magnetic properties of four different benzotriazinyl materials, which 

organize in π-columns in the crystal but that show either a regular or π-dimerized 

arrangement, are rationalized on the basis of a magneto-structural analysis. In all 

cases, each chapter contains a brief introduction on the system studied, including: (1) 

the main experimental data reported, (2) the key points studied in each publication of 

the chapter, and (3) the essential results and conclusions that are obtained. 

Furthermore, a brief summary of the results is reported at the end of each chapter. 
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In this chapter the different methodologies used for developing the projects 

presented in the next chapters are summarized. It is divided in four main sections, the 

first two aim at introducing the reader in the different methods that can be used in order 

to perform atomistic electronic structure and molecular dynamics calculations. In the 

third block, three different computational strategies that have been systematically 

applied to properly analyse the results are presented. And finally, the third section 

indicates the different packages of programs used to perform each type of calculation. 

2.1. Electronic Structure Calculations 

2.1.1. Wavefunction-based Methods 

2.1.1.1. Hartree-Fock 

In 1930, Hartree1 and Fock2 proposed the Self-Consistent Field (SCF) method in 

order to solve the time-independent Schrödinger equation formulated in 19263. In this 

method, the wavefunction is expressed as a single Slater determinant4 (2.1), which 

consists in normalized and antisymmetrized summatories of Hartree products, i.e., 

products of spin orbital wavefunctions, thus guaranteeing the fulfilment of the 

antisymmetry and Pauli exclusion principles. A Slater determinant is expressed as: 

Ψ !!, !!,… , !! = !! !!/! −1 !!℘! !! !! !! !! … !! !!
!!

!!!
 (2.1) 

This N-electron wavefunction is solved assuming the Born-Oppenheimer 

approximation,5 which considers that the electron and nuclei movements are 

decoupled due to the large difference in their masses. Therefore, the total Hamiltonian 

is partitioned in an electronic and nuclear part, and the time-independent electronic 

Hamiltonian is given by (2.2). 

!!"! = !!"! + !!" + !!! = − 12 ∇
! − !!

!!"!
+ 1

!!"!!!!!
= ℎ!

!
+ 1

!!"!!!!
 (2.2) 

The electronic energy for a given Slater determinant is then obtained by applying the 

electronic Hamiltonian operator (2.3), which includes the kinetic and potential energy of 

the electrons (2.2). Finally, the total energy of the system in a specific nuclear 

configuration is given by adding the nuclei-nuclei potential term (2.4). 

!!"!Ψ = !!"!Ψ (2.3) 
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! = !!"! +
!!!!
!!"!!!!

 (2.4) 

In the Hartree-Fock formulation (HF), the electronic Hamiltonian is defined as the 

sum over all electrons of the Fock monoelectronic operator !(!), constituted by the 

sum of the kinetic and potential electron-nuclei terms, ℎ(!), and an effective 

interelectronic potential operator !!" !  expressed by the difference between the 

Coulomb and exchange operators !! and !! (2.5). 

!!" = !(!)
!

= ℎ ! + !!"(!)
!

= ℎ(!)
!

+ !! ! − !!(!)
!!!!

 (2.5) 

!!" = !!(1) !!(1) !!(1) = !"! !"! !!∗ 1 !!(1)!!"!!!!∗(2)!!(2) (2.6) 

!!" = !!(1) !!(1) !!(1) = !"! !"! !!∗ 1 !!(1)!!"!!!!∗(2)!!(2) (2.7) 

The Coulomb operator !! represents the Coulomb potential generated at 1 by the 

electron 2, described by the spin orbital !!(2) (2.6). The exchange operator !! is 

defined by its effect when operating on the spin orbital of electron 1, !! 1 , (2.7) and 

arises from the indistinguishability between the same-spin electrons. Both operators 

are effective operators in the average field of the remaining electrons, which implies the 

dependence of the Fock operator on the set of spin orbitals imposed !! . In order to 

obtain the minimum energy eigenvalues (spin orbitals energies) and their 

corresponding eigenfunctions (spin orbitals), the problem is solved iteratively until 

convergence using the iterative process called Self-Consistent Field (SCF). 

In closed-shell systems, i.e., systems presenting an electronic configuration where 

all orbitals are doubly occupied, the HF equations can be simplified by considering the 

same spatial part for the up (!) and down (!) spin orbitals. This assumption leads to 

the Restricted Hartree-Fock method (RHF). On the other hand, open-shell electronic 

states can be solved by two different approaches, the Restricted open-shell Hartree-

Fock (ROHF)6 and the Unrestricted Hartree-Fock (UHF)7 methods. The former uses 

one set of orbitals filling them up in order to satisfy the spin multiplicity requirement of 

the given electronic configuration. On the contrary, the latter uses separated spatial 

spin orbitals for ! and ! electrons and has the drawback that its solution is not an 

eigenfunction of the !! spin operator. 
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In the HF theory, the movement of the electrons is treated independently within the 

field created by the rest of the electrons. This treatment includes the Fermi correlation, 

which prevents two same-spin electrons from being found at the same point in space. 

However, the Coulomb correlation, which describes the correlation between the spatial 

positions of the electrons due to their Coulomb repulsion, is not included. This missing 

electron correlation that arises from the lack of interdependency between the motions 

of the different-spin electrons is defined as the difference between the exact and the 

Hartree-Fock energy (2.8). 

!!"## = !!"#$% − !! (2.8) 

Different types of methodologies are usually applied in order to improve the HF 

approach being the Configuration Interation (CI), Perturbation Theory (PT), Coupled 

Cluster (CC) and Multi-Configurational procedures (MCSCF) the most common in the 

Quantum Chemistry community. In the next subsections, the foundations of the 

Perturbation Theory and of the Multi-Configurational methods are summarized, which 

have been used along this thesis in order to obtain accurate descriptions of the 

electronic systems studied. 

 

2.1.1.2. Perturbation Theory 

In Perturbation Theory (PT) the total Hamiltonian of the system is divided into two 

parts: the zeroth-order Hamiltonian, !!, which has known eigenvalues and 

eigenfunctions, and a perturbation, !, (2.9).  

! = !! + ! (2.9) 

The best-known development of PT is the Rayleigh-Schrödinger approach3,8, which 

was applied by C. Møller and M. S. Plesset in 1934 using as the zeroth-order 

Hamiltonian the Fock operator (2.5). The latter formulation is usually referred as the 

Møller-Plesset Perturbation Theory (MPPT).9 According to this method, the perturbed 

Hamiltonian is defined as the difference between the total Hamiltonian and the sum of 

the Fock one-electron operators (2.10). 

! = ! − ! !
!

= 1
!!"!!!!
− !! ! − !!(!)

!!!!
 (2.10) 
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Then, for a given state Ψ!, the wavefunction (2.11) and energy (2.12) are expanded 

in contributions of increasing order, where Ψ!
(!) and E!

(!) correspond to the zeroth-order 

solutions Ψ! and !!
(!), respectively. 

Ψ! = Ψ!
(!) + Ψ!

(!) + Ψ!
(!) +··· (2.11) 

E! = E!
(!) + E!

(!) + E!
(!) +··· (2.12) 

From the previous definition of the Hamiltonian partition, the first order correction to 

the energy leads to the closed-shell HF energy (2.13). 

!!
(!) + !!

(!) = 2 !!
!

− 2!!" − !!"
!!

= !!" (2.13) 

If the perturbation ! is remarkably small compared to the zeroth-order reference !!, 

the partition is appropriate and the wavefunction and energy expansions converge 

rapidly to an acceptable estimation of the exact energy. In the second order correction 

to the energy (2.14), only double excitations have non-zero contribution when 

canonical orbitals are used, in accord with the Slater-Condon rules and the Brillouin’s 

theorem.  

!!
(!) = Ψ! ! Ψ!"!"

!

!! + !! − !! − !!!!!!!!
 (2.14) 

Usually, corrections up to the second order are applied giving rise to the so-called 

MP2 energy (2.15).  

!!"! = !!" +
Ψ! ! Ψ!"!"

!

!! + !! − !! − !!!!!!!!
 (2.15) 

Higher energy terms can be also obtained, leading to MP3, MP4, etc. energies, 

however, since it is not a variational method, a higher order correction does not provide 

information about the sign of the error on the estimated energy and thus, does not 

guarantee a better solution. Furthermore, the degeneracies between the occupied and 

virtual orbitals can lead to an overestimation of the correlation energy, which cannot be 

avoided by adding higher order corrections. In those cases, the single Slater 

determinant wavefunction is not appropriate and reference wavefunctions of multi-

configurational character are often needed. 
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2.1.1.3. Multi-Configurational Methods 

In many systems, the description of the electronic state through a single Slater 

determinant can lead to incorrect results. This problem usually occurs when there are 

near degenerate configurations and it is typical in systems with low-lying energy states 

or in bond-breaking reactions. In those cases, the use of a Multi-Configurational 

wavefunction is required. In the Multi-Configurational (MC) methods the wavefunction 

is expanded in a linear combination of electronic configurations (2.16), where usually, 

each electronic configuration is expressed as a single Slater determinant or as a 

symmetry-adapted linear combination of Slater determinants. 

Φ = !!Ψ!
!

= !!Ψ! + !!!Ψ!!
!,!

+ !!"!"Ψ!"!"
!!!,!!!

+··· (2.16) 

There are two possible strategies to recover electronic correlation when solving the 

electronic Schrödinger equation using a Multi-Configurational wavefunction. The 

simplest one consists in solving the eigenvalue problem on the basis of the 

configurations using as the starting point a wavefunction Ψ! with a specific set of 

canonical orbitals. This procedure is called Configuration Interaction (CI) and the 

eigenvectors obtained correspond to the solutions for the expansion coefficients !!. 
When the complete expanded space is used (Full-CI), the exact wavefunction is 

obtained, however it is extremely computationally expensive and can only be applied to 

study few-electrons systems. In order to dramatically reduce the space of 

configurations considered, truncations up to double excitations are usually performed, 

which lead to the standard CI Singles and Doubles (CISD) approximation. 

However, the CI solutions strongly depend on the orbitals of the reference 

wavefunction, which if are obtained from a HF calculation in a single determinant 

framework can also lead to misleading results in those cases where this choice is not 

appropriate. In order to variationally improve the results, the so-called Multi-

Configurational Self Consistent Field (MCSCF) method can be applied. In this 

approximation both the coefficients of the configurations and the orbitals of the 

wavefunction are simultaneously optimized following the iterative SCF procedure. The 

most widely used MCSCF method is the Complete Active Space Self Consistent Field 

(CASSCF),10 where the space of configurations is generated by defining three subsets 

of orbitals: the inactive or doubly occupied orbitals, the virtual or empty orbitals and the 

active orbitals, that determine the space of configurations in which the wavefunction is 

expanded (Figure 2.1). Within the orbitals included in the active subset a Full-CI 

expansion is performed. Recently, more-flexible alternatives have been proposed in 
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order to be able to recover as much correlation as possible without exponentially 

enlarging the space of configurations considered. In the Restricted Active Space Self 

Consistent Field (RASSCF) approach,11,12 the active set of orbitals is split in three 

different subspaces namely RAS1, RAS2 and RAS3. The RAS2 subset of orbitals is 

equivalent to the CAS active space, i.e. a Full-CI expansion is performed within this 

space of configurations. However, restrictions are introduced into the RAS1 and RAS3 

subspaces such that in RAS1 a maximum number of holes are allowed, while the 

occupation in RAS3 is restricted to a maximum number of electrons (Figure 2.1.). 

  

Figure 2.1. Scheme of the orbital partition within the CASSCF (left) and RASSCF 
(right) framework. 

In the CASSCF and RASSCF methods, the problem with the degeneracies between 

the frontier occupied and empty orbitals is resolved by including these orbitals in the 

active space. By doing so, the wavefunction has enough flexibility to account for 

several configurations, which is captured in their weight in the wavefunction, and the 

active orbitals are optimized in a framework where they are allowed to correlate. This 

type of correlation is known as static correlation and is necessary to properly describe 

the wavefunction of those states in which more than one configuration has a significant 

weight. However, the choice of the active space is usually not trivial and a previous 

knowledge of the system is compulsory in order to obtain reliable results. 
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Although a FCI is performed within the CAS space, and even if some extra 

configurations are also included in a RAS ensemble, the rest of the inactive electrons 

remain still not correlated. This missing correlation is known as dynamic correlation and 

is the larger contribution to the total correlation energy. The same strategies previously 

mentioned of PT and CI can be applied to a CAS (or RAS) reference wavefunction in 

order to include this remaining electron correlation. The CASPT2 (or RASPT2) 

method13,14 is analogous to MP2 for HF wavefunctions. It can be applied to relatively 

large systems and presents a very good balance between its computational cost and 

its accuracy. However, it suffers from an important drawback known as the intruder-

states problem that arises from the near-degeneracies between the zeroth-order 

energies. The intruder states are excited configurations whose energy is similar to the 

reference energy, but that present a small weight on the reference space. Similarly to 

than in MP2, these near-degeneracies can lead to incorrect evaluations of the 

correlation energy. To overcome this difficulty, the orbitals involved in the intruder 

states can be included in the active space (which increases the computational cost and 

does not ensure that new intruder states appear), or alternatively, techniques as the 

Level-Shift15,16 may be useful to correct the energy. Recently, Angeli, Marlieu and co-

workers developed another formalism of PT for CAS reference wavefunctions, under 

the acronym NEVPT2, which does not present the intruder-states problem.17,18,19 

On the other hand, CAS-CI methods are the analogous to the CI methods in the 

monodeterminantal framework. Likewise, the truncation is usually performed including 

the singles and doubles excitations, but still the CI spaces become considerable large. 

A frequent way of reducing the CI space is to select only the multi-reference 

configurations of largest weight in the previous CAS. To optimize this selection, orbital 

localization techniques are particularly useful because they enable to concentrate the 

weight of the multi-reference wavefunctions in only few configurations. In this context, 

another method derived from the CASCI treatment is the Difference-Dedicated 

Configuration Interaction (DDCI).20,21 This method is of particular interest because it 

allows to largely extend the CISD space of configurations by excluding the double 

excitations from the inactive to the virtual orbitals (often referred to as 2-holes-2-

particles excitations or 2h2p, Figure 2.2), which were found to be dispensable for the 

evaluation of some energetic properties as the magnetic-exchange couplings. 
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Virtual 

Active 
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Figure 2.2. Scheme of the electronic excitations considered in the CASPT2 and CAS-
CISD approaches. Note that the first is solved within PT for all the space of 
configurations, whereas for the second, reducing the CI space is always required. 

 

2.1.2. Density-based Methods 

2.1.2.1. Density Functional Theory 

An alternative to the conventional ab initio wavefunction-based methods is the 

Density Functional Theory (DFT). The foundation of DFT is to replace the many-body 

wavefunction by the electron density of the system. According to this theory, the energy 

of the ground state of the many-electron system can be obtained through the electron 

density, which is the probability of finding an electron at a given position (between !! 

and !! + !"!) with no specification on its spin and without taking into account the 

spatial-spin coordinates of the rest of the electrons (2.17). 

! !! = ! Ψ !!, !!,… , !! Ψ∗ !!, !!,… , !! !"!!"!,!!!,… ,!!! (2.17) 

In 1964, P. Hohenberg and W. Kohn formulated two theorems (HK theorems) that 

became the basis of DFT.22 In the first theorem the authors stated that any observable 

of a stationary non-degenerate ground state can be calculated, exactly in theory, from 

the electron density of the ground state, whenever this electron density is N-

representable (i.e., ! ! ≥ 0 and ! ! !" = !) and V-representable (i.e. ! !  can be 

derived from an external potential !!"#). In those cases, the energy can be expressed 

as a functional of the density (2.18). 

! ! = !!" ! + ! ! !!"# ! !" = ! ! + !!! ! + !!" ! +!!!  (2.18) 
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The second Hohenberg-Kohn theorem brings the variational principle up, since it 

states that the electron density of a non-degenerate ground state can be calculated, 

exactly in theory, determining the density that minimizes the energy of the ground 

state. Thus, any trial density results in a higher or equal energy than the exact energy 

of the ground state (2.19), and the equality is only obtained when the electron density 

is exact. 

! ! ≥ !!"#$% (2.19) 

In order to establish a direct connection between the density and the wavefunction 

of the ground state of a system, the Levy’s Constrained-Search Formulation23 states 

that for each electron density (from which there exists an infinite number of associated 

wavefunctions), the ground state wavefunction is the one that minimizes the 

expectation value of the Hamiltonian, therefore, equation (2.18) can be rewritten as 

(2.20), where !!" !  is replaced by ! !  because the latter functional is defined only for 

electronic densities that derive from antisymmetric N-electronic wavefunctions. 

! ! = min
!→!

! ! + ! ! !!" ! !"  (2.20) 

The HK theorems and the Levy’s formulation constitute the theoretical foundation of 

DFT but do not provide an explicit expression for ! ! . The most used methods to 

approximate the ! !  functional are based on a formulation proposed by W. Kohn and 

L. J. Sham in 1965, namely, the Kohn-Sham (KS) approach.24 The main idea is to use 

as a reference the Hamiltonian of an N-electron system in which their electrons do not 

interact (such that the exact wavefunction can be expressed as a Slater determinant) 

and that provides the same electron density than the real state !!" = !! (2.21). 

Η = ℎ!" !
!

!!!
= − 12 ∇

!(!)
!

!!!
+ !!"(!)

!

!!!
 (2.21) 

The first term of the Hamiltonian is the sum of the monoelectronic kinetic operators, 

and the second, !!", is the external potential that must reproduce the effects of the 

nuclear attraction and interelectronic repulsion over the electron density such that 

!!" = !!. In order to obtain the expression of the effective potential !!", the energy of 

the system is expressed as in equation (2.22). 

! ! = !!" ! + !!" ! + !!!!" ! + !!" ! + !!! (2.22) 
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The KS terms refer to kinetic !!" !  and electron-electron !!!!" !  functionals of the 

non-interacting system, while the last term is called the Exchange-Correlation 

functional !!" !  and constitutes the correction to the real system, i.e. is the sum of the 

corrections that must be applied to the kinetic and electron-electron KS functionals to 

be representative of a real interacting system (2.23). 

!!" ! = ! ! − !!" ! + !!! ! − !!!!" !  (2.23) 

The minimization of ! !  with respect to the spin-orbitals that constitute the KS 

Slater determinant leads to the KS equations that must be solved consistently in an 

iterative procedure (analogous to the SCF) where !!" is given by equation (2.24). 

!!" ! = !!" ! + ! !!
!! − !!

!!! +
!!!" !
!"(!)  (2.24) 

If the exchange-correlation functional !!" !  is known, the expression of !!" is exact 

and the resolution of the equations leads to those spin-orbitals of a non-interacting 

system that give the exact density of the system, !!" = !!(!) !! = !!. Therefore, 

from the exact density, the exact ground state energy can be obtained. Unfortunately, 

the exact expression is not known and some approximations must be used to solve the 

problem. Among them, the LDA, GGA, mGGA, hybrid and range-separated hybrid 

functionals are the most common ones. 

In the Local Density Approximation (LDA) approximation, the exchange-correlation 

energy !!" !  is expressed as the integral of the electronic density multiplied by the 

exchange-correlation energy per electron !!" !  (2.25). The monoelectronic term can 

be separated into independent exchange !! !  and correlation !! !  contributions, but, 

although the !! !  has an analytical expression (given by the Dirac formula25), the !! !  

does not and normally is obtained by using a suitable interpolation formula starting 

from a set of values calculated for a number of different densities in a homogenous 

electron gas (HEG)26. Some examples of LDA functionals are VWN27, PZ8128, CP29 

and PW9230. 

!!"!"! ! = !(!)!!" ! !" (2.25) 

In open-shell systems, there is a different density for the ! and for the ! electrons 

and, therefore, they must be treated separately, but not independently. In the Local 

Spin Density Approximation (LSDA)31, the exchange of the ! density depends only on 
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the ! density, but the correlation energy depends on both, the ! and ! densities (2.26). 

The same can be applied for the ! exchange-correlation energy. 

!!" !! = !! !! + !! !! , !!  (2.26) 

In the Generalized Gradient Approximation (GGA) the exchange-correlation energy 

not only depends on the density but also on its gradient, thus allowing a better 

description of the exchange and correlation effects (2.27). For instance, the Becke’s 

correction to the exchange32 adds a non-local term to the LDA expression (2.28). The 

non-local term depends on a parameterized function !!"#$(!) of the density and its 

gradient that gives a correct asymptotic behaviour of the exchange energy per particle. 

Typical GGA functionals are the PBE33,34, PW9135 or BLYP32,36 functionals. 

!!"!!" ! = ! !,∇! !" (2.27) 

!!!!" ! = !!!"# ! + !!!"#$ !  (2.28) 

Another level of improvement can be achieved by also adding dependence on the 

kinetic energy density ! ! , which depends on the occupied KS orbitals, and/or the 

Laplacian of the density ∇!!(!) (2.29). This approximation is the so-called meta-GGA 

or mGGA37 and the M06L functional38, which has been used in this thesis, is based on 

this approximation. 

!!"!""# ! = ! !,∇!, !,∇!! !" (2.29) 

Within the assumption that the exchange and correlation terms can be treated 

independently, another strategy is to combine the exchange-correlation of a standard 

GGA (or meta-GGA) and the exact Hartree-Fock exchange by doing a weighted 

average of both contributions. This approach leads to the Hybrid functionals, which 

have become widely used in the Quantum Chemistry community. Among different 

parameterizations, the B3LYP32,36,39 is the most common one (2.30). 

!!"!!!"# ! = !!!"#$ + !! !!!"#$% − !!!"#$ + !!∆!!!!! + !!!"# + !! !!!"# − !!!"#  (2.30) 

Finally, a more sophisticated approach is to use a weighted average of both 

contributions as in done in the range-separated hybrid (RSH) functionals40, where the 

two-electron operator is partitioned into short-range and long-range terms by means of 

the standard error functions erf!(!) (2.31). The short-term is treated as any of the 

schemes shown before, while the long-rage is the full HF exchange. The CAM-
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B3LYP41, wB97X42, LC-wPBE43 and LC-BLYP32,36,44 are some examples of RSH 

functionals. 

1
!!"

= 1 − erf!(!!!")
!!"

+ erf!(!!!")!!"
 (2.31) 

 

2.1.2.2. Time-Dependent Density Functional Theory 

The DFT method described above aims at calculating the electronic ground state 

(time-independent density) of a molecular system. However, to interpret the electronic 

spectra of a molecular system, knowledge about the excited states relative to the 

ground state is necessary. Furthermore, optically forbidden states, which are 

experimentally not detected, very often play an important role in the dynamics of 

electronically excited systems.  

In 1984, E. Runge and E. K. U. Gross postulated a theorem45 that permitted the 

generalization of the HK first theorem to the time-dependent density framework, 

therefore demonstrating the unique correspondence between a time-dependent density 

!(!, !) with a time-dependent potential !(!, !). Then, a Kohn-Sham construction of the 

theory leads to the time-dependent KS equations. According to it, the single-electron 

orbitals !!(!, !) are given as the solution of the time-dependent one-particle 

Schrödinger equation (2.32), where the time-dependent potential is given by (2.33) and 

the density is obtained as ! !, ! = !!(!, !) !!
! . 

! !!"!!(!, !) = − 12 ∇!
! + !!" !, ! !!(!, !) (2.32) 

!!" !, ! = !!"# !, ! + !(!!, !)
!! − !!

!!! + !!"(!, !) (2.33) 

The external potential !!"#(!, !) accounts for the interaction of the electrons with the 

nuclei and an interaction potential with an external field. In the linear response 

expression of the Time-dependent DFT (TD-DFT) it is treated as a perturbation (2.34), 

and the exact response of the density !"(!, !) to the time-dependent perturbing 

potential can be expressed by means of the non-interacting Kohn-Sham density 

response function !!" (2.35). 

!!"# !, ! = !!"#,! ! + !"!"#(!, !) (2.34) 
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!"(!, !) = !!" !", !!!! !!!" !!!! !!! (2.35) 

The response of the KS system !!" !", !!!!  can be expressed, after being Fourier-

transformed, in terms of the time independent Kohn-Sham orbitals !!!(!) (2.36), where 

the !! factors are the Fermi occupation numbers of the !th orbitals.  

!!"(!, !!,!) = 2 !! − !!
!!!(!)!!!∗(!)!!!∗(!!)!!!(!!)

! − !! − !! + !"!,!
 (2.36) 

The response function has poles at the KS single-particle orbital energy differences 

! = (!! − !!)  and their oscillator strengths are related to the numerator. From 

equation (2.35), it can be derived the expression of the response density function for a 

true interacting system (2.37) that is the fundamental equation of the TD-DFT.  

! !, !!,! = !!!!!!!" !, !!,!

+ !!!! !!!!!!(!, !!,!) 1
!!! − !!!!

+ !!" !!!, !!!!,! !!"(!!!!, !!,!) 

(2.37) 

From this equation, a matrix formulation can be derived, whose eigenvalues and 

eigenvectors yield the true excitation energies and oscillator strengths. If the couplings 

with all other transitions are neglected, the poles of an interacting system are defined 

as the non-interacting KS poles plus the diagonal elements of the matrix ! (coupling 

matrix) (2.38) (2.39). This approach is denoted as the Single-Pole approximation 

(SPA). 

Ω = !! − !! +!!! (2.38) 

!!! = !!!∗ ! !!! !
1

! − !! + !!" !, !!,! !!!∗ ! !!! ! !"!!! (2.39) 

In equation (2.33), the time-dependent exchange-correlation potential !!"(!, !) plays 

a role analogous to the exchange-correlation energy functional in the time-independent 

DFT. In fact, the most widely use approximation for the time-dependent exchange-

correlation functional is the adiabatic approximation, which consist of using the same 

exchange-correlation potential as in the time-independent theory but evaluated with the 

electron density at time !, !(!, !) (2.40). 

!!"!"#!(!, !) = ! ! ! !!!(!)  (2.40) 
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2.1.3. Atomic Basis Sets 

In 1951, Roothaan and Hall proposed to express the spatial part of the spin orbitals 

as a Linear Combination of Atomic Orbitals (LCAO) (2.41).46 The approximation give 

rise to the Roothaan-Hall equations that allow to analytically solve the HF formulation. 

Thus, in the SCF procedure, the spin orbitals, !!, are optimized by means of optimizing 

the coefficients !!" that expand into the set of basis functions !! . 

!! = !!"!!
!

 (2.41) 

In the LCAO approximation, the basis functions are one-electron functions centred 

on the nuclei of the atoms of the molecule. The Slater-type (STO) (2.42) and Gaussian-

type (GTO) (2.43) orbitals are the most-used functions to represent the atomic orbitals. 

These functions depend on the quantum numbers of the orbitals to be represented 

(n,l,m), and have radial (r) and spherical !,!  dependencies. 

ϕ!,!,!,! !, !,! = !!!!!!!!"!!,! !,!  (2.42) 

ϕ!,!,!,! !, !,! = !!!!!!!!!!!!!!!,! !,!  (2.43) 

The former preserves the same exponential dependence on the electron-nucleus 

distance as hydrogen-like orbitals, while the cusp on the nucleus is not well described 

for the latter. However, the GTO can be integrated analytically, while the STO cannot. 

Thus, Pople and coworkers developed STO-nG basis sets to take advantages of both 

types of functions. These basis sets are Slater-type orbitals constructed as a least 

squares fitting of an expansion of n Gaussian functions. This type of expansions is 

usually called contracted Gaussian functions, and the n Gaussian functions involved 

are called primitive Gaussian functions. 

Ideally, the complete basis set would involve an infinite number of functions, but in 

practice a finite set has to be chosen. The basis set that contains only the minimum 

number of base functions required to represent the electrons of a given system in its 

ground state is called a minimal basis set. For most of the cases, a minimal basis set 

cannot describe the molecular environment of the atoms such that it offers a rough 

description that is not enough to correctly describe the system. In order to increase the 

flexibility of the basis set, the number of functions that describe each orbital must be 

increase. Furthermore, there are some aspects of the bonding between atoms that can 

only be described if functions with larger angular momentum than the ones in the 

atomic ground state are added (*). Finally, in some cases very small exponents must 
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be included in the basis in such a way that the maximum of the function is attained at 

relatively high values of the electron-nucleus distance (+). This is the case of anionic 

systems where the extra electron is weakly linked by the Coulomb field of the nuclei. 

A typical example of a Pople’s basis set is the 6-31+g(d) or 6-31+g(*). The notation 

indicates that each inner electron is described by one STO-6G, i.e. one STO built from 

six primitive Gaussian functions, and that each valence electron is described by two 

STO, one of which is built from three primitive Gaussians and the other one is built 

from a single primitive Gaussian function. Then, the + symbol indicates that one diffuse 

function is added for each not hydrogen atom, and (d) or (*) indicates that polarization 

functions are also added for each not hydrogen atom of the system. 

 

2.1.4. Plane-waves Pseudopotentials 

Alternatively to the use of basis functions localized in the atoms, plane waves basis 

sets can be used to represent the orbitals and thus to solve the Kohn-Sham equations. 

This strategy is applied to study systems in periodic boundary conditions without 

suffering from the problem of the incompleteness of the basis set. Given a periodic 

system with a unit cell of volume Ω and reciprocal vectors represented by G, there 

exists a complete and orthonormal set of plane waves that follow the same periodicity 

than the system and have the expression: 

Φ(!) = 1
Ω
!"# !G!  (2.44) 

Furthermore, any linear combination of plane waves that follows expression (2.44) 

also satisfies the same periodicity. In agreement with Bloch’s theorem47, the Kohn-

Sham orbitals can be written as a product between a plane wave and a function with 

the same periodicity than the system, thus they adopt the following expression: 

Φ!(!, !) =
1
Ω

!!(G, !)
!

!"# !(G + !)!  (2.45) 

Where ! is the vector of the first Brillouin zone and !! G, !  are the coefficients that 

define each Kohn-Sham orbital. In principle, it should be necessary to sum over an 

infinite number of k points, but in practice, in many cases it is sufficient to use few or 

even a unique k point depending on the periodic supercell defined. Similarly, an infinite 

number of plane waves should be necessary to define the orbitals, however, the 
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coefficients with lower kinetic energy 1 2 ! !  present much larger weights than the 

ones with a higher kinetic energy. Therefore, the number of plane waves is truncated 

by including only those with a kinetic energy cutoff below a certain value, which will 

determine the accuracy of the energy calculation. Using the Bloch functions (2.45), the 

Kohn-Sham equations are written as follows:48 

1
2 ! + ! !!!!! + !!" ! − !! + !! ! − !! + !!"(! − !!) !!,!!!!

!!
= !!!!,!!!! (2.46) 

Although the Kohn-Sham equations are tractable when using plane waves to 

expand the electron wavefunction, an all-electron calculation including both core and 

valence electrons would be prohibitively expensive. This is because the core orbitals 

are tightly bound and the valence electrons present a highly oscillatory nature, 

therefore high values for the kinetic energy cutoff would be required, which would 

highly enlarge the computational cost. However, as the majority of the physical 

properties of solids depend upon the valence electrons while the core do not almost 

participate, it is possible to separate the core than the valence by means of the use of 

pseudopotentials49 that leads to a set of pseudo wavefunctions.  

 

Figure 2.3. Scheme of the smoothing effect of the pseudo-wavefunction !!" and 
potential !!", compared to the all-electron versions (AE). 

The pseudopotentials are built such that they lead to a pseudo-wavefunctions for the 

valence electrons that have no radial nodes within the core region and that agree with 

the wavefunction outside some cut-off radius !!"# (see Figure 2.3).50 Commonly the 

pseudopotentials used are norm-conserving, which means that they not only reproduce 

the wavefunction after a certain cut-off but also the integral of the electron density of 

the pseudo-wavefunction in the core region must coincide with the one of the 
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wavefunction. This is important in order to obtain exchange-correlation energies as 

accurate as possible. The ultrasoft pseudopotentials have been used in this thesis in 

order to considerably reduce the computational cost. These pseudopotentials were 

developed by Vanderbilt51 and attain much smoother pseudo-wavefunctions and thus, 

much less plane-waves can be used for calculations of the same accuracy. 

 

2.1.5. Solvation Models 

The proper description of the environment of a given system is usually of key 

importance to accurately determine its physical properties in real conditions. In this 

context, the role of the solvent in the molecular structure, stability, electronic spectra, 

etc., of a system can be large enough such that considering gas-phase conditions 

would lead to unphysical results. There are two main approaches to model solution 

environments: the discrete and the implicit (or continuum) models. The discrete model 

consists of adding n solvent molecules around the solute trying to emulate the first 

solvation shell, or even consider a full solvent box applying periodic boundary 

conditions. Given that the computational resources are limited, usually the explicit 

model cannot be applied. Furthermore, as the size of the solute increase, the number 

of solvent molecules needed to properly describe the first solvation shell is larger, thus 

increasing the computational requirements of the simulation. 

On the other hand, the implicit or continuum model provides a simplified but 

computationally efficient description of a diluted solution environment. In this model the 

solvent is described as a homogeneous dielectric around the solute, which is placed in 

a cavity dug out in the solvent. The basic idea is that the charge distribution of the 

solute polarizes the dielectric continuum, which in return polarizes the solute charge 

distribution. This procedure is evaluated iteratively using what is called the Self-

Consistent Reaction Field (SRCF) method, in which the solute-solvent interactions are 

described in terms of a solvent reaction field that is introduced as a reaction potential 

into the Hamiltonian as a perturbation (2.47) 

Η! + !! Ψ! = !!Ψ! (2.47) 

Among the reaction field methods, the polarizable continuum model (PCM)52 is the 

most common one. In this method, the reaction potential is described in terms of a set 

of induced point charges placed at the center of small surface elements that cover the 

cavity in the dielectric medium. 
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Finally, discrete and implicit models can also be combined, providing an accurate 

description of the first solvation shell, using the discrete model, surrounded by a long-

range dielectric continuum. This approach is called the mixed discrete-continuum 

solvation model. 

 

2.2. Molecular Dynamics 

The Quantum Chemistry methods discussed up to this point solve the electronic 

Schrödinger equation at a given nuclear coordinates for the atoms. However, 

sometimes this static picture of the molecular structure is not appropriate to simulate 

the physical and chemical processes that take place in real experimental conditions 

because the structures are subject to thermal vibrations as they always exist at finite 

temperatures. Such dynamic effects can be obtained by integrating Hamilton’s 

equations of motion once their initial conditions are settled, namely: the coordinates, !!, 
and linear momenta, !!, of each atom ! (2.48) (2.49). 

!! = − !H
!"!

 (2.48) 

!! = − !H
!"!

 (2.49) 

The definition of the Hamiltonian is crucial because the evaluation of the energy and 

its gradient is the most computationally expensive part of the simulation. The 

Hamiltonian can be decomposed into the kinetic and potential terms (2.50), such that 

the equation of motion can be expressed as (2.51), which is numerically integrated 

usually by means of the Verlet, Leap-frog, or Beeman algorithms.53 Then, the position 

of the atoms can be updated and this process is repeated until some user-defined 

criteria. 

H !, ! = ! ! + !(!) (2.50) 

!! = !! = −∇!!! (2.51) 

In order to perform the molecular dynamics in a controlled statistical ensemble, the 

thermodynamics variables to be controlled need to be specified. The most widely used 

ensembles are the canonical (where N, V and T are controlled), the microcanonical 

(where N, V and the energy are controlled), and the isothermal-isobaric ensemble 

(where N, T and P are controlled). 
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One possible procedure to define the Hamiltonian for the molecular dynamics (MD) 

is by using classical Force-Fields (FF). There exists different ways to define the 

classical potentials being the expression of equation (2.52) the most common one. 

! = !!(! − !!")!
!"#$%

+ !!(! − !!")!
!"#$%&

+ !!(1 + cos!(!" − !!")
!!"!!"#$%&

+ !!!!
!!"

− 2!!"
!!"!"#
!!"

!

+ !!"
!!"!"#
!!"

!"

!!!
 

(2.52) 

In this definition, the potential energy is considered as the sum of the deformation of 

bonds, angles, and dihedral angles from their equilibrium distances (!!", !!", !!", 

respectively), and a pairwise additive Lennard-Jones 1-6-12 term that includes 

coulombic and van der Waals interactions. These FF-MD simulations allow computing 

dynamics in the nanosecond or even in the microsecond scale, which is necessary in 

some cases in order to obtain complete conformational samplings. However, this 

approximation does not explicitly consider the electronic structure of the system, and 

thus, cannot describe a large number of chemical processes as bond formations or 

charge-transfer processes, that require the explicit treatment of the electrons. 

Furthermore, the reliability of the results strongly depends on the choice of the force 

constants used to define the FF. 

An alternative approach is the ab initio molecular dynamics (AIMD), which combines 

atomistic MD with internuclear forces obtained from ab initio electronic structure 

calculations, usually DFT calculations. Under the Born-Oppenheimer approximation, 

the nuclear and electron motions are completely decoupled and thus, the Hamiltonian 

can be partitioned into its nuclear and electronic parts. This fact permits considering 

only the nuclei into the left part of the equation of motion (2.51), while the Hamiltonian 

includes the DFT electronic energy and the nuclear-nuclear terms. Therefore, the 

electrons respond instantaneously to the nuclear motion and hence the ground state 

electronic eigenvalue !! !  give rise to an electronic surface on which the nuclear 

dynamics is described by the time-dependent Schrödinger equation applied to the time-

dependent nuclear wavefunction !(!, !). 

The Schrödinger equation of the electronic Hamiltonian has to be evaluated at each 

nuclear configuration following this procedure, which might be computationally 

expensive. In order to solve this issue, R. Car and M. Parrinello developed in 198554 an 

efficient approach by introducing a fictitious electronic kinetic energy (2.53) that allows 

the electrons to follow the nuclear motion adiabatically. This approach is called Car-
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Parrinello MD (CPMD) while the molecular dynamics that compute the electronic SCF 

at each nuclear step are called Born-Oppenheimer MD (BOMD). 

!!"#$ = ! !!|!!
!

 (2.53) 

After introducing a Lagrangian that includes the orbitals as fictitious dynamical 

degrees of freedom, the Euler-Lagrange equations give rise to the following coupled 

equations of motions (2.54) and (2.55), where Λ! is a set of Lagrange multipliers 

introduced in order to preserve orthonormality. 

!!!! = −∇!! ! ,!  (2.54) 

!!! = − !
!!!∗

! ! ,! + Λ!!!(!)
!

 (2.55) 

Therefore, starting from an initial set of minimized orbitals at an initial nuclear 

configuration, the position of the nuclei and “the orbitals” evolve according to equations 

(2.48) and (2.49). Nowadays, the time-scale of the ab initio molecular dynamics is the 

picosecond scale, which means that sometimes the conformational sampling is not 

complete, however there exists techniques that allow a complete conformational 

sampling by forcing the system to explore those nuclear configurations, for instance the 

Blue Moon ensemble55 or performing Metadynamics56. 

 

2.3. Computational Modeling 

2.3.1. Analysis of the Intermolecular Interactions 

Non-covalent interactions are quantitatively characterized by the interaction energy 

!!"# that arises between two or more interacting fragments. This interaction energy is 

usually obtained by means of the supermolecule approach !!"# = ! − !!! , where the 

energy of the fragment !! is obtained at the geometry of the complex using the 

computational methods described above.  

This approach includes an implicit overestimation of the !!"# when a finite set of 

atomic basis is used and leads to the so-called Basis Set Superposition Error (BSSE). 

The BSSE error is due to the different description of the fragments within the 

supermolecule and isolated molecules, since in the former the basis set is spread over 

both fragments while when they are isolated it is defined only over each fragment. The 



Chapter 2  35 

most common approach to estimate the BSSE is the Counterpoise (CP) method, 

suggested by S. F. Boys and F. Bernardi57. In this method, instead of obtaining the 

energy of each isolated fragment i with its own basis functions, it is obtained with the 

basis functions of the whole supermolecule, thus having the same set of orbitals 

describing both the supermolecule and each fragment (2.56). Then, the BSSE can be 

estimated as the difference between the energies of each fragment obtained with its 

own basis functions and the energies of each fragment with the basis functions of the 

supermolecule (2.57). 

!!"#,!" !" = !!"#,!" + !!""# = !!"!" − !!!" + !!!"  (2.56) 

!!""# = !!! + !!! − !!!" + !!!"  (2.57) 

The nature of any non-covalent interaction can be decomposed into its main 

contributions. Since non-covalent interactions are always weaker than regular covalent 

bonds, they can be treated by means of perturbation formalisms. In this sense, several 

methodologies have been proposed, such as the intermolecular perturbation theory 

(IMPT)58. This method permits an accurate decomposition of the interaction energy in 

terms of several components. 

Assuming, as in commonly found, that the polarization (!!"#) and charge-transfer 

(!!") components of the interaction energy are one order of magnitude smaller than the 

remaining terms, the total intermolecular interaction energy between two open shell 

fragments A and B, takes the following expression59: 

!!"# ≈ !!" + !!" + !!"#$ + !!"#$ (2.58) 

The terms of equation (2.59) have the following physical meaning: (1) Eer is the 

exchange-repulsion component that is always energetically repulsive in accord with the 

Pauli exclusion principle; (2) Eel is the electrostatic component of the nonpolarized 

system, which can be accurately approximated as a sum of classical multipoles (the 

charge-charge, charge-dipole, dipole-dipole, etc. components); (3) Edisp is the 

dispersion component, a nonclassical term that arises from the instantaneous dipole-

dipole interactions resulting from the correlated motions of the electrons in A and B; 

and (4) Ebond is the bonding component, associated with the pairing of the unpaired 

electrons of fragments A and B. 

The electrostatic term is evaluated using the coulombic expressions from a multipole 

expansion, commonly truncated at first (charge) or second order (dipole) (2.59). r is the 

distance between the two centres of mass (c.m.), !! is the angle between the dipole of 
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the fragment i and the axis that connects it with the centre of mass, ! is the dihedral 

angle of the dipoles through the c.m.-c.m. axis, and !! and !! are the charge and 

dipole of the fragment i. 

!!" = ! !, ! + ! !, ! + ! !, ! +⋯

= 1
4!!!

!!!!
! − !!!!!! cos !! −

!!!!
!! cos !!

− !!!!!! 2 cos !! cos !! − sin !! sin !! cos! −⋯ 

(2.59) 

The dispersion term is evaluated as the difference between the MR-PT2 (CASPT2, 

NEVPT2) and MC-SCF (CASSCF) interaction energies assuming that the MR-PT2 

method accounts for the whole dynamic correlation, and that the MC-SCF does not 

include any (2.60). On the other hand, it can be approximately estimated using 

Grimme’s expression60 for the empirical dispersion correction within the DFT 

framework (2.61). This way of evaluating the dispersion components entails an 

approximation because the interaction energy evaluated with bare DFT might already 

contain a small part of the dispersion energy. 

!!"#$ = !!"#!"!!"! − !!"#!"!!"# (2.60) 

!!"#$ = !!"#!"#!! − !!"#!"# (2.61) 

Finally, the bonding term is approximated as the difference between the total 

energies of the closed-shell and the high-spin electronic states (2.62). 

!!"#$ = !!" − !!" (2.62) 

In order to identify the nature of any intra or intermolecular bond, the Atoms-In-

Molecules (AIM) methodology performs an evaluation of the electron density 

characterizing the critical points in which its gradient turns into zero (∇! ! = 0). R. W. 

F. Bader developed this quantum theory in 199461, which permits analysing the 

topology of the electron density by following the signature of the Hessian at the critical 

points, thus providing a straightforward classification: 

(3,-3) If all three eigenvalues of the Hessian are negative, the critical point is a 

maximum of the electron density. They are usually placed on atomic nuclei. 

(3,-1)  If there are two negative and one positive eigenvalues of the Hessian, the 

critical point is a maximum on two directions and a minimum in one direction. 
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These are the bond critical points (BCP) and the direction in which the Hessian 

is a minimum defines the bond direction. 

(3,+1)  If there are one negative and two positive eigenvalues of the Hessian, thus, the 

critical point is a minimum on two directions and a maximum on one direction. 

These critical points are known as ring critical points. 

(3,+3)  If all three eigenvalues of the Hessian are positive, the critical point is a local 

minimum of the electron density. Commonly called cage critical points. 

The line of maximum electron density linking two (3,-3) nuclei is called bond path, 

and the (3,-1) point on the bond path is the BCP. The ring and cage critical points arise 

as a consequence of particular geometry arrangements of the bond paths. 

 

2.3.2. First-principles Bottom-Up Procedure 

The First-principles Bottom-Up (FPBU) procedure is a four-step strategy that allows 

the rationalization of the macroscopic magnetic properties (susceptibility, magnetization 

or heat capacity) of a molecule-based material from first-principles, i.e. without making 

any assumption on the magnitude or topology of the magnetic interactions between the 

molecules in the crystal. The FPBU methodology was first reported in 200262 and has 

been widely used in our group in the last decade. The strategy consists in applying the 

four steps as follows: 

First Step: Crystal structure, radical-pairs and cluster model selection. 

In the first step, the available nuclear coordinates of the molecular crystal are 

analysed. The most common temperature for the elucidation of crystal structures is 

room temperature. Lower temperatures, up to 80 K, may be usually achieved by liquid 

nitrogen in most typical X-Ray diffractometers, and even, structures at up to 4 K can be 

obtained if Neutron Diffraction facilities are available. The experimental crystal structure 

represents the most probable structure of the target system at the temperature at which 

it has been elucidated. In the absence of phase transitions, it is assumed that 

temperature has only a contraction effect when cooling (or expansion when heating), 

that is generally of minor importance. However, it must not be systematically ignored, 

especially in π-stacked organic radicals that show antiferromagnetic or ferromagnetic 

behaviour at very low temperatures, as discussed in Chapter 5. Furthermore, 

increasing temperature allows the system to explore more energetic configurations in 
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its potential energy surface, which usually leads to the appearance of disordered 

groups, thus making it difficult to choose a specific nuclear configuration. 

Once the proper nuclear coordinates of the crystal structure are chosen, the 

procedure continues by the selection of the symmetry unique radical pairs that will be 

studied. As a crystal is periodic, a first level of truncation is performed by considering 

those dimers that are within a certain cutoff value, i.e. that are likely to be magnetically 

relevant and to have a non-negligible magnetic exchange interaction. This distance is 

usually comprised between 10 and 15 Angstrom, which is large enough to include first- 

and second- neighbouring radical pairs. Within this criterion, no restrictions regarding 

the nature of the magnetic pathway (through-bond or through-space) are imposed. 

Finally, the most appropriate cluster model to compute the magnetic-exchange 

values (JAB) between each radical pair must be selected. The most common approach 

consists in including explicitly only the two radicals directly involved in the magnetic 

interaction. However, the strength of the JAB may sometimes be affected by the 

polarization caused by nearby radicals. In such cases, an extended model is required. 

Usually, in ionic crystals the effect of the Madelung field on the electronic structure of 

the dimer must be taken into account, whereas in neutral radicals it usually has a 

negligible effect. The electrostatic field is incorporated by surrounding each radical-pair 

by their nearest ions in terms of their atomic charges. As electrostatic effects are long-

range effects, usually about 1000 point charges must be included. On the other hand, 

in those cases where the material presents conducting properties in the direction where 

the magnetic exchange coupling is evaluated, it may be necessary to extend the 

cluster model in that direction to properly describe the electronic structure of the dimer 

in a conducting-periodic embedding. Finally, there are cases in which it is necessary to 

design models containing several radicals to properly describe the mutual polarization 

of the spin density in adjacent radicals in order to include partial spin- or charge-

transfer effects. 

Second step: Calculation of the magnetic-exchange couplings. 

The second step consists in the calculation of the JAB values between the radical-

pairs identified in the first step. The computation of magnetic exchange interactions is a 

very challenging issue from a theoretical point of view because it is necessary to 

determine very small energy differences of about few cm-1 within absolute energy 

values that are often 1010 times larger. The most appropriate methodology is given by 

the size and nature of the magnetic exchange interaction, being the Density Functional 

Theory (DFT) and wavefunction-based (WFT) methods the most used. 
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In order to obtain the magnetic exchange values JAB from the energy differences the 

Hamiltonian used has been the Heisenberg-Dirac-Van Vleck (HDVV), which is a pair-

wise approximation as expressed in equation (2.63). 

Η = −2!!" · !! · !! (2.63) 

JAB is the magnetic exchange and !! and !! are the total spin operators acting on 

radicals A and B. If JAB is positive, it describes a ferromagnetic (FM) coupling where 

there is a parallel disposition of spins, whereas if it is negative, the coupling is 

antiferromagnetic (AFM) displaying an antiparallel disposition of spins. Note that some 

authors use a modified version of this Hamiltonian, in which either the factor 2 or the 

minus sign are removed. This expression is valid as long as it involves radicals in 

which the paramagnetic centres do not present orbital angular momentum associated 

to its ground state. The systems studied in this thesis are purely organic materials such 

that it is not expected any contribution from the orbital angular momentum. 

The JAB values may be computed from the evaluation of two electronic states with 

consecutive spin multiplicity following equation (2.64). 

2!!" =
! ! − 1 − !(!)

!!"#
 (2.64) 

!!"# is the spin quantum number for the highest spin-state. When !! = !! = !
!, the 

resulting spin multiplicities are the triplet (S=1) and the singlet (S=0) states and then: 

2!!" = !! − !! (2.65) 

The most accurate framework for the evaluation of magnetic exchange couplings is 

the multideterminantal approach. In fact, magnetism is by definition a multireferential 

problem since two determinants with equal weight must be used to have a symmetry-

adapted wavefunction for the singlet (2.66). 

!! =
1
2
! 1 ! 2 − !(1)!(2)  (2.66) 

As previously mentioned, the CAS method allows for the expansion of the 

wavefunction in different electronic configurations within a set of orbitals. For a two-

radical problem, at least the two single-occupied molecular orbitals (SOMO) must be 

included in the CAS space. However, it is usually necessary to add more orbitals to 

obtain accurate results, especially it is recommended to include as much π-type 

orbitals as possible when organic radicals are involved.63 Then, on top of the CAS 
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wavefunction, perturbational (CASPT2, NEVPT2) or variational (CASCI, DDCI) 

treatment is usually required to incorporate the remaining dynamical correlation.  

Alternatively, DFT methodologies can also deal with the computation of the 

magnetic exchange couplings. In fact, the size of the system or the appropriate cluster 

model needed often forces the use of DFT since wavefunction-based methods are 

much more demanding in terms of computational cost. Despite the still on-going 

discussion about the proper way to evaluate the JAB constants within DFT64,65, the 

multireferential character of the singlet state can be tackled by the Broken Symmetry 

(BS) approach66, developed by Noodleman and coworkers in 1981 (originally 

conceived to be applied in HF-type calculations)67. Within the BS framework, an 

unrestricted single-determinantal wavefunction with !! = 0 and opposite spins at the 

two paramagnetic centers is obtained. The contribution of the open-shell singlet (OSS) 

and closed-shell singlet (CSS) in the wavefunction is optimized following the variational 

principle68. Among the projection techniques proposed to deal with the non-

orthogonality, the one advocated by Yamaguchi and co-workers69,70 (2.67) has been 

used in this thesis. 

!!" =
!!" − !!"

!! !" − !! !"
 (2.67) 

In those cases where there is a dominant contribution of the ionic closed-shell 

singlet (CCS) configuration such as in a bond formation, the BS solution displays a 

total spin equal or close to zero ( !! !" ≈ 0). On the contrary, in those cases where 

there is negligible interaction, the BS solution leads to !! !" = !!"#. The former 

situation yields to an equivalent equation to (2.65), see (2.68), while the later is 

proposed in the original treatment of Noodleman, see (2.69). Both scenarios nicely 

interpolate in Yamaguchi’s equation (2.68), where the different weight of the neutral 

and ionic components is incorporated by its contribution to the total spin expectation 

value in the BS solution.  

!!" =
!!" − !!

2  (2.68) 

!!" = !!" − !! (2.69) 

However, the most important drawback of using DFT to compute JAB values is the 

strong dependency of the results on the exchange-correlation functional chosen. 

Therefore, it is highly recommended to test the reliability of the functional by comparing 
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the results on chemically similar small models with the ones obtained using 

wavefunction-based methods (for instance, DDCI). 

Third Step: Magnetic topology and diagonalization of the Heisenberg Hamiltonian. 

Once the magnetic exchange values are known, the network of connectivity of the 

relevant JAB values obtained defines the magnetic topology of the system. Ordered in 

an ever-increasing level of complexity, the main types of magnetic topologies are: (a) a 

0-D material in which a single JAB connects two radicals forming a dimer, and no 

interdimer interactions are present; (b) a 1-D material in which a unique interaction 

propagates along a particular direction without interaction between chains; (c) a 1-D 

spin ladder in which two JAB interactions coexist but only one of them propagates along 

a certain direction; (d) a 2-D structure, in which two JAB interactions coexists and 

propagate along different directions forming a plane; (e) a complex 2-D structures in 

which more than two JAB interactions coexists and (f) a 3-D topology, in which three JAB 

interactions define 2-D planes that stack in the third direction (see Figure 2.4). Note 

that, although they can be present, the possible magnetic interactions between second-

nearest neighbours are not considered in this scheme for simplicity. 

(a) (b) (c) 

   

(d) (e) (f) 

   

Figure 2.4. Representation of the most common magnetic topologies from (a) 0-D to (f) 
3-D as explained in the main text.  

According to the effective Hamiltonian theory71, it is possible to design an effective 

Hamiltonian that, when applied to the proper model space, provides a set of 

eigenvalues that match those of the exact Hamiltonian. The FPBU procedure is based 

on this approach. The energies and total spin numbers that arise from the application 

of the Heisenberg Hamiltonian to all the possible spin combinations of a selected 

magnetic model (model space) are extracted to be used in the proper statistical 
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mechanics expressions72 to calculate the macroscopic properties of the system. This is 

accomplished in the fourth step of the FPBU strategy (see below). The magnetic model 

space must be selected in a way that, ideally, is able to reproduce the full, infinite, 

crystal when propagated over the three crystalline directions. However, the quality of 

the selected model space is difficult to assess since the energies and total spin 

numbers of the exact Hamiltonian, for comparison purposes, are impossible to obtain. 

In general, in order to be as good as possible, the magnetic model should include all 

significant JAB magnetic interactions in a ratio as close as possible to that found in the 

infinite crystal. The current computational limitations force us to build magnetic models 

with no more than 18 spins centers (corresponding to 48620 states). However, it is 

important to assess the model space used by evaluating its level of convergence. For 

instance, a linear model of 18 spins would be considered to be adequate if the 

macroscopic observables that are extracted from it show a good convergence with 

those coming from equivalent models with less number of radicals (i.e. 16, 14, 12… 

spins). 

Fourth Step: Computation of the macroscopic magnetic properties. 

The last step of the FPBU procedure allows us to relate the information extracted in 

previous steps with the magnetic properties at the macroscopic scale. To do so, the 

energy and spin states of the finite magnetic models, selected in the previous step, are 

introduced in the proper statistical mechanics expressions to obtain the desired 

macroscopic property: 

! = −!!!!!
!
! !!!!! !!! !!! − !! !

!!(!!!!!!) !!!!!
!!!!!!!!

!
! !!!!! !!! !

!!(!!!!!!) !!!!!
!!!!!!!!

 (2.70) 
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(2.71) 
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!!

= − !!
!!!!

!! − !! + !(!!! + !!)
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! !!!!! !!(!!!!!!) !!!!!
!!!!!!!!
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! !!!!! !!(!!!!!!) !!!!!

!!!!!!!!

−
!! − !! + !(!!! + !!)

!!
! !!!!! !!(!!!!!!) !!!!!

!!!!!!!!

!

!
! !!!!! !!(!!!!!!) !!!!!

!!!!!!!!

!  

(2.72) 

As can be seen in these expressions, the only information that is needed to 

calculate the macroscopic properties, such as the magnetization ! (2.70), magnetic 

susceptibility ! (2.71) or heat capacity !! (2.72) (! = !!!!, and n runs over the total 

number of states that cap be build from the magnetic model), is the energy spectra of 

the magnetic model together with its spin multiplicities. Both magnitudes are extracted 

from the diagnalization of the Heisenberg Hamiltonian at a 0 T external field, which is 

performed in the third step of the procedure. Then, by using these expressions, it is 

possible to represent the evolution of those properties as a function of temperature (at 

a constant magnetic field) or magnetic field (at a constant temperature), and compare 

them with the experimental data. 

 

2.3.3. Potential and Free Energy Surface Characterization 

As previously mentioned, within the Born-Oppenheimer approximation the electronic 

wavefunction of an n-electron system is determined at a given nuclear configuration. 

However, usually the goal is to obtain the most favourable nuclear geometry for a given 

electronic state or, even, minimum energy pathways for a certain chemical reaction. 

The space of electronic (plus nuclear repulsion) energies that explores different nuclear 

coordinates is called the Potential Energy Surface (PES). In order to characterize a 

particular nuclear geometry in the PES, it is necessary to evaluate the gradient and the 

Hessian at that point. The gradient is defined as the vector formed by the first 

derivative of the PES with respect to the N different nuclear coordinates (2.73). 

!"
!!!

, !"!!!
, !"!!!

,… , !"!!!
 (2.73) 

In turn, the Hessian can be defined as the matrix of the second derivatives of the 

PES with respect to all possible combination of nuclear coordinates !! and !! (2.74). 
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!!!
!!!!

⋯ !!!
!!!!!

⋮ ⋱ ⋮
!!!
!!!!!

… !!!
!!!!

 (2.74) 

A stationary point is reached when the length of the gradient vector is zero. Then, in 

order to determine the nature of the stationary point, the Hessian matrix must be 

diagonalized and the number of negative eigenvalues indicates whether: 

- The stationary point is a local minimum because there are no negative 

eigenvalues 

- The stationary point is a m-th order saddle point because there are m negative 

eigenvalues. A first order saddle point is the most interesting case as it 

represents a transition state. 

- The stationary point is a local maximum because all the eigenvalues are 

negative. 

In order to unveil some structure-property correlations, it is of crucial importance to 

analyse the interplay between the molecular geometry of a system and its electronic 

structure. In this thesis the exploration of the PES has been systematically performed 

by evaluating the energy profiles within the reaction coordinates of interest in each 

case. This strategy not only indicates the minimum energy structures but also gives 

information about some structural arrangements that may play an important role in any 

physical property but do not correspond to a stationary point. 

Finally, it is worth mentioning that as long as finite temperature properties are 

studied, the potential energy scenario does not provide a complete picture and entropy 

effects should be included. At a certain temperature and constant pressure, the energy 

of a system is given by its free energy G (2.75), where H corresponds to the enthalpy 

and S to the entropy terms. 

! ! = ! ! − ! · !(!) (2.75) 

As defined in statistical thermodynamics, both the total enthalpy and the total 

entropy can be decomposed in multiple terms accounting for electronic, rotational, 

vibrational and translational terms. However, usually the rotational and translational 

terms are neglected as they are not expected to contribute significantly, and only a 

temperature-independent electronic term and a temperature-dependent vibrational 

term are considered (2.76) (2.77). 
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!!"! = !!"! + !!"#(!) (2.76) 

!!"! = !!"! + !!"#(!) (2.77) 

The electronic enthalpy can be considered as the potential energy, and the 

vibrational components of the enthalpy (2.78) and the entropy (2.79) can be obtained 

from first principles calculations provided that the frequencies of the vibrational normal 

models are obtained !!  from the diagonalization of the Hessian matrix. In turn, !!"! 
can be calculated as a good approximation within equation (2.80). 

!!"# =
1
2 ℎ!! +

ℎ!!!
!!!! !!!

1 − !
!!!! !!!

!!"#

!!!
 (2.78) 

!!"# =
ℎ!!
!

1

!
!!! !!! − 1

− !!ln!(1 − !
!!!! !!!)

!!"#

!!!
 (2.79) 

!!"! = !ln 2! + 1  (2.80) 

When dealing with energy differences between two states, the total free energy 

difference at a given temperature is quantified according to ∆! ! = ∆! ! − ! · ∆!(!). 
In those cases in which the free energy difference turns to zero at a certain 

temperature, a crossover between the stability of the two states occurs and the 

transition temperature !! ! can be obtained from:  

!! ! = ∆!!"! !! ! ∆!!"! !! !  (2.81) 

 

2.4. Software 

The methods described above provide the right tools to compute all properties in the 

systems studied throughout the following chapters 3, 4 and 5. The packages of 

programs that have been used to perform each type of calculations are collected in the 

next Table, as well as the publications in which they have been used. 

The Gaussian code has been used to perform single-point calculations, geometry 

optimizations and analytical vibrational frequencies calculations in gas phase and in 

solution conditions using the continuous PCM model of solvation. Furthermore, the TD-

DFT calculations presented in publication #2 have been done using this code. In all 

cases the wavefunction is expressed as an atomic basis set expansion. 



46  Methodology 

The Molcas program has been used to perform CASSCF (RASSCF) as a previous 

step for CASPT2 (RASPT2) calculations. Furthermore, the RASSI module allows 

computing the electronic spectra of a system including the oscillator strengths of each 

excitation. Again, the wavefunction is expressed as an atomic basis set expansion. 

The Quantum Espresso code uses plane wave pseudopotentials as basis sets and 

has been used to perform single-point and structure optimizations including the 

optimization of the (super)cell parameters. Furthermore, it allows computing 

calculations for isolated molecules by means of an internal correction of the periodicity. 

On the other hand, the CPMD code has been used to compute numerical vibrational 

frequencies in periodic boundary conditions and molecular dynamics following the CP 

formalism using planewave pseudopotentials. 

Finally, the Orca code has been used to perform CASSCF/NEVPT2 calculations, 

and the CASDI code has been used to compute DDCI energies as explained in 

publication #3. In both cases, atomic basis sets are used. On the other hand, the 

ProAIMs code allows computing the location and density of any type of critical point. 

 

Method Software Publication 

DFT (Atomic basis set) Gaussian73 #1, #2, #3, #4, #5, #6 

DFT (PW pseudopotentials) Quantum Espresso74 #3, #4, #5, #6 

TD-DFT Gaussian #2 

CASSCF/CASPT2 Molcas75 #2, #5 

RASSCF/RASPT2 Molcas #1, #2, #5 

CASSCF/NEVPT2 Orca76 #5 

MC-SCF/DDCI CASDI77 #3 

AIM ProAIMs78 #1 

AIMD CPMD79 #2, #3, #6 
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3.1. Introduction 

Organic radical anions ([A]!-) and cations ([B]!+) are commonly used for their 

application in solids with conducting1, superconducting2 and magnetic properties3, 

among other properties of technological interest4. However, these radical ions may 

form diamagnetic dimers ([A]22- or [B]22+) that frustrate the aforementioned physical 

properties. On the contrary, in some cases the radical-pair formation might be desired 

as long as the dimerization enthalpy is small enough to obtain a switchable material at 

room temperature5, or for its potential application in molecular recognition processes6. 

Thus, to control the formation of these diamagnetic dimers, an understanding of their 

properties is compulsory. 

The first long, multicenter bond between two radical ions was characterized between 

two interacting tetracyanoethylene TCNE!- anions (Figure 3.1) forming a π-[TCNE]22- 

dimer7. In addition, the presence of long, multicenter bonds was also identified in a 

wide variety of radical ions interactions such as anionic8, cationic9, anionic-cationic10 

and within dimers of neutrals radicals11. For instance, the π-[TTF]22+ dimer results from 

the dimerization between two oxidized tetrathiafulvalene TTF!+ units (Figure 3.1). 

Previous studies concluded that long, multicenter bonds present similar properties to 

those associated with covalent bonds except their nature, range of stability, and range 

of equilibrium distance12. Charged radical-pairs, such as the π-[TCNE]22- or π-[TTF]22+ 

dimers, are metastable in front of dissociation with a small energy barrier (around 6 

kcal·mol-1 in π-[TCNE]22- and 2 kcal·mol-1 in π-[TTF]22+)13. The metastable character of 

these dimers arises from the proper balance between the repulsive Coulombic term, 

originated in their ionic character, and the sum of the attractive bonding and dispersion 

components14. From a theoretical point of view, an efficient SOMO-SOMO overlap 

leads to a split of the two monomeric orbitals into one bonding and one antibonding 

molecular orbital. Thus, the bonding orbital becomes doubly occupied (HOMO) and the 

antibonding combination remains empty (LUMO)12, as depicted in Figure 3.2, leading to 

a diamagnetic entity. 

 

Figure 3.1. Chemical structure of tetracyanoethylene (TCNE) and tetrathiafulvalene 
(TTF), for which the π-[TCNE]22- and π-[TTF]22+ dimers have been reported. 
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Ionic π-dimers do form in salts and in solutions owing to the net stabilizing effect of 

their interaction with adjacent counterions or solvent molecules. In the solid state, the 

attractive cation···[TCNE]!- interactions exceed the repulsive [TCNE]!-···[TCNE]!- 

interactions giving rise to energetically stable neutral (cation)2[TCNE]2 aggregates7. 

Likewise, in solution the radical-pair is formed due to the [radical ion]···solvent 

interactions exceeding the [radical ion]···[radical ion] repulsion14. However, 

(solvent)n[radical ion]2-
2 aggregates are much weaker than (counterion)2[radical ion]2 

aggregates and thus, π-[radical ion]22- dimers are only observed in solution at low 

temperatures. Kochi and co-workers performed an exhaustive study of the stability of 

several long bonded dimers in different solvents, including the π-[TCNE]22- and π-

[TTF]22+ dimers, where they determined the equilibrium constants, KD, and the 

enthalpies and entropies of dimerization (ΔHD and ΔSD) by means of UV-vis and EPR 

measurements as a function of temperature. A temperature below -80 ºC is required to 

observe the π-[TTF]22+ dimer in dichloromethane, solvent in which the dimer presents 

the weakest dimerization energy (ΔHD=-3.8 kcal·mol-1 and ΔSD=-18 e.u.), while a 

temperature of -40 ºC is required in acetonitrile (ΔHD=-9.1 kcal·mol-1 and ΔSD=-31 

e.u.)15. Similarly, the π-[TCNE]22- dimer completely vanishes above -80 ºC in 

dichloromethane, where a dimerization enthalpy of -8.8 kcal·mol-1 and an entropy of -

41 e.u. were obtained16. Although the structures of these dimers in solution are not 

known, their spectroscopic properties suggest that they are similar to that found in 

crystals. Moreover, the UV-vis spectrum remains essentially invariant with different 

counterions, therefore suggesting that they do not play a crucial role on the structure of 

the solvated dimers. The stability and electronic spectrum of these dimers between 

radical ions are studied in publications #1 and #2 of this thesis. 

[TTF]!+ π-[TTF]22+ [TTF]!+ 

 

Figure 3.2. Molecular orbital diagram of the frontier region of the π-[TTF]22+ dimer. The 
[TTF]!+ SOMO orbitals (left and right) are also depicted. 

1 complexes, but in an eclipsed conformation in the n = 2
dimer; 2) the shortest C···C distance in the n = 0 or 2 complexes
is similar to that found in the non-included dimers, and larger

in the n = 1 dimers; 3) independently of charge, the p-[R-
TTF]2

n + and p-[TTF]2
n + dimers have their TTF groups enclosed

inside the CB[8] cavity, where their sulfur atoms present short-
distance S···O contacts with two oxygen atoms of the CB[8]
(each S atom exhibits two contacts of this kind and each
oxygen is involved in only one of these contacts) ; and 4) inde-
pendently of charge, the p-[R-TTF]2

n + dimers have their R
groups outside the CB[8] cavity.

Interaction energies and free energies of formation at 298 K
for the (p-[R-TTF]2!CB[8])n + and (p-[TTF]2!CB[8])n + complexes
are collected in Table 3. The interaction energy for the inclu-
sion of an isolated p-[TTF]2

n + (n = 0, 1, 2) dimer into the cavity
of CB[8] is strongly stabilizing, with all Eint and DG values
higher than "60 and "20 kcal mol"1, respectively (charged
dimers are 40–60 kcal mol"1 more stable than neutral ones,
and R-functionalized dimers are also around 20 kcal mol"1

more attractive). These interaction energies, as well as the free
energies of formation at room temperature, become less at-
tractive in aqueous solution, although in such media, the gain
in energy in the inclusion process is still much higher than the
average thermal energy at room temperature (less than
1 kcal mol"1). Therefore, from a thermodynamic point of view,
irrespective of the dimer net charge, at 298 K, all p-[R-TTF]2

n +

and p-[TTF]2
n + dimers will form (p-[R-TTF]2!CB[8])n + and (p-

[TTF]2!CB[8])n + spontaneously upon addition of CB[8] to the
aqueous solution.

As mentioned above, once the [R-TTF] monomers
are oxidized, p-[R-TTF]2

2 + dimers and [R-TTF]C+

monomers may coexist in aqueous solution. There-
fore, the energetics of the inclusion of a [R-TTF]C+

radical cation into the CB[8] cavity to form ([R-TTF]!
CB[8])C+ , and the subsequent inclusion of a second
monomer, which results in the ultimate formation of
(p-[TTF]2!CB[8])2 + in a two-step monomeric path-
way, must also be investigated.

Figure 8 plots a schematic view of the free-energy
increments, computed at 298 K, for the two-step
monomeric inclusion. To facilitate comparison with
the previously studied one-step dimer insertion path-
way, we also include its free energies in Figure 8 (in
both pathways, free-energy values are given for iso-
lated and aqueous species). The formation of (p-[R-
TTF]2!CB[8])2+ along the two-step monomeric path-
way is exothermic in both steps, for both the isolat-
ed and aqueous species. On the other hand, the for-
mation of p-[R-TTF]2

2 + from its monomers is endo-
thermic for the isolated species, and is stable only by
"1.4 kcal mol"1 in aqueous solution. Thus, in aque-
ous solution, p-[R-TTF]2

2 + dimers and their mono-
mers will be in equilibrium at room temperature,
with the monomers dominating. However, the inclu-
sion of the dimer into the CB[8] cavity is strongly
exothermic, so this will displace the equilibrium
toward dimer formation. Consequently, although the

thermodynamic properties of the two-step monomeric mecha-
nism are more favorable, both pathways for the formation of
(p-[R-TTF]2!CB[8])2+ are thermodynamically allowed. The same

Figure 6. Highest-energy region of the molecular orbital diagram of p-[R-
TTF]2

2 + (top) and p-[TTF]2
2+ (bottom) associated with the interaction of the

SOMOs of the two radical cations.

Figure 7. Front view of the optimum geometry of isolated (p-[R-TTF]2!CB[8])n + (upper
row) and (p-[TTF]2!CB[8])n + (lower row) complexes (n = 0, 1, 2). The corresponding
lateral views are shown in Figures S5 and S6 (see the Supporting Information).
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3.1.1. Keys of the existence of stable dimers of bis-tetrathiafulvalente (bis-TTF)-

functionalized molecular clips presenting [TTF]!+···[TTF]!+ long, multicenter 

bonds at room temperature. 

 

 

 

(a) TTF-functionalized [3]catenane (b) π-[TTF]22+⊂CB[8] 

  

(c) TTF-functionalized molecular clip (d) TTF-functionalized calix[4]arene 

Figure 3.3. The four families of compounds for which functionalized π-[TTF]22+ dimers 
stable at room temperature have been reported. 

Recently, the existence of solution-stable π-[TTF]22+ dimers at room temperature 

has been reported for the following supramolecular complexes (see Figure 3.3): (a) 

[functionalized-TTF2]2+ dimers included in charged [3]catenane interlocked rings17; (b) 

[functionalized-TTF2]2+ dimers included in cucurbit[8]uryl CB[8] macrocycles18; (c) bis-

TTF-based molecular clips19; and (d) doubly substituted calix[4]arenes20. The formation 

of solution-stable dimers at room temperature is not unique for π-[TTF]22+ dimers but 

has also been recently reported for dimers between [TCNQ]!- (7,7,8,8-tetracyano-p-

quinodimethane) radical-anions included in the cavity of a porphyrin-containing 

macrocycle21. The origin of the room-temperature stability of the π-[TTF]22+ dimers 

functionalized in [3]catenanes and cucurbit[8]uryl macrocycles was previously studied 

in our group by means of a complete computational analysis of their dimerization 

ty of the (p-[R-TTF]2!CB[8])2 + complex were determined. It is
worth mentioning that the results of this study also provide
a quantitative understanding of the molecular inclusion of rad-
ical cations, which is part of the wider field of host–guest
supramolecular chemistry.[30] The study here presented, besides
evaluating the impact on the electronic properties of the p-
[TTF]2

2+ dimers upon inclusion, provides the first quantitative
analysis of the energetics and kinetics of the inclusion in
a CB[8] cavity of a single radical cation, the sequential inclusion
of two radical cations, and the inclusion of a dication.[31] It thus
expands the types of host–guest complexes for which reliable
quantitative information is available.[30, 32]

Methodological details

All energy evaluations and geometry optimization were performed
using the M06L density functional[33] and the 6-31G(d) basis set.[34]

The impact of the lateral groups in the dimer was mimicked by
a lateral R=CH2OCH2CH2OH group in all calculations involving the

p-[R-TTF]2
n + dimer, rather than the longer groups used in the ex-

perimental work, (CH2OCH2)5CH2OH.

A recent article compared the accuracy of more than 20 density
functionals (GGA, meta-GGA, hybrid, RSH, and Grimme’s dispersion
corrections) on the description of long, multicenter bonded dimers
(p-[TTF]2

2 + , p-[TCNE]2
2", p-[TCNB]2

2", and p-[TCNP]2
2"), and the

M06L functional was shown to reproduce successfully the RASPT2
reference computations based on large active spaces.[22] Further-
more, M06L has also been shown to provide satisfactory results on
the benchmark of large, supramolecular, nonbonded complexes,
including two inclusion complexes of a CB[n] cavity.[35] The basis
set was chosen on the basis of previous dimerization studies on p-
[TTF]2

2 + dimers, which showed that the addition of diffuse func-
tions had only a minor impact on the geometric and energetic
properties of these dimers.[27] The same conclusion is demonstrat-
ed in Table S1 (Supporting Information) in relation to the addition
of polarization functions on the hydrogen atoms.

Time-dependent DFT (TD-DFT) calculations were performed using
the wB97X-D functional[36] at the optimum M06L geometries in
aqueous solution. The wB97X-D functional was chosen for these

Figure 2. The four families of compounds for which functionalized p-[TTF]2
2+ dimers stable at room temperature have been reported: a) [functionalized-

TTF]2
2 + dimers included in charged [3]catenane interlocked rings;[13] b) bis-TTF-based molecular clips;[14] c) doubly substituted calix[4]arenes;[15] and d) [func-

tionalized-TTF]2
2 + dimers included in cucurbit[8]uril macrocycles.[12]
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2 + dimers included in charged [3]catenane interlocked rings;[13] b) bis-TTF-based molecular clips;[14] c) doubly substituted calix[4]arenes;[15] and d) [func-

tionalized-TTF]2
2 + dimers included in cucurbit[8]uril macrocycles.[12]
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ty of the (p-[R-TTF]2!CB[8])2 + complex were determined. It is
worth mentioning that the results of this study also provide
a quantitative understanding of the molecular inclusion of rad-
ical cations, which is part of the wider field of host–guest
supramolecular chemistry.[30] The study here presented, besides
evaluating the impact on the electronic properties of the p-
[TTF]2

2+ dimers upon inclusion, provides the first quantitative
analysis of the energetics and kinetics of the inclusion in
a CB[8] cavity of a single radical cation, the sequential inclusion
of two radical cations, and the inclusion of a dication.[31] It thus
expands the types of host–guest complexes for which reliable
quantitative information is available.[30, 32]

Methodological details

All energy evaluations and geometry optimization were performed
using the M06L density functional[33] and the 6-31G(d) basis set.[34]

The impact of the lateral groups in the dimer was mimicked by
a lateral R=CH2OCH2CH2OH group in all calculations involving the

p-[R-TTF]2
n + dimer, rather than the longer groups used in the ex-

perimental work, (CH2OCH2)5CH2OH.

A recent article compared the accuracy of more than 20 density
functionals (GGA, meta-GGA, hybrid, RSH, and Grimme’s dispersion
corrections) on the description of long, multicenter bonded dimers
(p-[TTF]2

2 + , p-[TCNE]2
2", p-[TCNB]2

2", and p-[TCNP]2
2"), and the

M06L functional was shown to reproduce successfully the RASPT2
reference computations based on large active spaces.[22] Further-
more, M06L has also been shown to provide satisfactory results on
the benchmark of large, supramolecular, nonbonded complexes,
including two inclusion complexes of a CB[n] cavity.[35] The basis
set was chosen on the basis of previous dimerization studies on p-
[TTF]2

2 + dimers, which showed that the addition of diffuse func-
tions had only a minor impact on the geometric and energetic
properties of these dimers.[27] The same conclusion is demonstrat-
ed in Table S1 (Supporting Information) in relation to the addition
of polarization functions on the hydrogen atoms.

Time-dependent DFT (TD-DFT) calculations were performed using
the wB97X-D functional[36] at the optimum M06L geometries in
aqueous solution. The wB97X-D functional was chosen for these

Figure 2. The four families of compounds for which functionalized p-[TTF]2
2+ dimers stable at room temperature have been reported: a) [functionalized-
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processes in solution22,23. In this thesis, the existence of dimers of π-[TTF]22+ 

functionalized in diphenylglycoluril molecular clips has been investigated in publication 

#1 in order to determine the key factors governing its stability at room temperature in 

acetonitrile solutions. Finally, a proper theoretical rationalization is still pending for the 

latest calix[4]arene derivative, which will be carried out in further studies. 

The bis-[TTF]-functionalized diphenylglycoluril molecular clip, hereafter referred as 

clip1
n+, can be understood as a central rigid core, constituted by two fused five-

membered rings, to which two adjacent long arms and two adjacent short arms are 

attached, the two long arms pointing in the opposite direction relative to the short arms 

(see Figure 3.3.c). The distance between the two almost parallel TTF sidewalls in the 

molecular clip is about 6-7 Å24, therefore, the two TTF groups behave as nearly 

independent units. Each TTF group of the clip1
0 can be easily oxidized up to a 

maximum of 2+ leading to a clip1
4+ unit. Experimental measurements of cyclic 

voltammetry performed for low concentrations of clip1
0 in acetonitrile solvent at room 

temperature showed four non-equivalent anodic steps instead of two two-electron 

oxidation steps, thus suggesting the presence of intermolecular interactions between 

monomeric units. The controlled formation of the oxidized states by voltammetric 

techniques was experimentally followed by mass spectroscopy studies19 that 

corroborated the presence of clip2
n+ dimers for 0 < n ≤ 4. On the other hand, 

temperature-dependent measurements of the UV-vis spectrum of these clip2
n+ dimers 

showed the characteristic low-energy absorption bands of short [TTF]!+···[TTF]!+ long, 

multicenter contacts (see subsection 3.1.2), therefore suggesting an intercalated π-

stacked dimerized structure. 

The studies presented in publication #1 aim at (1) determining the key features that 

govern the self-association of clip2
n+ dimers whose net charge is ≤ 4, (2) characterizing 

the sub-van der Waals [TTF]l+···[TTF]m+ contacts, in particular the presence of long, 

multicenter π-[TTF]22+ bonds in clip2
4+ and (3) finding the reasons for the room-

temperature stability of these clip2
n+ (n ≤ 4) entities. To do so, the optimum geometries 

of all clip1
m+ (m = 0-4) monomers and clip2

n+ (n = 0-4,6,8) dimers using the meta-GGA 

M06-L functional have been first computed and analysed. For each clip2
n+ dimer, the 

stability with respect to dissociation into its clip1
l+ and clip1

m+ (n=l+m) monomers has 

been evaluated, as well as the nature of the total interaction energy that arises from the 

dimerization. These studies have been performed in isolated conditions and on dimers 

dissolved in acetonitrile by means of accounting for the solvent effects using the PCM 

continuous model. 
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Our results show that clip1
0 presents a zwitterionic charge distribution in its ground 

electronic state: the core of the molecule formally hosts a 1- atomic units (au) net 

charge, whereas each long arm has a 0.4+ au charge and each short arm has 0.1+ au. 

As the monomer becomes oxidized, the extra charge is fully localized in the TTF units 

of the system, such that the zwitterionic distribution is enhanced (the dipolar moment 

goes from 1.6 to 55.1 Debyes from clip1
0 to clip1

4+). Moreover, an analysis of the spin 

density distribution of the clip1
2+ dication showed that two equivalent non-interacting 

unpaired electrons are fully localized in the TTF units (see Figure 3.4), therefore, 

indicating that the ground electronic state of clip1
2+ corresponds to a diradical entity that 

contains two functionalized-[TTF]!+ units. 

 

Figure 3.4. Spin distribution of an isolated [TTF]!+ cation (left) and a clip1
2+ dication 

(right) at their ground state. 

Once the minimum energy structures of the clip2
n+ dimers is analysed, it is found 

that the zwitterionic charge distribution of the monomers is preserved in the dimeric 

units, i.e. the extra charge of the oxidized dimers is fully localized in the TTF units. This 

information has been obtained from an analysis of the charge distribution of the ground 

electronic state of each clip2
n+ dimer, as well as from the topology of the lowest energy 

occupied orbitals of the clip2
0 dimer (see Figure 3.5).  

 

HOMO HOMO-1 HOMO-2 HOMO-3 

Figure 3.5. Shape of the highest four occupied molecular orbitals of an isolated clip2
0 

dimer. In acetonitrile solutions their shape is essentially equivalent. 

nearly independent TTF group, would result in an open-shell
singlet or a triplet ground state (keep in mind that the two TTF
groups of the same monomer are too far away to allow the
formation of an intramolecular long, multicenter bond, which
would result in a closed-shell state). Between these two options,
M06L/6-31G(d,p) calculations indicate that the open-shell
singlet is the ground state, while the triplet state is just 0.1 kcal/
mol higher. Thus, clip1

2+ is a diradical with one electron located
in each TTF group (Figure S4, Supporting Information),
consistent with the computed spin distribution (Figure 5). At

room temperature, the singlet and triplet states will be equally
populated and paramagnetic behavior should be observed. The
clip1

2+ charge distribution, Figure 3, is also zwitterionic, with a
net 1! au charge in the CR group, 0.2+ au in each short arm,
and 1.3+ au in each long arm (0.6+ au in its TTF group and
0.7+ au in the attached six-membered ring). Therefore, the long
arms host the 2+ au formal charge from the oxidation, plus
some extra charge that results from the charge shift, due to the
higher stability of the CR orbitals with respect to the long arms
orbitals. This increase in the zwitterionic character is consistent
with the increase in the dipole moment to 20.5 D. It also
explains the increase in the separation between the two
[TTF]•+ groups observed for the open-shell singlet ground
state of clip1

2+ at its optimum geometry (Table 1, Figure 2).
The ground states of clip1

3+ and clip1
4+ are a doublet and a

closed-shell singlet, respectively, consistent with a further
decrease in the electron occupation of the nearly double-
degenerate HOMOs of clip1

0 (Figure S4, Supporting
Information). The electronic structure of the two fragments
are also zwitterionic, with a 1! au charge located on the central
CR group and 1.7+ and 2.1+ au located in the two long arms,
mostly over the TTF groups (Figure 3). As a consequence, the
dipole moment becomes even larger (24.4 D in clip1

3+ and 26.2
D in clip1

4+). The optimum geometry of isolated clip1
3+ and

clip1
4+ monomers at their ground state, Figure 2, is also V-

shaped, the shortest distance between the TTF groups also
being larger (9.1 and 9.5 Å, respectively). Note the correlation
between the increment of net charge on the TTF groups and
the increase in the angle between the two long arms (and, as a
result, the larger distance between the TTF groups).
3.2. Electronic Structure and Optimum Geometry of

Isolated clip2
n+ (n = 0, 1, 2, 3, 4, 6, or 8) Dimers. An

identification of the most stable geometry of the clip2
n+ dimers

requires a preliminary analysis of the isolated clip1
l+···clip1m+

interaction aimed at qualitatively predicting, among all likely
minimum energy structures, the most plausible orientation of
the absolute minimum. Such a task was achieved in three steps.
In the first one, the nature of the clip1

l+···clip1m+ intermolecular
interactions was determined. Such information allowed the

identification, on qualitative grounds, of the most probable
orientation of the absolute minimum as a second step. Then, in
the third step, the most stable structure was optimized and
analyzed for each isolated clip2

n+ dimer.
3.2.1. The Nature of clip1

l+···clip1m+ Intermolecular
Interactions. The nature of any intermolecular interaction
can be determined by finding the dominant energetic
component in an IMPT41 perturbative calculation of the
interaction energy. This method can also be used to obtain
qualitative information about the nature of the interaction
energy, by analyzing the properties of the dominant component
of the interaction energy via the IMPT scheme.42

Assuming, as is commonly found, that the polarization (Epol)
and charge-transfer (Ect) components of the IMPT interaction
energy are 1 order of magnitude smaller than the remaining
ones,42 the IMPT intermolecular interaction energy between
two open shell fragments, A and B, takes the following
expression:13c

≈ + + +E E E E Eint er el disp bond (1)

where each term has the following physical meaning: (1) Eer is
the exchange!repulsion energetic component that is always
energetically repulsive due to the repulsion that electrons feel
when they occupy the same point of the space, in accord with
the Pauli exclusion principle (this term is known to be
proportional to the exponential of the overlap integral between
the A and B wave functions); (2) Eel is the electrostatic
energetic component of the nonpolarized system, which can be
accurately approximated as a sum of classical multipoles (i.e.,
the sum of the charge!charge, charge!dipole, dipole!dipole,
etc. components; when the smaller polarization component,
Epol, is added, one obtains the true electrostatic energy); (3)
Edisp is the dispersion energetic component, a nonclassical term
that arises from the instantaneous dipole!dipole interactions
resulting from the correlated motions of the electrons in A and
B; (4) Ebond is the bonding energetic component, associated
with the pairing, produced in the dimer, of the unpaired
electrons of fragments A and B. Because Eer is always
energetically repulsive, the remaining three terms (Eel, Edisp,
and Ebond) are the only ones to be analyzed when one looks for
stable geometries of an AB complex.
One can now apply these ideas to the analysis of the clip1

l+···
clip1

m+ interactions. Previous evidence indicates that Eel
dominates whenever the interacting fragments are charged or
have a strong dipole moment, as is the case in all clip1

m+ (m =
0!4) monomers.43 The most stable orientation of two dipoles
is found when they are in an antiparallel disposition. The three
orientations shown in Figure 6 fulfill such a criterion and,
consequently, are good initial candidates to locate the most
stable orientation of clip2

n+ dimers. Among them, that in Figure
6c also maximizes Edisp, due to the presence of short-distance
interactions between the lone-pair electrons of the TTF groups,
whatever the dimer net charge. Finally, Ebond can only be
present whenever the two interacting monomers have unpaired
electrons and their SOMOs present non-negligible overlap. As
discussed above, clip1

+, clip1
2+, and clip1

3+ have unpaired
electrons, mostly located on the TTF groups (0.5, 1.0, and 1.5
electrons on each TTF, respectively). Furthermore, charged
clip2

n+ dimers oriented as in Figure 6c allow the formation of
three short-distance intermolecular TTF···TTF contacts that
interconnect the four TTF groups. When the two TTF groups
of these short-distance TTF···TTF contacts host one unpaired
electron, as in clip1

2+, these become long, multicenter bonds, a

Figure 5. Spin distribution of isolated [TTF]•+ cation (left) and clip1
2+

dication (right) at their ground state.
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acetonitrile (Table S6, Supporting Information) is remarkably
larger than that in isolated dimers (Table S5, Supporting
Information), and (b) the atomic charge becomes negligible in
the two short arms. Those changes are associated with the
different relative stability of the long and short arm orbitals in
solution (Figure 9).
The formation energy of the dimers in acetonitrile solutions

is collected in Table 2, together with their associated ΔG(298
K) values. The solvent destabilizes the formation of clip2

0 and
clip2

+ dimers by 5 and 9 kcal/mol, respectively, but strongly
stabilizes the formation of clip2

2+, clip2
3+, and clip2

4+ (by 30, 63,
and 140 kcal/mol, respectively). Therefore, according to the
formation energies in acetonitrile, all clip2

n+ n ! 6 dimers are
stable against their dissociation into monomers, and only the
formation of the n = 8 dimer is slightly disfavored. Similar
trends are found when looking at the values of ΔG(298 K) in
acetonitrile, the property that better describes the behavior of
the clip2

n+ dimers under the experimental conditions. In perfect
agreement with the reported experimental data, clip2

0, clip2
+,

clip2
2+, clip2

3+, and clip2
4+ are found to be more stable than their

dissociated monomers, while clip2
6+ and clip2

8+ are metastable.
Such metastable character of clip2

6+ and clip2
8+ in acetonitrile

was further evaluated by estimating whether the barrier for their
dissociation into their constituting monomers is higher than the
average thermal energy at 298 K (estimated as TΔS).47 As seen
in Figure S7, Supporting Information, at 298 K such barrier is

smaller than the average thermal energy, thus allowing the
dissociation of the dimer, in good agreement with the
experimental data on the stability of clip2

n+ dimers. In other
words, solvent effects are essential for a proper reproducibility
of the reported experimental stability of clip2

n+ dimers.
The diagram in Figure 9 (right) also allows a proper

rationalization of the available experimental UV"vis data on
clip2

n+ dimers in acetonitrile solutions. In clip2
+ and clip2

2+,
Chiang et al.25 obtained a low-energy band (#1650 nm). A
higher energy band (#800 nm) was also obtained in clip2

3+. In
contraposition, clip2

4+ only exhibits the higher energy band.
Such behavior can be explained by considering the lowest two
electronic energy transitions in these systems, which can be
rationalized in terms of the MO diagram (identified in this
analysis as HOMO, HOMO-1, HOMO-2, and HOMO-3),
Figure 9. The lowest energy transition in clip2

+ and clip2
2+,

which should be associated with the experimental #1650 nm
band, is the HOMO-1 ! HOMO. In clip2

3+ The HOMO-1 !
HOMO transition is still the lowest one in energy, but a new
transition, HOMO-2 ! HOMO-1, is also possible, presumably
responsible of the #800 nm experimental band. In clip2

4+ the
HOMO-1 ! HOMO cannot take place because the HOMO-1
orbital is empty. Consequently, the HOMO-2 ! HOMO-1
transition becomes the lowest one in energy (and should be
associated with the #800 nm experimental band).

Figure 9. (top) Variation of orbital energy when clip2
0 is oxidized to clip2

n+ (n = 1"4), both isolated (left) and in acetonitrile (right). All results
come from M06L/6-31G(d,p) calculations. In each dimer, its zero energy is the energy of the highest occupied orbital localized in L3/L4 groups.
(bottom) Shape of the highest four occupied orbitals of an isolated clip2

0 dimer (in acetonitrile solutions their shape is essentially the same).
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According to the free formation energies obtained at room temperature in 

acetonitrile, ΔG(298 K), the clip2
n+ units with n ≤ 4 are stable against dissociation, while 

clip2
6+ and clip2

8+ are metastable, in agreement with the experimental evidence. This 

extra stability of the clip2
0-4+ dimers with respect to its [TTF]20-2+ constituents has been 

analysed by means of a decomposition of the interaction considering the following 

components: (1) the [TTF]l+···[TTF]m+ interactions, (2) the bridge-[TTF]m+ interactions 

and (3) the bridge-bridge interactions, being the bridge of the clip the rest of the non-

TTF unit. Although the face to face [TTF]l+···[TTF]m+ interactions resulted equivalent to 

that obtained in isolated [TTF]20-2+ dimers, the bridge-[TTF]m+ interactions are found to 

be highly stabilizing contributions to the total interaction energy in all clip2
0-4+ dimers 

(from about -16 to -100 kcal·mol-1 each bridge-[TTF]m+ interaction from clip2
0 to clip2

4+). 

The attractive nature of this interaction arises from the intrinsic zwitterionic distribution 

of the charge in this system and from the proper self-assembled geometrical 

arrangement of the dimers. These two factors are of key importance to understand the 

stability of the clip2
n+ (n ≤ 4) dimers at room temperature (see Figure 3.6). Finally, the 

[TTF]!+···[TTF]!+ interactions in clip2
4+ have been characterized by the density of the 

bond critical points between each contact obtained from an AIM analysis25. The results 

confirm that the two lateral contacts correspond to π-[TTF]22+ dimers while the inside 

contact corresponds to a van der Waals interaction. 

 

Figure 3.6. Schematic representation of the two long, multicenter bonding interactions 
(orange dashed lines) and of the zwitterionic charge distribution of clip2

4+ dimer. 

 

3.1.2. Electronic excitation energies in dimers between radical ions presenting 

long, multicenter bonding 

As previously mentioned, the dimerization process between two radical-ions is 

characterized by a bonding term that arises from the efficient overlap between the two 

SOMO densities. As a result of the bonding and antibonding combination, the HOMO 

and the LUMO orbitals become doubly occupied and empty, respectively (Figure 3.2). 

The new HOMO → LUMO electronic excitation is characteristic of the dimer and does 

not appear in the absorption spectrum of the monomer unit. Thus, it is a common 
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ABSTRACT: A systematic theoretical and computational
investigation is performed to determine the keys governing
the existence, in acetonitrile solutions, of dimers of bis-
tetrathiafulvalene (bis-TTF)-functionalized diphenylglycoluril
molecular clips (clip2

n+) that are stable at room temperature
for n ! 4. Although the experimental structure of these dimers
in solution is unknown, electronic absorption studies suggest
that they have [TTF]l+···[TTF]m+ interactions that are
preserved at room temperature (note that when l = m = 1 these interactions become long, multicenter bonds). In good
agreement with the interpretation of the experimental spectroscopic data, all clip2

n+ dimers whose charge is !4 present an
optimum geometry that, in all cases, has three short interfragment [TTF]l+···[TTF]m+ interactions. The computed ΔG(298 K)
for these optimum structures matches the available experimental data on the stability of these dimers. Such optimum geometry,
combined with the zwitterionic character of the electron distribution in monomers and dimers (most of the net positive charge is
equally distributed among the TTF groups, while a 1" au charge is located in the central fused five-membered rings) allows the
formation of a maximum of two long, multicenter [TTF]•+···[TTF]•+ bonds when all TTF groups host a 1+ au of charge, as in
clip2

4+. However, these long, multicenter bonds alone do not account for the stability of clip2
n+ dimers at room temperature.

Instead, the studies carried out here trace the origin of their stability to (1) the zwitterionic character of their charge distribution,
(2) the proper geometrical shape of the interacting monomers, which allows the intercalation of their arms, thus making possible
the simultaneous formation of two short contacts, both involving the positively charged TTF group of one monomer and the
negatively charged central ring of the other, (3) the simultaneous presence of three short contacts among the TTF groups in the
optimum geometry of the clip2

n+ dimers, which become two long, multicenter bonds and one van der Waals interaction when the
four TTF groups host a 1+ charge, and (4) the net stabilizing effect of the solvent.

1. INTRODUCTION
The electron donating capabilities of tetrathiafulvalene (TTF)
make its mono- and dioxidized forms (i.e., [TTF]•+ and
[TTF]2+) useful building blocks in solids having conducting,1

superconducting,2 magnetic,3 or other physical properties.4

These oxidized forms are also found in supramolecular host"
guest systems that act as sensors5 or in organic electronics
devices, such as organic field-effect transistors (OFETs).6

However, in some cases the oxidized [TTF]•+ can form
diamagnetic dimers that are unusable for the aforementioned
physical properties. Consequently, a proper understanding of
the dimerization processes is desirable in order to control the
final physical properties of TTF-based materials.
The nature of the intermolecular interactions between radical

ions has been a subject of great interest particularly since the
discovery of multicenter, long bonds in their crystals7,8 and
solutions.7b,9,10 In the solid state, this type of bond was first
reported and characterized in salts of reduced tetracyano-
ethylene (TCNE),7 where !-[TCNE]2

2" diamagnetic dimers

showing interfragment distances substantially shorter than the
sum of the van der Waals radii but larger than conventional
covalent C"C bonds have been detected (the shortest
interfragment distance in !-[TCNE]2

2" dimers is #2.9 Å).7

Subsequently, an increasing number of organic radicals have
been reported to have similar dimers with sub-van der Waals
intradimer separations. These include, for instance, cyanil11 and
7,7,8,8-tetracyano-p-quinodimethane (TCNQ),12 neutral radi-
cals, such as phenalenyl and its derivatives,13 and radical
cations, such as tetrathiafulvalene (TTF).14,15 Additionally,
long, multicenter bonding has been reported in zwitterionic !-
[TTF"+···TCNE""].16 Kochi and co-workers performed an
exhaustive study of the stability of various long bonded dimers
in several solvents, among them the !-[TTF]2

2+ dimer.17 The
enthalpy and entropy of dimerization of !-[TTF]2

2+ in several
solvents was estimated: in dichloromethane, these two
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experimental probe of the presence of long, multicenter bonded dimers. For instance, 

the UV-vis spectrum of the bis-[TTF]-functionalized molecular clips, as well as of the 

[TTF]-functionalized calix[4]arene derivatives, was used for experimentally monitoring 

the presence of [TTF]!+···[TTF]!+ contacts19,20. For this reason, a proper computational 

characterization of the UV-vis spectra of these dimers is of high importance to predict 

and probe the formation of such dimers.  

 (a) π-[TCNE]22- (b) π-[TTF]22+  

 

Figure 3.7. Molecular orbital diagram of the frontier region of the (a) π-[TCNE]22- and 
(b) π-[TTF]22+ dimer. The characteristic vertical electronic transitions are also depicted. 

The work presented in publication #2 aims at providing an assessment of the 

performance of CASPT2 method and several density functionals by means of TD-DFT 

calculations for obtaining electronic excitations energies in dimers between radical-ions 

presenting long, multicenter bonding. These calculations have been done considering 

two perspectives: the static and the dynamic perspective. For the former, TD-DFT and 

CASPT2 calculations have been performed on previously optimized geometries of the 

π-[TCNE]22- and π-[TTF]22+ dimers. For the latter, the electronic spectrum has been 

simulated for 100 representative π-[TCNE]22- structures extracted from a molecular 

dynamic simulation that explicitly reproduces the solution environment on 
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dichloromethane. The comparison between these two approaches allows evaluating 

the effects of the thermal vibrations on the position and shape of the bands of the 

computed UV-vis spectrum. Previous work demonstrated that considering the thermal 

motion of a system can provide important insights on the study of its physical 

properties.26 

The experimental UV-vis spectrum of the π-[TCNE]22- dimer presents two absorption 

bands at 525 and 370 nm in dichloromethane16, which correspond to the electronic 

excitations depicted in Figure 3.7a. On the other hand, the spectrum of the π-[TTF]22+ 

dimer exhibits three bands at 730, 520 and 395 nm in acetone15 that arise from the 

electronic excitations shown in Figure 3.7b. In order to compute these electronic 

excitation energies by means of CASPT2 calculations, the performance of different 

active spaces has been evaluated starting from the minimal active space, CAS(2,2), 

including only the HOMO and LUMO orbitals, until largely extended active spaces, 

using the RAS formalism, considering all π-type orbitals of the systems. The results 

obtained indicate that the CAS(6,4) and a CAS(6,6) spaces of configurations, which are 

depicted in Figure 3.7, provide sufficient accuracy for the evaluation of the electronic 

spectrum of the π-[TCNE]22- and π-[TTF]22+ dimers, respectively (Figure 3.8). 

 

Figure 3.8. Mean absolute error (MAE) of the excitation energies (nm) obtained with 
TD-DFT and CASPT2 methods. All values are compared to the experimental energies. 

The TD-DFT electronic excitation energies have been then evaluated using 10 

different density functionals. The PBE, B97-D3(BJ), M06-L, B3LYP, PBE0, M06-2X, 

M06-HF, wB97X, LC-wPBE and LC-BLYP functionals have been benchmarked to the 

experimental bands shown in the UV-vis spectra of the π-[TCNE]22- and π-[TTF]22+ 

dimers. Our results show that the characteristic transitions of these systems are well 

usually do not provide a correct description of dispersion,
associated with medium- and long-range correlation. A popular
approach to account for dispersion is the Grimme correction,
which adds an empirical term to the total EKS‑DFT energy.
Vertical electronic excitation energies obtained using PBE and
PBE-D3(BJ) led to the same exact result. This is not surprising
as Grimme’s dispersion schemes only depend on atom-pairwise
fitted coefficients and not on the converged electron
density,49,80,81 and thus there is no variation from the ground
state to the excited states. Alternatively, vertical electronic
transitions obtained with density functionals that majorly do
not account for dispersion (for instance PBE) were also
compared to those that successfully do. The Minnesota set of
functionals (e.g., M06-L, M06-2X, and M06-HF),50,53 are
parameterized to account for medium-range correlation and
hence perform satisfactorily on dispersion interactions.82

Despite providing PBE and M06-L similar excitation energies,
the small differences by no means can be directly assigned to
dispersion. Additionally, M06-2X and M06-HF are also
parameterized to account for dispersion, and their performance
is notably worse than low HF exchange functionals, including
M06-L. Therefore, the amount of exact exchange seems to be a
more critical factor than dispersion for the description of
vertical excitation energies.
It is worth finally noting that TD-DFT oscillator strengths

are in better agreement with the experimental relative
intensities than those previously found at the CASPT2 level.
Both methods predict the correct intensities for the !-[TTF]2

2+

dimer, but whereas CASPT2 predicts for !-[TCNE]2
2! the

second excitation to be twice as intense as the lowest excitation,
TD-DFT anticipates the latter to be 30% higher than the
former excitation. This is in close accordance with the "35%
relative intensity observed in the experiments.

B. Dynamic Perspective. Thermal fluctuations have been
increasingly acknowledged to be a key ingredient when
comparing computed spectra with experimental data.37!46 In
the following, these fluctuations have been investigated by
performing a 45 ps CPMD simulation of the !-[TCNE]2

2!

dimer in a CH2Cl2 simulation box at 175 K and evaluating its
excitation energies on 100 configurations extracted from the
simulation (further details are given in Methodology). Based on
the previous results, at each extracted configuration the CH2Cl2
molecules are removed for the vertical electronic transitions
calculation, and the solution environment was modeled using
the PCM method.
The simulation explores C···C distances in the 2.6!3.2 Å

range between the [TCNE]•! units and leads to an average
long-bond distance of 2.9 Å, in perfect agreement with the
experimental value reported for several molecular crystals
containing !-[TCNE]2

2! dimers.83,84 Moreover, the average
angle and dihedral angle between the four central carbon atoms
directly involved in the bond (as defined in SI Figure S4)
results in 90° and almost 0°, respectively, with thermal
distributions that span about 10° above and below these
mean values. Hence, the !-[TCNE]2

2! dimer do not dissociate,
as experimentally observed at this temperature.14 From this
entire trajectory, 100 configurations evenly distributed over the
running time were taken for a subsequent evaluation of the
excitation energies and oscillator strengths with CASPT2 and
TD-DFT methods. These results will provide a dynamic
perspective of the absorption spectrum of !-[TCNE]2

2! in
solution. The evolution of the structural parameters along the
45 ps simulation and that for the 100 extracted configurations is
shown in SI Figure S4, evidencing that the distribution of the
configurations considered is well balanced for the three
variables. In addition, the mean values obtained in both cases
validate the suitability of the sample to quantitatively represent
the whole trajectory (SI Table S4). The CAS(6,4) active space
was used for the CASPT2 calculations with the TZP
contraction of the ANO-L basis set, and the B97-D3(BJ)/6-
311+G(d) was used for the TD-DFT analysis, according to the
previous section results. Thermal fluctuations may permute the
order of two or more excited states. Thus, to ensure that the
two characteristic absorption bands were taken into account on
each configuration, 5 and 10 singlet electronic states were
evaluated for the CASPT2 and TD-DFT calculations,
respectively (all other electronic transitions but the two of
interest present negligible oscillator strength).

Figure 3. Excitation energies obtained at the TD-DFT level as a
function of the HF exchange portion, for the !-[TCNE]2

2! and !-
[TTF]2

2+ dimers. The 6-311+G(d) basis set was used, and all
calculations were performed in the PCM solution.

Figure 4. Mean absolute error (MAE) associated with excitation
energies (nm) for the TD-DFT and CASPT2 calculations of Table 4
and Table 2, respectively. Values compared to the experimental
energies.
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described when using pure GGA, pure meta-GGA and hybrid GGA functionals with a 

low amount of HF exchange (<25%). On the contrary, those functionals with a high 

portion of HF exchange lead to results with MAEs that can reach values of 100 nm in 

the case of the π-[TTF]22+ dimer (see Figure 3.8). 

(a) (b) 

  

Figure 3.9. (a) Absorption spectrum of π-[TCNE]22- in dichloromethane obtained with 
TD-DFT using the B97-D3(BJ) functional. (b) H"L (blue) and H-1"L (red) energies as 
a function of the intermonomer distance between [TCNE]!+ units obtained with TD-DFT. 

The thermal motion of the π-[TCNE]22- in dichloromethane has been investigated by 

analysing its conformational sampling during 45 ps of a molecular dynamics simulation. 

Then, TD-DFT and CASPT2 calculations of the characteristic absorption bands have 

been performed on 100 representative structures. The absorption spectrum of π-

[TCNE]22- in CH2Cl2 computed with TD-DFT is depicted in Figure 3.9a. Interestingly, 

negligible shifts of the mean values of the two transition energies are found when 

comparing them with the static results. However, the thermal dispersion on the H→L 

transition is notably higher than on the H-1→L transition. This different dynamic effect 

has been then investigated by analysing the main structure-energies correlations. Our 

results show that there is a notably linear dependence of the H→L transition energy 

with the intermonomer distance (Figure 3.9b), whereas any structural fluctuation 

significantly correlates with the energy of the H-1→L excitation. These results can be 

rationalized on the basis of the π-bonding and π-antibonding nature of the orbitals 

involved in the transitions. Given that π-bonding orbitals are stabilized at shorter 

distances and π-antibonding orbitals follow the opposite trend, any transition between 

two different-nature orbitals will linearly oscillate within the intermonomer stretching 

normal mode. On the contrary, the transitions between two same-nature orbitals, as for 

instance the EE2 depicted in Figure 3.7, will remain unaffected by this movement. 

The absorption spectrum of !-[TCNE]2
2! in dichloro-

methane obtained using both methods is shown in Figure 5.
Thermal fluctuations trigger a negligible shift of the mean
values obtained at the CASPT2 level (512 and 363 nm)
compared to the previous section static results (516 and 369
nm). On the other hand, a deviation of 40 nm to lower energies
is obtained for the H ! L transition at the TD-DFT level,
leading to an average value of 596 nm (556 nm using the static
approach). This results in a larger relative error for the dynamic
approach (12%) than the static approach (5%) when compared
to the experimental band, 525 nm. Interestingly, thermal
dispersion is notably higher on the H ! L transition than on
the H-1 ! L, for both methods, thus manifesting a greater
impact of the dynamic effects due to thermal motion on the
lowest energy excitation than on the second lowest transition.
No significant thermal effects are observed on the relative
intensities between the two absorption bands.
The different thermal dispersion presented by the two lowest

electronic transitions was investigated by analyzing the
dependence of the vertical excitation energies with the
geometrical intermonomer parameters (namely, the distance,
angle, and dihedral angle) between the [TCNE]•! units, at
each conformation extracted from the simulation. Figure 6
shows the variation of the excitation energies with the C···C
intermonomer distance, while SI Figure S5 shows their

variation with the angle and dihedral angle. The H-1 ! L
transition is not affected by any structural arrangement caused
by the thermal motion. However, the H ! L exhibits a rather
strong dependence with the intermonomer distance (no
correlation is manifested with the angle and dihedral angle).
In this monodimensional scenario, the linear trend observed for
the first vertical excitation energy explains the resulting "150
nm bandwidth. Other geometrical distortions should be
evaluated in order to account for all of the oscillations of the
excitation energy due to thermal effects, but this is not feasible
from a practical point of view.
These larger thermal effects for the H ! L transition

compared to the negligible effects for the H-1 ! L can be
rationalized by taking into account the nature of the orbitals
involved in each transition. The H ! L excitation involves a !-
bonding and a !-antibonding molecular orbitals, while the H-1
! L transition occurs between two !-antibonding orbitals
(Figure 2a). Bonding orbitals are stabilized at shorter
intermonomer distances due to higher SOMO!SOMO
overlap, whereas antibonding orbitals follow the opposite
trend. Hence, any transition between two !-orbitals of different
nature will be affected by the intermonomer stretching normal
mode and, on the other hand, transitions between two orbitals
of the same nature will essentially remain unaffected. To
validate this hypothesis, Figure 7 shows the DFT orbital

Figure 5. Absorption spectrum of !-[TCNE]2
2! in dichloromethane obtained at (a) CAS(6,4)PT2 and (b) TD-DFT levels. The TZP contraction of

the ANO-L basis set was used for CASPT2, and B97-D3(BJ) functional with 6-311+G(d) basis set was used for TD-DFT calculations. The PCM
solvation model was used for both methods.

Figure 6. H ! L (blue) and H-1 ! L (red) excitation energies of the !-[TCNE]2
2! as a function of the intermonomer C···C distance between the

[TCNE]•! units, obtained at the (a) CASPT2 and (b) TD-DFT levels on the 100 configurations taken from the AIMD simulation. The TZP
contraction of the ANO-L basis set was used for CASPT2, and B97-D3(BJ) functional with 6-311+G(d) basis set was used for TD-DFT calculations.
The PCM solvation model was used for both methods.
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The absorption spectrum of !-[TCNE]2
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No significant thermal effects are observed on the relative
intensities between the two absorption bands.
The different thermal dispersion presented by the two lowest

electronic transitions was investigated by analyzing the
dependence of the vertical excitation energies with the
geometrical intermonomer parameters (namely, the distance,
angle, and dihedral angle) between the [TCNE]•! units, at
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shows the variation of the excitation energies with the C···C
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by the thermal motion. However, the H ! L exhibits a rather
strong dependence with the intermonomer distance (no
correlation is manifested with the angle and dihedral angle).
In this monodimensional scenario, the linear trend observed for
the first vertical excitation energy explains the resulting "150
nm bandwidth. Other geometrical distortions should be
evaluated in order to account for all of the oscillations of the
excitation energy due to thermal effects, but this is not feasible
from a practical point of view.
These larger thermal effects for the H ! L transition

compared to the negligible effects for the H-1 ! L can be
rationalized by taking into account the nature of the orbitals
involved in each transition. The H ! L excitation involves a !-
bonding and a !-antibonding molecular orbitals, while the H-1
! L transition occurs between two !-antibonding orbitals
(Figure 2a). Bonding orbitals are stabilized at shorter
intermonomer distances due to higher SOMO!SOMO
overlap, whereas antibonding orbitals follow the opposite
trend. Hence, any transition between two !-orbitals of different
nature will be affected by the intermonomer stretching normal
mode and, on the other hand, transitions between two orbitals
of the same nature will essentially remain unaffected. To
validate this hypothesis, Figure 7 shows the DFT orbital

Figure 5. Absorption spectrum of !-[TCNE]2
2! in dichloromethane obtained at (a) CAS(6,4)PT2 and (b) TD-DFT levels. The TZP contraction of

the ANO-L basis set was used for CASPT2, and B97-D3(BJ) functional with 6-311+G(d) basis set was used for TD-DFT calculations. The PCM
solvation model was used for both methods.

Figure 6. H ! L (blue) and H-1 ! L (red) excitation energies of the !-[TCNE]2
2! as a function of the intermonomer C···C distance between the

[TCNE]•! units, obtained at the (a) CASPT2 and (b) TD-DFT levels on the 100 configurations taken from the AIMD simulation. The TZP
contraction of the ANO-L basis set was used for CASPT2, and B97-D3(BJ) functional with 6-311+G(d) basis set was used for TD-DFT calculations.
The PCM solvation model was used for both methods.
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3.2. Results 

Publication #1:  

 

Keys for the Existence of Stable Dimers of Bis-tetrathiafulvalene (bis-TTF)-

Functionalized Molecular Clips Presenting [TTF]·+···[TTF]·+ Long, Multicenter 

Bonds at Room Temperature 
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Publication #2: 

 

Electronic Excitation Energies in Dimers between Radical Ions Presenting 

Long, Multicenter Bond 
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3.3. Summary 

The features governing the stability at room temperature of dimers of bis-

tetrathiafulvalene (bis-TTF)-functionalized diphenylglycolyril molecular clips (clip2
n+) in 

acetonitrile solutions presenting [TTF]+l···[TTF]+m interactions (n=l+m) have been 

studied in publication #1 of this chapter. The voltammetric and spectroscopic 

experimental data reported for this system suggests that clip2
n+ dimers with n ≤ 4 are 

stable up to room temperature. In agreement with these results, the computed ΔG(298 

K) values at the M06-L level of theory match the observed stability of these dimers. A 

deep analysis of the charge distribution of the dimers and a systematic investigation of 

the interaction energy between the different constituent fragments of the system 

allowed us to determine the main factors that originate the extraordinary stability of 

these systems in acetonitrile solutions at room temperature, which follow: (1) the 

zwitterionic charge distribution of the system in its ground electronic state leads to 

highly favouring bridge-[TTF]m+ interactions that balance the repulsive [TTF]l+···[TTF]m+ 

interactions, (2) the proper geometrical self-assembled arrangement of the interacting 

monomers allows the simultaneous formation of short [TTF]l+···[TTF]m+ contacts as well 

as two bridge-[TTF]m+ interactions, (3) the presence of long, multicenter bonding 

whenever a short  [TTF]!+···[TTF]!+ contact is possible, and (4) the net stabilizing effect 

of the solvent. The density of the critical points obtained between the two lateral 

[TTF]!+···[TTF]!+ contacts displayed by the clip2
4+ dimer matches with the ones found in 

isolated π-[TTF]22+ dimers, thus explaining their spectroscopic similarities. 

The performance of CASPT2, RASPT2 and TD-DFT methods for obtaining the 

characteristic UV-vis spectrum of the π-[TCNE]22- and π-[TTF]22+ long, multicenter 

bonded dimers has been addressed in publication #2 of this chapter. The CAS(6,4) and 

CAS(6,6) configurational spaces have been chosen to properly compute the low-

energy absorption spectrum of the π-[TCNE]22- and π-[TTF]22+ dimers, respectively, 

using the CASPT2 method. On the other hand, the pure GGA, pure meta-GGA and 

hybrid functionals containing a low amount of HF exchange (<25%) properly reproduce 

the experimental excitations energies within the TD-DFT formalism. However, those 

hybrid functionals with high percentage of HF exchange (and thus RSH functionals) 

conduct to large errors on the excitation energies in both dimers. Finally, the evaluation 

of the thermal effects on the UV-vis spectrum has been done by computing the 

excitation energies at the different conformations of the π-[TCNE]22- dimer obtained in a 

molecular dynamic simulation in periodic boundary conditions that explicitly includes 

the solvent. The analysis provided permits the rationalization of the position and shape 

of the characteristic peaks of the π-[TCNE]22- absorption spectrum: (1) the average 
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excitation energies match with the static results due to the linear dependence (first 

transition) and non-dependence (second transition) of the excitation energies with the 

thermal motion explored at the given temperature, and (2) the different shape of the 

two transitions is explained on the basis of the π-bonding and π-antibonding character 

of the orbitals involved in the each electronic excitation. 

Overall, in this chapter, a complete analysis of the stability at room temperature of a 

functionalized aggregate that presents long, multicenter bonding contacts between 

radical ions, and a theoretical study of the characterization by quantum chemistry 

methods of the electronic spectrum of these dimers in solution have been performed. 

The work presented here aims at the rationalization of the experimental evidences 

found for these dimers by the proper computational modelling considering solvent and 

temperature effects. In both studies, the inclusion of the solvent environment is crucial 

for the adequate description of the physical properties of interest, namely, the thermal 

stability and the absorption energies. Similarly, considering temperature is mandatory 

when dealing with thermal dependent properties in order to compare and reach 

quantitative agreement with experimental measurements. Therefore, in publication #1 

the stability of the different oxidised dimers must be analysed in terms of their free 

formation energies at the experimental temperature at which are detected, and in 

publication #2, considering the explicit thermal movement of the system at the target 

temperature is required to obtain extra information about the shape of the absorption 

UV-vis spectrum. These two factors, the environmental conditions and the effects of 

temperature, are essential when dealing with the description, reproducibility and 

prediction of the physical properties of these systems by means of simulations. 
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The potential of odd-alternant hydrocarbons, such as the phenalenyl neutral radical 

[PLY]!, to serve as a building block for organic metals and superconductors was 

originally recognized by Haddon in 19751,2. In many highly conducting charge-transfer 

salts, for instance [TTF]!+-[TCNQ]!−, the radical ions stack to form one-dimensional (1D) 

face-to-face (segregated) structures3,4. Usually, the π-π interaction along the stacking 

direction provides an efficient orbital overlap and, as a result, an effective conducting 

pathway in these solids5,6. Similarly, the presence of unpaired electrons on adjacent 

[PLY]! sites would allow the formation of partly filled conduction bands constituted by 

the highest (singly) occupied molecular orbitals (SOMO), analogous to those of the 

[TTF]!+ and [TCNQ]!− radical ions (see Figure 4.1). However, one-dimensional stacks of 

planar radicals usually lead to electronic instabilities that result in insulating ground 

states, which are ultimately ascribed to the formation of discrete radical-pairs along the 

columns7. To overcome these difficulties, Haddon and co-workers reported a new 

family of phenanyl-derivatives, namely the spiro-biphenalenyl (SBP) boron radicals8 

(Figure 4.2a), that show remarkable physical properties for their possible application in 
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Figure 4.1. Topology of the conduction, or highest singly occupied, molecular orbitals 
(SOMO) of (a) TTF!+ radical cation, (b) TCNQ!− radical anion, (c) PLY! neutral radical.2 
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through a tetracoordinate boron atom that originates a spiro-conjugation8. 

Electrochemistry and ESR studies showed that these compounds feature a large 

charge separation that formally leads to a 1- negatively-charged spiro-linkage and a 1+ 

positive charge, together with an unpaired electron, symmetrically delocalized over the 

rest of the molecule. Different physical properties and crystal packing motifs have been 
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(Figure 4.2a). The first characterization of a SBP was performed for the hexyl-

substituted compound (1), which organizes as isolated radicals in the crystal with weak 

antiferromagnetic couplings between them11. Afterwards, two SBP-based derivatives 

displaying a spin transition between a paramagnetic high temperature (HT) phase and 
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It  should be noted, however, that, as an odd-alternant hydrocarbon, most of the 
arguments in favour of ply follow (rigorously), from very simple theoretical methods 
(the HMO and PMO theoriesg310), and this more qualitative approach has been developed 
in a preliminary communication on this subject.ll 

Results 
The unique properties of odd-alternant hydrocarbons were first recognized in the 

important papers of Coulson, Longuet-Higgins and Dewar.9,10J2 These authors 
used the HMO theory (o,n separation) in their treatment, but many of the conclusions 
are symmetry determined and hold at any theoretical level (including the method used 
here). Excellent discussions are available in various textsg'10 on the subject, and we 
shall only touch on those properties which are relevant to the present work. 

Fig. 2. The (non-bonding) redox 
molecular orbital of ply (A';). 

The open (shaded) circle signifies that the 
positive (negative) lobe of the 2pn atomic orbital 

is above the molecular plane, whereas 
represents a node in the wave function. 

It is this orbital (the conduction molecular orbital) 
which will form the basis for the conduction band 

in a one-dimensional face-to-face 
charge-transfer crystal. 

The most important considerations for our purposes stem from the nature of the 
'redox' orbital of odd-alternant hydrocarbons which is a non-degenerate symmetry 
determined non-bonding molecular orbital (NBMO), and is shown for the ply system 
in Fig. 2. At the HMO level this orbital determines the charge densities, and from its 
non-bonding character indicates that the bond order (and by inference bond length) 
will be invariant to changes in oxidation state (between cation, neutral radical and 
anion). Furthermore, unlike most n-electron hydrocarbons (such as the charged 

Streitwieser, A., 'Molecular Orbital Theory for Organic Chemists' (John Wiley: New York 1961). 
lo Dewar, M. J. S., 'The Molecular Orbital Theory of Organic Chemistry' (McGraw-Hill: New 
York 1969). 
l1 Haddon, R. C., Nature, 1975, 256, 394. 
l 2  Coulson, C. A,, and Longuet-Higgins, H. C., Proc. Roy Soc., London, Sect. A, 1947, 191, 39; 
1947, 192, 16; 1948, 193, 447, 456; 1948, 195, 188; Longuet-Higgins, H. C., J. Chem. Phys., 
1950, 18, 265, 275, 283; Dewar, M. J. S., J. Amer. Chem. Soc., 1952, 74, 3341, 3345, 3350, 3353, 
3357; Dewar, M. J. S., and Longuet-Higgins, H. C., Proc. Roy. Soc., London, Sect. A, 1952,214,482. 
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ethyl (2) and butyl (3) substituents were used and discrete π-dimers were observed in 

the X-Ray diffraction data (Figure 4.2b). The aforementioned magnetic transition is 

simultaneously accompanied by a change in the electrical and optical response such 

that three different physical channels of the material can be exploited with switchable 

purposes at the same time. This type of multifunctionality provides the possibility of 

processing information in new-generation data storage and electronic devices, where 

multiple physical channels are used for writing, reading and transferring information14. 

(a) SBP monomer  (b)  SBP π-dimers 

  

Figure 4.2. (a) N- and O-functionalized SBPs: 1 R=hexyl, 2 R=ethyl, 3 R=butyl, 4 
R=propyl, 5 R=pentyl, 6 R=heptyl, 7 R=benzyl, 8 R=cyclohexyl, 9 R=cycloheptyl, 10 
R=cyclooctyl; (b) X-Ray structure of ethyl radical 2 showing the π-dimeric structure13. 

Further studies showed that propyl-substituted (4) crystals display the same packing 

arrangement observed for the ethyl and butyl-SBP compounds, i.e. organized as 

isolated π-dimers. However, magnetic susceptibility measurements indicate that 4 is 

paramagnetic within the whole temperature range and does not present a diamagnetic 

regime15. Moreover, face-to-face π-π interactions were observed for radicals with 

pentyl (5)16 and heptyl (6)17 substituents but, similarly, their susceptibility curves 

suggest that those systems behave as free radicals with one spin per molecule. This 

different magnetic data was interpreted according to the π-overlap between 

superimposed PLY rings, which is less efficient for 4-6 than for compounds 2 and 3, 

and thus, prevents a strong antiferromagnetic interaction. On the other hand, two 

different one-dimensional solid-state structures were reported for benzyl (7) and 

cyclohexyl (8) SBP derivatives. For compound 7, the SBPs are packed one on top of 

each other and the PLY units remain parallel π-stepped in one-dimensional chains with 

interplanar distances above 3.5 Å18, too large for an efficient overlap that results in an 

effective metallic state. On the contrary, compound 8 organizes as a π-chain pattern by 

means of a consecutive π-stacking of face-to-face PLYs with interplanar separations of 
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Magneto-Opto-Electronic
Bistability in a Phenalenyl-

Based Neutral Radical
M. E. Itkis, X. Chi, A. W. Cordes, R. C. Haddon*

A new organic molecular conductor, based on a spiro-biphenalenyl neutral
radical, simultaneously exhibits bistability in three physical channels: electrical,
optical, and magnetic. In the paramagnetic state, the unpaired electrons are
located in the exterior phenalenyl units of the dimer, whereas in the diamag-
netic state the electrons migrate to the interior phenalenyl units and spin pair
as a !-dimer. Against all expectations, the conductivity increases by two orders
of magnitude in the diamagnetic state, and the band gap decreases. This type
of multifunctional material has the potential to be used as the basis for new
types of electronic devices, where multiple physical channels are used for
writing, reading, and transferring information.

The processing of information is based on the
ability to control and retrieve changes in a
particular physical property of a material,
such as the electrical, magnetic, or optical
response. Usually, at the level of the basic
unit, one of these physical channels is used.
When two different physical channels of the
material are simultaneously involved, a new
breadth of applications and even new fields
of research often appear, such as optoelec-
tronics, magnetooptics, and spintronics (1),
which, as Das Sarma (2) noted, “is a seamless
integration of electronic, optoelectronic and
magnetoelectronic multifunctionality on a
single device. . . .” We now report that a
phenalenyl-based neutral radical organic con-
ductor exhibits bistability just above room
temperature so that one state is paramagnetic,
insulating, and infrared (IR) transparent.
These properties reverse in the other state to
produce a material that is diamagnetic, con-
ducting, and IR opaque.

By definition, neutral organic radical mole-

cules contain an unpaired electron just as in a
classical (mono)atomic metal, and they are
promising basic units for the construction of an
intrinsic molecular metal or superconductor (3).
The basic molecular building block on which
we report consists of two phenalenyl ring sys-
tems, spiro-conjugated through a boron atom
(Fig. 1), so that the two halves of the molecule
are orthogonal to one another. This nonplanar

unit prevents the formation of a one-dimension-
al structural chain (4, 5), thus obviating the
occurrence of a Peierls transition to an insulating
ground state (6).

A variety of alkyl (CnH2n " 1) groups can be
attached to the nitrogen atoms to modify the
crystal packing; the first phenalenyl-based neu-
tral radical to be crystallized [1, with a hexyl
group (n # 6) attached to nitrogen] is a reso-
nance-stabilized carbon-based free radical (7).
The existence of the monomeric, neutral carbon-
based free radical 1 in the crystalline state is
unprecedented; all prior structures have re-
quired steric hindrance to inhibit dimerization
(4, 5, 8, 9). Furthermore, the hexyl radical 1
shows the highest conductivity of any neutral
organic molecular solid, despite the fact that
all intermolecular contacts are outside of the
van der Waals spacing (7).

Changing the alkyl group from hexyl 1 to
butyl 2 or ethyl 3 leads to a crystal structure
containing !-dimers as the basic building block
(Fig. 1) (10). In the high-temperature limit [3,
temperature (T) $ 350 K], the interplanar dis-
tance within the !-dimer is about 3.3 Å and the
interaction is sufficiently weak that the electron
spins remain unpaired. The dimerization to a
diamagnetic state occurs at a structural phase
transition when T decreases below 320 K and
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tal Engineering, University of California, Riverside, CA
92521–0403, USA.
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Fig. 1. (A) Molecular structure of neutral radicals. (B) X-ray crystal structure of ethyl radical 3,
showing the intra-dimer distance, d, indicated by the double-headed arrow. d increases from %3.2
to %3.3 Å as the spins unpair and the compound becomes paramagnetic.
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3.3 Å, shorter than the sum of the van der Waals radii (3.4 Å), that lead to a very 

effective overlap between molecules and activates the metallic character19. Likewise, a 

cycloheptyl substitution (9) originates continuous 1D π-chain arrangements that 

provide a very efficient conducting pathway, whereas crystals of cyclooctyl-substituted 

radicals (10) give rise to isolated π-dimers that behave diamagnetically up to 400 K20. 

(a) ethyl-SBP 

 

(b)  butyl-SBP 

Figure 4.3. Temperature-dependent magnetic susceptibility curves of (a) 2 and (b) 3. 
The arrows indicate the heating and cooling pathways that define the bistability of 3.12 

So far, a plethora8-20,21,22,23,24,25,26,27,28 of spiro-biphenalenyl-based compounds with 

different crystal packing and physical properties have been reported by Haddon and 

co-workers. Overall, significant progress has been achieved with respect to molecular 

magnetism, conductivity and bistability by virtue of modifying the chemical environment 

of the phenalenyl framework. However, the electronic structure of these compounds is 

not completely understood yet and, given that the physical properties of the SBP-based 

materials are governed by their electronic structure, a detailed understanding of the 

factors controlling this electronic structure is of paramount importance to provide a 

proper rationalization of their different behaviour. Previous computational studies were 

carried out aiming at rationalizing the magnetic and conductive properties of the SBP 

and other phenalenyl-based derivatives29,30,31. In this thesis the attention has been 

focused on the switchable properties displayed by radicals 2 and 3, whose spin 

transitions have been investigated in publications #3 and #4 of this chapter, 

respectively. 
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4.1.1. Unravelling the key driving forces of the spin transition in π-dimers of 

spiro-biphenalenyl-based radicals 

The SBP neutral radicals can be understood as mixed-valence compounds because 

they comprise two PLY that can be found in two different oxidation states, either 

cationic, or neutral with one unpaired electron. As previously mentioned, EPR 

measurements performed in solution indicate that the unpaired electron is completely 

delocalized over the whole molecule in its ground state8. Therefore, the oxidation state 

of the two redox centers is formally 0.5+. This fact can be explained on the basis of a 

molecular orbital analysis, i.e. the spiro-conjugation at the central boron atom leads to 

an intramolecular energy splitting that results into a bonding and antibonding 

combination of the PLY SOMOs and, thus, enables the delocalization of the charge 

and of the unpaired electron (see Figure 4.4a). However, an extensive bond length 

analysis performed using the LT and HT crystal structures of the π-dimers of 

compounds 2 and 3 revealed that this delocalization does not occur as long as the SBP 

form radical-pairs32,33,34. In the diamagnetic state of these π-dimers (LS state) the 

unpaired electrons were found to be mainly localized in the PLY that form the π-stack 

(superimposed PLYs), whereas in the paramagnetic state (HS state), the structural 

data suggested that the unpaired electrons are localized in the non-interacting PLYs 

(non-superimposed PLYs) (see Figure 4.5a). For that reason, an analysis of the 

electronic structure of these π-dimers is necessary to understand the electronic factors 

that control the π-dimerization of these systems. 

(a) Delocalized (b) Localized 

 

 

 

 

Figure 4.4. Computed SOMO (bottom) and LUMO (top) natural orbitals obtained for (a) 
the symmetric geometry and (b) the asymmetric geometry of an SBP monomer. 
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The larger stability of the LS state observed at low temperatures was ascribed to the 

presence of an efficient overlap between the superimposed SOMO densities, which 

originates a long, multicenter bond analogous to that characterized for TBPLY radical-

pairs35. On the other hand, the stability of the HS state at higher temperatures arises 

from its larger entropy. In order to exhibit a spin transition at relatively low temperatures 

(<400 K), the adiabatic energy difference between the two states must be small 

enough. However, the reasons for which the HS should lie close in energy to the LS 

are not obvious as long as the HS electronic configuration implies that the two positive 

charges 1+ are faced in the superimposed PLY units (Figure 4.5a). Addressing the 

origin of the stability of the HS state of these π-dimers is not only relevant for the ethyl 

and butyl-substituted SBP compounds, but also for the other SBP radicals containing 

π-dimers that show paramagnetic regime in the whole range of temperatures. In 

publication #3 of this chapter, the driving forces of the spin transition in radical-pairs of 

SBP are revealed by means of an ab initio analysis of the electronic properties of these 

π-dimers. To do so, the following issues have been investigated: (1) the electronic 

structure of an isolated SBP monomer, (2) the electronic structure of the two states 

involved in the spin transition, that is the LS and the HS state, of the π-dimers, (3) the 

potential energy surface of the aforementioned LS and HS states, and (4) the role of 

the different components of the intermolecular interaction energy between SBP radicals 

in the π-dimers in both spin states.  

(a)  (b)  

 

2-ag 

1-ag 

2-au 
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Figure 4.5. (a) Scheme of the HS (above) and LS (bottom) electronic states of the π-
dimers of SBP. (b) Frontier natural orbitals computed for the π-dimers of ethyl-SBP. 
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Figure 5. Energy spectra of the four lowest-lying singlet states and the four lowest-lying triplet 
states of a π-dimer of ethyl-SBP as a function of temperature, as obtained with single-point 
NEVPT2(2,4) calculations using X-ray crystal structures recorded at different temperatures. All 
the energies are given relative to the energy of the lowest-lying 1Ag state at the crystal geometry 
refined at 90 K.  
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Figure 6. Natural orbitals obtained from CASSCF(2,4) calculations of the π-dimer of ethyl-SBP. 
The displayed orbitals are those included in the active space of these calculations.  
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The interplay between the spin delocalization in an isolated SBP and the molecular 

structure of its constituents PLY redox centers has been analysed by calculating the 

wave function and the energy profile along the reaction coordinate that connects the 

asymmetric (PLY0-spiro-PLY1+) and symmetric (PLY0.5+-spiro-PLY0.5+) geometries. For 

the asymmetric one, the topology of the SOMO orbital indicates that the unpaired 

electron is localized in one PLY (Figure 4.4b), and for the symmetric structure, the 

SOMO orbital is delocalized over the two PLYs such that the spin density is equally 

distributed in the two centers (Figure 4.4a). This result corroborates that the degree of 

electron delocalization and the bond length distances of the PLY units directly 

correlate. The shape of the resulting energy profile shows a single well potential with 

the energy minimum found for the symmetric-delocalized structure, in agreement with 

the experiment. However, the energy penalty of localizing the unpaired electron in one 

PLY unit is within the range of 1-2 kcal/mol, which explains why the degree of 

delocalization can be altered by means of strong intermolecular interactions that favour 

the localization of the spin in one PLY and that lead to an asymmetric SBP. 

 

Figure 4.6. Scheme of the two possible topologies for the PES of the singlet state that 
would correspond to different mechanisms for the spin-transition of π-dimers of SBP. 

In order to determine the electronic structure of the two states involved in the spin 

transition of the π-dimers of ethyl-SBP, the lowest energy singlet and triplet wave 

functions have been computed for the X-ray structures reported at different 

temperatures. The evolution of the wave function has been analysed in terms of the 

occupation of the frontier natural orbitals (Figure 4.5b) and the results obtained can be 

summarized as follows: (1) below the transition temperature, the unpaired electrons are 

mainly localized in the bonding combination of SOMO densities of the superimposed 

PLY (1.6 electrons in orbital 1-au), but there exists partial delocalization to the non-

superimposed PLYs (0.4 electrons in orbitals 2-au and 1-ag), and (2) above the spin 

transition the unpaired electrons are completely localized in the non-superimposed 
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PLYs (2.0 electrons in orbitals 2-au and 1-ag). As long as there is a diamagnetic 

response below the spin transition, only the singlet state has been considered in this 

temperature regime, whereas above the transition temperature both singlet and triplet 

states have been examined given that a paramagnetic response is shown. 

 

Figure 4.7. Scheme of the LS and HS electronic states of the π-dimers. The main 
contributions to the Eint that stabilize each electronic configuration are shown. 

Two possible scenarios in terms of the topology of the LS potential energy surface 

(PES) are conceivable to rationalize the mechanism of the spin transition in these π-

dimers. One possibility draws on the hypothesis that there exist two minimum energy 

structures in the LS-PES, the first locates the unpaired electrons on the superimposed 

PLYs (LT minimum) and the second, on the non-superimposed PLYs (HT minimum). 

Thus, the silent and active magnetic signal in the LT and HT regime, respectively, 

would arise from the different strength of the magnetic couplings in both minima (Figure 

4.6, left). On the other hand, the other possibility can be ascribed to a singlet-triplet 

crossover mechanism, i.e. the phase transition occurs between a singlet and a triplet 

state minima (Figure 4.6, right). In this case, the electronic configuration that locates 

the unpaired electrons in the nonsuperimposed PLYs does not feature a minimum in 

the LS-PES, but only in the HS-PES. The geometry optimizations performed for the two 

spin states in isolated π-dimers and in the full crystal prove that the correct scenario is 

the second one. Then, the small adiabatic energy gap obtained (1.6 kcal/mol at the 

B3LYP-D2 level) has been further investigated by an interaction energy decomposition 

analysis performed for both spin state minima. The results reveal that, although the 

dispersion and bonding contributions favour the LS state, the electrostatic interactions 

between monomer units in the HS configuration are highly attractive such that compete 

with the previous components. This surprising electrostatic stabilization in the HS state 

arises from the sum of the attractive interactions between the negatively-charged spiro-

linkages and the positively-charged superimposed PLYs, which properly counteract the 

electrostatic repulsion between positively-charged face-to-face PLY units (Figure 4.7). 
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This delicate balance between the bonding and dispersion terms, and the electrostatic 

interactions, as well as the prime role of the vibrational entropy in driving the phase 

transition, are the key factors governing the spin switching in the π-dimers of SBP. 

 

4.1.2. The origin of bistability in the butyl-subsituted spiro-biphenalyl-based 

neutral radical material 

Interestingly, compounds 2 and 3 exhibit the same crystal structure and similar 

magnetic properties, but differ on their transition temperature and in the presence of 

hysteresis in the second (Figure 4.3). This fact provides an excellent opportunity to 

study the ingredients that allow bistability in this family of radicals. Such bistability 

implies that within a finite range of temperature, the system can be found in two 

different magnetic states (also optical and electrical) depending on its history, i.e. 

depending on being in the heating or in the cooling thermal mode36. Whereas the 

phase transition of 2 is detected at 140 K, that of 3 is shown at ~340 K and is 

accompanied by a hysteresis loop of about 25 K. The main causes that provoke these 

differences between 2 and 3 are analysed in publication #4 of this thesis, in which two 

keys concepts, the shift on the transition temperature in 3 with respect to 2 and the 

origin of the bistability in compound 3, are addressed. Such as in publication #3, 

calculations on the crystallographic data reported for 3 at different temperatures have 

been first performed. Then, the minimum energy structures of both LS and HS states 

have been computed and the adiabatic energy gap between the two phases has been 

estimated and compared to that found for 2. Finally, molecular dynamic simulations 

make possible to elucidate the different thermal behaviour that characterize the LS and 

HS states within the hysteresis loop and, thus, the mechanism of the bistability 

displayed by 3. 

(a) LT-340 (b) HT-340 

  

Figure 4.8. (a) LT (340 K, heating) and (b) HT (340 K cooling) experimental nuclear 
coordinates of the butyl-SBP π-dimers. Hydrogen atoms are hidden for clarity. 
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LS-HS vertical energy differences have been calculated for the full crystal and in 

isolated π-dimers of ethyl- and butyl-SBP at the crystallographic geometries reported at 

different temperatures. The results obtained allow concluding that the molecular 

arrangement displayed by the butyl-SBP π-dimers at low temperatures highly 

destabilizes the HS state with respect to the π-dimers of ethyl-SBP in the LT regime. 

However, this destabilization of the HS state is not observed at the molecular level and 

is originated in the minimum energy structure of the π-dimers of butyl-SBP in the 

crystal lattice.  

 

Figure 4.9. Scheme of the possible gauche-IN, anti and gauche-OUT conformations 
for the butyl ligand attached to the N atom of the butyl-SBP compound. 

The role of the butyl ligand in determining the minimum energy arrangement of the 

π-dimers in the crystal has been further investigated by examining in detail its 

conformation and disorder in both LS and HS phases. Below the spin transition, the 

reported X-ray structures of 3 show a gauche-IN conformation for half of the butyl 

groups (see Figure 4.8a and 4.9). On the contrary, in the paramagnetic regime all 

crystallographic structures present an anti disposition of the butyl ligands and display 

thermal disorder (see Figure 4.8b and 4.9). The two possible polymorphs have been 

optimized in solid-state conditions and the main structural differences reported for the 

crystallographic LS and HS phases have been successfully reproduced, namely the 

abrupt increase in the CH···π distance between adjacent π-dimers and in the cell 

volume (~3.5%). The higher stability of the gauche-IN crystal packing, together with the 

larger spin gap obtained at this geometry, explain the higher transition temperature 

observed for this compound. Ultimately, this larger spin gap can be ascribed to the 

shorter π-π interplanar distance that arises once crystal-packing effects are 

considered, which results into a more efficient overlap between superimposed SOMO 

densities and then, a stabilization of the LS state. 
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The hysteretic effect observed for butyl-SBP was attributed to the presence of a 

kinetic energy barrier between the LS and HS states24. Experimentally, it was reported 

that, whereas the paramagnetic signal exhibited during the cooling cycle is due to the 

thermodynamic stability of the HS state, the existence of the LS state during the 

heating cycle originates in a large energy barrier that was estimated to be about 20 

kcal/mol. The two different LS and HS magnetic phases observed within the hysteretic 

loop have been analysed by means of molecular dynamic simulations performed for 

the LT-340 and HT-340 unit cell structures, that is, the X-ray structures elucidated at 

340 K in the heating and cooling thermal modes, respectively. The evolution of the 

interplanar and CH···π distances, as well as of the dihedral angle of the butyl ligands, 

has been followed along the dynamics. This strategy allows to determine that, whereas 

disorder between the gauche-IN, anti and gauche-OUT configurations is shown at the 

HS phase, only slightly conformational disorder is seen at the LS phase, where the 

gauche-IN disposition is maintained all along the dynamics. It thus follows that the 

vibrational entropy highly stabilizes the HS phase in this temperature regime 

suggesting that it corresponds to the thermodynamic product, in agreement with the 

experimental analysis. 

 

(a) (b) 

  

Figure 4.10. Comparison between (a) LT-340 and (b) HT-340 X-ray crystal structure 
showing the periodicity of the b cell vector. The thermal ellipsoids correspond to a 
probability of 50%. 
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In order to determine the origin of the different dynamics observed for the butyl 

ligand in the LT and HT phases within the hysteresis loop, the potential energy profile 

between the gauche-IN and gauche-OUT conformations, through the anti disposition 

(Figure 4.9), has been computed at the LT-340 and HT-340 crystal structures 

considering the adjacent SBP molecule that replicates along the cell vector b (Figure 

4.10). In the HT-340 phase (Figure 4.10b), the anti conformation corresponds to the 

minimum energy geometry and the gauche-IN and gauche-OUT conformations appear 

only few kcal/mol higher in energy. This result explains why the dynamic disorder is 

observed at the HT phase, as was seen in the X-ray data and in the MD simulations. 

On the contrary, the anti conformation is highly sterically impeded in the LT-340 

structure because the adjacent SBP molecule remains too close (see Figure 4.10a). As 

a result, the anti conformation if found 17.5 kcal/mol higher in energy than the gauche-

IN and, therefore, prevents the dynamic disorder in the LT phase. This result is in 

agreement with the X-ray data reported for the LT phase and coincides with the 

experimental prediction for the energy barrier of the LT"HT phase transition. 

Altogether, this study reveals that the bistability of butyl-SBP is originated in the order-

disorder phase transition of the butyl ligands, and that this phenomenon controls the 

temperature at which the spin switch occurs. 
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4.2. Results 
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Unravelling the Key Driving Forces of the Spin Transition in the π-Dimers of 
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The Origin of Bistability in the Butyl-subsituted Spiro-Biphenalyl-based Neutral 
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4.3. Summary 

In publication #3 of this chapter the driving forces that govern the spin transition 

between a diamagnetic low temperature (LT) phase and a paramagnetic high 

temperature (HT) phase displayed by ethyl-substituted spiro-biphenalenyl (SBP) 

compound at ~140 K have been revealed. To do so, the electronic structure, the 

potential energy surface (PES) and the interaction energy of the basic building blocks 

of this molecular material, that is, the π-dimers, have been examined. From this 

computational study it is concluded that, although the unpaired electron is 

symmetrically delocalized over the two PLYs in the ground state of an isolated SBP 

unit, the formation of a radical-pair results in the polarization of the electron density 

either in the π-stacked phenalenyls (superimposed PLYs) or in the non-interacting 

(non-superimposed) PLYs. The former electronic state leads to the diamagnetic 

response observed at low temperatures, and the latter to the paramagnetic signal 

detected after the phase transition. This electron polarization appears as a 

consequence of strong intermolecular interactions between SBP units in the π-dimers, 

and is possible due to the small energy penalty that implies localizing the spin in only 

one PLY unit with respect to its total delocalization. Both electronic configurations have 

been evaluated by means of geometry optimizations and the results indicate that the 

LT phase corresponds to a LS minimum and that the HT phase can only be 

characterized as a minimum in the HS-PES. It thus follows that the spin transition 

occurs between a LS (enthalpy favoured) and a HS (entropy favoured) phase. Finally, 

this study has brought to light that, whereas the main stabilizing contributions to the LS 

minima are the bonding and dispersion terms, in the HS state the electrostatic 

interactions between the negatively-charged spiro-linkages and positively-charged 

superimposed PLYs counteract the repulsion between the π-faced positively-charged 

PLYs and bring it very close in energy to the LS, thereby enabling the thermal spin 

transition. This conclusion is not only valuable for ethyl-SBP compound, but to explain 

the paramagnetic signal observed in all range of temperatures in other spiro-

biphenalenyl derivatives that organize as isolated π-dimers in the crystal. 

The mechanism of the bistability shown by butyl-substituted SBP neutral radical 

material is disclosed in publication #4 of this thesis. In contrast to ethyl-SBP, the spin 

transition of butyl-SBP is characterized by the presence of a hysteresis loop of about 

25 K and by a transition temperature ~200 K higher. The causes for this mismatch 

have been studied in this chapter, with the aim at determining the ingredients that 

create a bistable region. The analysis performed on the crystal structures of butyl-SBP 

reported at several temperatures allows concluding that its spin transition is 
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accompanied by an order-disorder phase transition. The different conformation 

displayed by the butyl ligand in the LT and HT regimes determines the degree of 

disorder, the volume cell, the optimum CH···π distance between dimers, and the 

minimum energy geometry of the π-dimers, which, ultimately, governs the relative 

stability between the LS and HS states. In particular, the LT polymorph leads to a 

crystal packing that results into short interplanar π-π distances that favour the bonding 

term and stabilize the LS state. As a result, a shift in the transition temperature to 

higher values with respect to the ethyl-SBP compound is observed. As was 

experimentally hypothesized, the LT phase is kinetically trapped at temperatures within 

the hysteresis loop and there exists a potential energy barrier that prevents a 

thermodynamic LT!HT transition and originates the bistable region. The calculations 

performed corroborate that this is indeed the case. Specifically, the energy barrier 

computed for the conformational rotation of the butyl ligand at the LT phase is in 

excellent agreement with the experimental estimation and explains all the experimental 

observations regarding the structure and magnetism of the butyl-SBP compound. 

The computational studies presented herein provide a complete rationalization of 

the magnetic properties of ethyl- and butyl-substituted spiro-biphenalenyl compounds, 

which display a spin transition between a diamagnetic and paramagnetic phase. The 

building blocks of these systems correspond to discrete radical-pairs, which permits 

studying their magnetic behaviour at the molecular level. However, as long as the LS-

HS relative stability depends on the minimum energy structure of the π-dimers, crystal-

packing effects must be considered. This is not only important for these two systems 

but for any solid-state property that depends on the molecular arrangement of its basic 

units. The investigations of this chapter support all the experimental results previously 

reported for these two materials and contribute to understand their physical properties 

from first principles. In particular, the subsequent questions have been resolved: (1) the 

energy penalty of localizing the spin in one PLY of the SBP unit, (2) the potential 

energy scenario in which the spin transition occurs, (3) the factors that stabilize either 

the LS or the HS state, (4) the role of ligands as the butyl groups to alter the magnetic 

solid-state properties and (5) the order-disorder phase transition that accompanies the 

spin transition of the butyl-SBP compound and originates the magnetic bistability. In 

order to aid in the design of new derivatives with improved physical properties, it is of 

paramount importance to know the interplay between those properties, and the 

structural and electronic elements that control them. 
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5.1. Introduction 

A novel class of organic radicals has recently emerged as promising candidate 

building blocks to be used as multifunctional molecular materials for their application in 

electronic devices, namely the benzotriazinyl-based compounds. The first 1,2,4-

benzotriazinyl radical was reported in 1968 by Blatter and coworkers1, that is the 1,3-

diphenyl-1,4-dihydro-1,2,4-benzotriazinyl-4-yl compound (1) (see Figure 5.1a). In the 

solid state2, the Blatter radical 1 arranges in columns in which the molecules lay 

alternately one on top of other with an interplanar distance of 3.45 Å (see Figure 5.2a). 

This crystal packing results into one-dimensional magnetic chains presenting a weak 

antiferromagnetic (AFM) coupling along the stacking direction that leads to a small 

deviation of the ideal paramagnetic susceptibility curve at very low temperatures (at 

about 7 K)3,4. Despite their exceptional air and moisture stability, 1,2,4-benzotriazinyl 

compounds received little attention during decades until new synthetic methods were 

reported aiming at chemical altering the substituents of the benzotriazinyl skeleton5. 

This strategy gave rise to several new benzotriazinyl-derivatives presenting different 

crystal packing and magnetic properties and thus, these are highly interesting materials 

to study magneto-structural correlations in organic radicals. 

(a) 1 (b) 2 (c) 3a/3b 

   

(d) 4a/4b (e) 5 (f) 6 

   

Figure 5.1. X=1,2,4-benzotriazin-4,yl, R1=1,3-diphenyl, R2=3-(3-vinylphenyl), R3=1,4-
dihydro (a) R1-1,4-dihydro-X, 1, (b) R1-7-trifluoromethyl-X, 2, (c) 1-phenyl-R2-X and 1-
(4-bromophenyl)-R2-X, 3a and 3b, respectively, (d) R1-7-(4-fluorophenyl)-R3-X and R1-
7-phenyl-R3-X, 4a and 4b, respectively, (e) R1-7-(fur-2-yl)-R3-X, 5, and (f) 1-phenyl-3-
trifluoromethyl-1,4-dihydrobenzo[e][1,2,4]triazin-4-yl, 6. 

In order to improve the oxidative inertness of the Blatter radical, a trifluoromethyl 

(CF3) substituent was used to block and protect the spin centre of the neutral 

molecule6. The new compound, namely the 1,3-diphenyl-7-trifluoromethyl-1,2,4-
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benzotriazin-4-yl radical (2) (see Figure 5.1b), forms slipped π-stacked columns in the 

solid state giving rise to a distorted head-to-head periodicity that minimizes the steric 

repulsion of the CF3 and lateral phenyl groups. Its magnetic susceptibility data was 

interpreted in terms of one-dimensional ferromagnetic (FM) chains with weak 

antiferromagnetic interchain interactions. Another strategy followed to obtain 

ferromagnetically ordered stacks of benzotriazinyl-based systems was simultaneously 

reported using 3-vinylphenyl substituted compounds7 (see Figure 5.1c). In this case, 

the radical units organize in the crystal as regular head-to-head slipped columns (see 

Figure 5.2b). Similarly, its magnetic behaviour was ascribed to a weak ferromagnetic 

intrachain coupling via face-to-face π-π interactions. However, other related derivatives 

that crystalize within the same head-to-head motif present weak antiferromagnetic 

interactions along their π-columns, such as the 1,3-diphenyl-7-(4-fluorophenyl)-1,4-

dihydro-1,2,4-benzotrizin-4-yl (4a) and 1,3-diphenyl-7-phehyl-1,4-dihydro-1,2,4-

benzotriazin-4-yl (4b)8 (see Figure 5.1d). This fact encourages a proper investigation 

on the structure-magnetism relationships that govern the final properties of these 

systems. The results of this investigation are reported in publication #5 of this thesis. 

(a) head-to-tail or alternated columns (b) head-to-head or regular columns 

  

Figure 5.2. (a) Crystallographic π-stacking of compound 1, which corresponds to a 
head-to-tail or alternated arrangement, and (b) crystallographic π-stacking of 
compound 3a, which correspond to a head-to-head disposition. H atoms are hidden. 

The unusual stability of these organic radicals arises from the π-delocalization of 

their unpaired electron, which almost supresses their reactivity and prevents an easy σ-

dimerization between neutral radical units. EPR studies performed on the Blatter 

radical3, as well as on their derivatives6, have shown that the spin density is mainly 

delocalized on the amidrazonyl fragment of the 1,2,4-triazinyl cycle. Moreover, DFT-

calculated spin densities confirm that the unpaired electron is delocalized over an 

extended π-orbital of the triazinyl ring (see Figure 5.3a). Hence, the proper molecular 
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alignment in the crystal can stabilize the formation of discrete π-dimers along the 

stacking direction. These π-dimers present an efficient SOMO-SOMO overlap that 

stabilizes the singlet state preventing the population of the triplet state and, as a result, 

a silent magnetic response is obtained at low temperatures9. Therefore, the strong 

antiferromagnetic coupling between neutral radical-pairs can be, ultimately, ascribed to 

the presence of a long, multicenter bond, analogous to that found between other 

neutral organic π-stacked systems with small π-dimerization enthalpies10,11,12.  

(a)  (b) 

 

 

(c) 

 

Figure 5.3. (a) SOMO orbital of the monomer and (b) π-bonding and (c) π-
antibonding SOMO-SOMO combinations of the short radical-pairs of compound 5.14 

The first example of a benzotriazinyl-based compound that exhibits diamagnetism at 

low temperatures is the 1-3-diphenyl-7-(fur-2-yl)-1,4-dihydro-1,2,4-benzotriazin-4-yl 

radical (5) (see Figure 5.1e)13. This derivative crystalizes as head-to-tail stacks of 

discrete face-to-face π-dimers. The temperature-dependent magnetic susceptibility 

data of this system shows that below 100 K the sample is essentially diamagnetic, 

whereas from 100 to 300 K, it displays a gradual increase of its magnetic response, 

indicating that the low-lying triplet state is being thermally populated, i.e. it features a 

smooth spin transition. Similarly, another benzotriazinyl-based compound displaying 

diamagnetism at low temperatures was obtained, namely the 1-phenyl-3-

trifluoromethyl-1,4-dihydrobenzo[e][1,2,4]triazin-4-yl radical (6) (see Figure 5.1f)14. This 

system presents a similar dimeric head-to-tail periodicity organized in π-columns, but, 

surprisingly, shows a sharp spin transition to a paramagnetic phase at ca. 60 K, fully 

completed within 5 K. In both cases, the diamagnetic signal at low temperatures was 

ascribed to a strong antiferromagnetic interaction between weakly-bound radical-pairs 

originated in their efficient SOMO-SOMO overlap (see Figure 5.3b). However, the 

different factors governing the smooth spin transition in 5, and the first-order phase 

transition from the low- to the high-temperature phase, the
aforementioned intrastack mechanism of magnetism potentially
assists the process. The calculated exchange interactions in the
high-temperature phase have negligible magnitudes (2JI!II

DFT = 4
cm!1 and 2JII!III

DFT = 7 cm!1 at 75 K; Table 2), indicating that the
sudden rise in paramagnetism above 58 K stems from
noninteracting S = 1/2 spins within the weakly bound pairs I!
II and II!III.
In summary, we have identified and investigated a rare spin

transition of a low-molecular-weight radical composed exclu-
sively of light atoms (C/N/F/H). 1-Phenyl-3-trifluoromethyl-
1,4-dihydrobenzo[e][1,2,4]triazin-4-yl (3TB) is the first example
of a hydrazyl radical that undergoes such a first-order transition
and one of the few air- and moisture-stable radicals that
demonstrate this behavior. The spin transition of 3TB involves a
low-temperature diamagnetic (S = 0) phase and a high-
temperature paramagnetic (S = 1/2) phase, occurs at ca. 58(2)
K, is fully reversible, and compared with other examples is
relatively sharp and completed within a narrow temperature
range [5(1) K]. We are currently investigating the observed
behavior under different external stimuli.
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DFT = 4
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DFT = 7 cm!1 at 75 K; Table 2), indicating that the
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transition in 6, cannot be easily identify, and therefore, a magneto-structural 

investigation is necessary to eventually reveal the reasons behind their casual 

mismatch. These issues are studied in publication #6 of this thesis. 

 

5.1.1. On the importance of thermal effects and crystalline disorder in the 
magnetism of benzotriazinyl-derived organic radicals 

(a) 4a (b) 4b 

 

  

Figure 5.4. (Top) Thermal ellipsoids for (a) 4a and (b) 4b. Hydrogen atoms are hidden 
for clarity. (Bottom) Experimental (black) and computed χ(T) curves obtained with the 
set of JAB values extracted from the 180 K (grey) and 0 K (dark grey) crystal structures. 

So far, a large variety of benzotriazinyl-functionalized derivatives have been 

characterized by X-ray diffraction studies and, in most of the cases, their magnetic 

properties have been determined by means of temperature-dependent magnetic 

susceptibility measurements. The presence of either FM or AFM interactions 

propagating along the stacking direction, together with a partly filled band, prove their 

suitability for being exploited as organic multifunctional materials that may combine 

magnetic and conducting functionalities for their application in organic electronics15. In 

this chapter, the magneto-structural correlations of two prototypical 1,2,4-

benzotriazinyl-derivatives presenting weak intrachain antiferromagnetic interactions are 

investigated in publication #5 by means of a detailed computational study. The two 

target compounds share the same chemical skeleton depicted in Figure 5.1d, but differ 

on the attached aryl group, which is either a 4-fluorophenyl substituent in compound 

4a, or a phenyl group in compound 4b. Moreover, although both systems present 

By means of an extensive computational study that in-
cludes first-principles bottom-up[12a,17] (FPBU) analyses, ab
initio molecular dynamics (AIMD) simulations,[18] extensive
JAB evaluations, and variable-cell geometry optimizations,
we analyze the main structural and magnetic features of our
two target systems (1 and 2). In terms of their structure, we
have gathered all the necessary information to conclude that
the disorder observed in the lateral phenyl ring of 2 is of
a static (i.e., positional) nature, and to unveil the presence
of dynamic (i.e. , thermal) disorder in the lateral phenyl ring
of 1. Regarding their magnetism, we analyzed, in depth,
how the thermal motion, which is always present at finite

temperatures, affects the
strength and nature of the dom-
inant magnetic exchange inter-
actions. Furthermore, we also
analyzed their magnetic topolo-
gy at two different tempera-
tures, which revealed that, to
reproduce and predict their
magnetic behavior, it is crucial
to use a crystal structure re-
solved at low temperature
(LT).[19] In this sense, this work
is the first to use variable-cell
geometry optimizations as an
efficient alternative to obtain
an estimation of LT crystal
structures, which are otherwise
extremely difficult to obtain ex-
perimentally. This is in accord-
ance with recent theoretical[15]

and experimental[20] studies,
which provided evidence that
the strength and nature (AFM
or FM) of the JAB values might
depend on temperature. Finally,
and because of the structural
disorder observed at 180 K, we
have found that different poly-
morphs might be present at
lower temperatures, and that
they produce different magnetic
response.

2. Computational Details
The Heisenberg Hamiltonian used
throughout in this study was Ĥ=
!2SJABŜAŜB. To calculate the magnetic
exchange couplings (JAB) within DFT,
the broken symmetry (BS) approach[21]

was used to properly describe the
open-shell low-spin states. Among the
projection techniques proposed in the
literature to weight the contribution of
the open- and closed-shell singlets on
the BS solution, we chose the one ad-
vocated by Yamaguchi and co-work-

ers[22] [Eq. (1); HS=High Spin, BS=Broken Symmetry]. The evaluation
of the JAB values for all symmetry-unique radical pairs was achieved at
the UB3LYP[23]/6-311+G(d)[24] level, as implemented in the Gaussian 09
package[25] (see the Supporting Information for a discussion on the basis
set employed). Preliminary calculations revealed that, in the case under
study, embedding effects were not significant when quantifying the
strength of the dominant magnetic exchange interactions. This is in con-
trast to other organic compounds, in which it has been demonstrated that
such effects might be relevant.[26] Consequently, all JAB evaluations were
performed on isolated pairs of radicals.

JAB " EBS ! EHS

Ŝ2
D E

HS
! Ŝ2
D E

BS

#1$

Figure 1. a) Molecular structures of 1,3-diphenyl-1,4-dihydro-1,2,4-benzotriazin-4-yl radicals (1: 7-(4-fluoro-
phenyl)-, X=F, and 2 : 7-phenyl-substituted, X=H). Top view of the crystal structures of 1 (b) and 2 (c). Ther-
mal ellipsoids reported experimentally for compounds 1 (d) and 2 (e); for clarity, hydrogen atoms have been
removed. The temperature dependence of c for radicals 1 (f) and 2 (g) is also shown. A color version of this
figure can be found in the Supporting Information.
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3.1. FPBUAnalysis of 1 and 2 at 180 K

Analysis of the 180 K crystal structure of 1 yielded up to
seven dimers (d1–d7) within the 10 ! cutoff value set to in-
clude all potentially relevant radical pairs (see Table 3). We
used the nuclear crystallographic coordinates to evaluate
the JAB magnetic exchange interactions between these
dimers (see the Supporting Information) and found only
one magnetically relevant[41] dimer (d1; J1=!1.2 cm!1) be-
tween adjacent molecules in the stacking direction; this con-
firmed the previous experimental interpretation made in
terms of a 1D AFM regular linear chain model.[16]

The same procedure was applied to the 180 K crystal
structure of 2. Only two symmetry-unique dimers were
found within the cutoff range. However, the crystal structure
showed disorder on the arrangement of the phenyl ring, and
thus, four different structures could be built for each dimer:
a, b, c, and d (see Figure S5.B in the Supporting Informa-
tion). Interestingly, the resulting magnetic exchange interac-
tions depend on the relative disposition of the phenyl rings,
ranging from !3.3 to !5.2 cm!1 for the set of calculations
corresponding to d1 (see Table 4). Our results also show the
presence of an interchain interaction, the strength of which
is one order of magnitude smaller than the dominant intra-
chain interaction (J(d2)"!0.3 cm!1). Therefore, the com-
puted magnetic topology is again in agreement with the ex-

perimental interpretation and, thus, in the calculation of the
c(T) curves we have employed magnetic models to repre-
sent regular isolated AFM chains (for a full discussion, see
the Supporting Information).

Despite our success in describing qualitatively the mag-
netic topology of compounds 1 and 2, the c(T) curves ex-
tracted from these sets of JAB values are in poor agreement
with the experimental ones (see Figure 2). In the following

discussion, we trace the origin for such disagreement, and
pay particular attention to the suitability of using crystal
structures obtained at 180 K to reproduce the magnetic
properties of 1 and 2, which achieve a maximum c value at
about 15 K. This type of organic radicals may present a high
dependence of the JAB value on very small geometrical dis-
tortions, such as those typically occurring in these materials,
in which the crystal structure is governed by labile p–p over-
laps. Therefore, the following sections are devoted to study
how the magnetic properties of 1 and 2 are affected by ther-
mal vibrations at finite temperatures, and by the effect of
contraction (expansion) upon cooling (heating); this is
known to induce a change in the magnetic properties of
some organic[15a] and inorganic[19] magnetic materials.

Table 2. Comparison of the JAB values (in cm!1) in dimers formed by ad-
jacent radicals in the stacking direction. The values were calculated at
the UB3LYP level and our best theoretical estimate corresponded to
a DDCI calculation.

UB3LYP DDCI

1 !1.2 !1.3
2 !4.4 !4.6

Table 3. Magnetic exchange values of all symmetry-unique radical pairs
(d1–d7) present in 1.

d [!] J [cm!1]

d1 5.644 (N3!N3) !1.2
d2 5.623 (N3!N3) < j0.05 j
d3 5.000 (N3!N3) < j0.05 j
d4 8.975 (N1!N1) < j0.05 j
d5 9.752 (N1!N1) < j0.05 j
d6 8.739 (N1!N1) < j0.05 j
d7 6.493 (N1!N1) !0.1

Figure 2. Experimental (black) and computed magnetic susceptibility
curves for compounds 1 (top) and 2 (bottom). The computed curves are
obtained with the set of JAB values extracted from the 180 (gray) or 0 K
(dark gray) crystal structures. A color version of this figure can be found
in the Supporting Information.

Table 4. Magnetic exchange values of all possible conformations (a–d) of
the symmetry-unique radical pairs (d1 and d2) present in the 180-K crys-
tal structure of 2.

d ACHTUNGTRENNUNG(N3!N3) [!] J [cm!1] d ACHTUNGTRENNUNG(N3!N3) [!] J [cm!1]

d1a 5.430 !5.2 d2a 5.306 !0.2
d1b 5.430 !4.4 d2b 5.306 !0.3
d1c 5.430 !4.7 d2c 5.306 !0.2
d1d 5.430 !3.3 d2d 5.306 !0.3
d1 average !4.4 d2 average !0.3
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tween adjacent molecules in the stacking direction; this con-
firmed the previous experimental interpretation made in
terms of a 1D AFM regular linear chain model.[16]
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structures obtained at 180 K to reproduce the magnetic
properties of 1 and 2, which achieve a maximum c value at
about 15 K. This type of organic radicals may present a high
dependence of the JAB value on very small geometrical dis-
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in which the crystal structure is governed by labile p–p over-
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how the magnetic properties of 1 and 2 are affected by ther-
mal vibrations at finite temperatures, and by the effect of
contraction (expansion) upon cooling (heating); this is
known to induce a change in the magnetic properties of
some organic[15a] and inorganic[19] magnetic materials.

Table 2. Comparison of the JAB values (in cm!1) in dimers formed by ad-
jacent radicals in the stacking direction. The values were calculated at
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a DDCI calculation.

UB3LYP DDCI

1 !1.2 !1.3
2 !4.4 !4.6

Table 3. Magnetic exchange values of all symmetry-unique radical pairs
(d1–d7) present in 1.
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curves for compounds 1 (top) and 2 (bottom). The computed curves are
obtained with the set of JAB values extracted from the 180 (gray) or 0 K
(dark gray) crystal structures. A color version of this figure can be found
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Table 4. Magnetic exchange values of all possible conformations (a–d) of
the symmetry-unique radical pairs (d1 and d2) present in the 180-K crys-
tal structure of 2.
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similar regular head-to-head π-stacks, their crystallographic data shows different-type 

of disorder for their lateral phenyl ring. Compound 4a displays elongated thermal 

ellipsoids, whereas 4b is structurally disordered in two equivalent dispositions (see top 

of Figure 5.4). The importance of the crystalline disorder and of the thermal contraction 

in evaluating their magnetic properties is analysed in publication #5 aiming at obtaining 

the necessary information regarding their structure-magnetism dependences. 

(a) 4a (b) 4b 

 

Figure 5.5. Evolution of the dihedral angle of the lateral phenyl ring for two arbitrarily-
selected adjacent monomers extracted from the AIMD trajectory of (a) 4a and (b) 4b. 
The process is depicted at the bottom in each case. 

The experimental magnetic data of both systems was interpreted in terms of 1D 

antiferromagnetic regular linear chains with fitted JAB values of -12.9 and -11.8 cm-1 for 

4a and 4b, respectively. In order to study their magnetism from first principles, the 

FPBU procedure16 has been applied on the crystallographic data experimentally 

resolved at 180 K and the results indicate that, within a cutoff distance of 10 Å, only the 

stacking JAB interaction is magnetically relevant in both cases, coinciding with the 

previous experimental interpretation of the magnetic topology. However, although it has 

been rigorously checked by means of DDCI calculations17 that the JAB values of -1.2 

and -4.4 cm-1 for 4a and 4b, respectively, are well determined, the computed magnetic 

susceptibility curves are in bad agreement with the experimental measurements at low 

temperatures (<50 K). This mismatch is ascribed to the non-representability of the 180 

K structure to the low temperature regime. The strategy followed to improve the results 

stable than conformation b (see the gray lines in Figure 5b
and c). Once the effect of the adjacent stacked molecules is
considered (in the trimer model), the relative stability be-
tween both conformations is only slightly affected in the

case of compound 1 (see the
black line in Figure 5b), where-
as for compound 2, conforma-
tion A becomes highly destabi-
lized (see the black line in Fig-
ure 5c). We ascribe such a strik-
ing difference to the interplanar
distance between adjacent radi-
cals along the column. In com-
pound 2, this distance is about
0.2 ! shorter (5.43 vs. 5.64 !)
than that in 1 and, as a result,
conformation A is unstable be-
cause of steric repulsion in 2.
These results are in perfect ac-
cordance with what is observed
in the molecular dynamics sim-
ulations: for compound 1, the
energy barrier connecting both
A and C configurations ac-
counts for less than 1 kcal
mol!1, and thus, interconversion
is possible at 180 K. On the
contrary, for compound 2, such
dynamic disorder is absent be-
cause conformation A is highly
destabilized as a consequence
of steric hindrance. Therefore,
these results suggest that the
disorder observed in com-
pound 2 must be of a static
nature and result from the pres-
ence of two equivalent C con-

figurations in the crystal (C and C’). Similar analysis for the
transformation between conformations B and C is offered in
the Supporting Information.

Figure 4. a) Representation of the three ideal conformations (A, B, and C) used in the supercells studied, and
the two C-like structures (C and C’), which are equivalent once the periodicity along the stacking axis is taken
into account. The evolution of the dihedral angle of the phenyl ring attached to N1 (see Figure 1) for two adja-
cent monomers extracted arbitrarily from the AIMD trajectory corresponding to 1 (b) and 2 (c) is also shown.
The evolution of the dihedral angle along the processes described in b) and c), are shown in d) and e), respec-
tively. The molecules have been represented as black lines with a rounded end to represent that they are not
symmetric. A color version of this figure can be found in the Supporting Information.

Figure 5. a) Representation of the A to C transformation in our trimer (top) model and the equivalent a to b transition for a monomer (below). Potential
energy profile for the transformation connecting conformations A and C at the trimer (black) model and the a to b transition for the monomer (gray),
for compounds 1 (b) and 2 (c). All energy evaluations were performed on frozen geometries, and at the PBE-D2/6-311+G(d) level. The molecules have
been represented as black lines with a rounded end to represent that they are not symmetric. A color version of this figure can be found in the Support-
ing Information.
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consists in obtaining the crystallographic coordinates that best match the structure at 

the position of the maximum peak of the susceptibility curve, i.e. at low temperatures. 

To do so, variable-cell geometry optimizations in periodic boundary conditions have 

been performed to obtain the 0 K structures and the magnetic topology of the systems 

has been re-examined by a second FPBU analysis of the resulting structures. The 

dominant JAB values (-10.0 and -16.3 cm-1 for 4a and 4b, respectively) are enhanced 

with respect to those obtained from the 180 K crystal geometry, which is consistent 

with the contraction of the crystal upon cooling leading to shorter π-π distances and 

thus, favouring the antiferromagnetic coupling. Consequently, the new magnetic 

susceptibility curves are in better agreement in the low-temperature region (see bottom 

of Figure 5.4). 

However, the disorder shown by compounds 4a and 4b must be examined first. The 

disorder on the lateral phenyl ring gives rise to four non-equivalent conformations for 

the dimer, and, eventually, results into different solid-state arrangements along the 

stacking periodicity. In order to elucidate the distinct nature of the disorder in 4a and 

4b, AIMD simulations have been performed at 180 K and the evolution of the dihedral 

angles between adjacent radicals has been followed (see Figure 5.5). For compound 

4a, dynamic disorder occurs as a result of an alternation between conformations A and 

C (Figure 5.5a). In turn, for 4b the disorder is due to an alternated C conformation that 

appears along all the dynamics, therefore leading to positional disorder (Figure 5.5b). 

Ultimately, this degree of freedom can affect the magnitude of JAB since it alters the 

minimum energy disposition of the radical-pairs. In this work, the dependency between 

the geometrical arrangement of the dimers and their magnetic response has been 

evaluated by systematically computing the JAB magnetic interaction between radicals at 

different values of (1) distance, (2) longitudinal and (3) latitudinal angles, the main 

structural variables. Overall, the magneto-structural analysis performed for head-to-

head dimers indicates that while short distances and small longitudinal angles lead to 

strong antiferromagnetic interactions (up to -60 cm-1 in the region explored), large 

distances and slippage angles result into almost zero or slightly ferromagnetic 

interactions. 

 

5.1.2. Towards the tailored design of benzotriazinyl-based organic radicals 
displaying a spin transition 

As previously mentioned, the majority of benzotriazinyl-based derivatives are highly 

stable in terms of solid-state σ or π-dimerization and, as a consequence, they exhibit 
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magnetic response in all range of temperatures. However, some benzotriazinyl 

compounds present discrete π-dimers as their basic building block, which leads to an 

efficient spatial overlap between their SOMO densities that results in strong AFM 

couplings and forbids the thermal population of the triplet state at low temperatures. 

Once the thermal energy is high enough, the χT product gradually increases until its 

maximum value of 0.375 emu·K·mol-1, corresponding to non-interacting S=1/2 spins. 

The magnetic properties of compound 5 were interpreted within this hypothesis (see 

Figure 5.6)13. Nevertheless, its magnetic response is far from the expected value of a 

spin-independent system at 300 K due to the strong antiferromagnetic coupling 

between radical-pairs (-141 cm-1 at the crystal structure resolved at 300 K). On the 

other hand, in those cases in which the thermal stability of a paramagnetic (entropy-

stabilized) phase counteracts the diamagnetic (enthalpy-stabilized) phase upon 

heating, a first-order phase transition occurs. This is the case of compound 6, in which 

a sharp spin transition was observed14 featuring abrupt lattice distortions upon a 

structural phase transition (see Figure 5.6, right). This behaviour corresponds to a 

thermally switchable material that is highly valuable for its technological applications in 

memory devices18. These two structurally-similar, but magnetically-different systems, 5 

and 6, prove the importance of determining the key ingredients that enable a phase 

transition for this family of radicals. 

  

Figure 5.6. Temperature dependence of χT product of radical 5 (left) and 6 (right). For 
compound 6, the non-cero χT values around T1/2 have been highlighted in the inset. 

In publication #6, a computational study aimed at unravelling the driving forces and 

the mechanism of the phase transition of 6 is presented. The structural and electronic 

factors that are crucial for the phase transition of radical 6 are investigated on the basis 

of a comparison with the magnetic behaviour observed for compound 5. To do so, the 

adiabatic potential energy surfaces (PES) of the low spin (LS) and high spin (HS) 
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states, which correspond to a singlet state (S=0) and a triplet state (S=1) for the 

constituent π-dimers, respectively, are explored. Then, the origin of the phase 

transition displayed by 6 is elucidated, and the factors preventing such feature in 5 are 

revealed. Finally, a detailed analysis of the π-dimers at the dimer level is performed in 

order to rationalize and identify which ingredients can be chemically-tuned to rationally 

design new benzotriazinyl-based compounds showing a thermally-driven phase 

transition. 

  

Figure 5.7. HS- and LS-PES of compounds 5 (left) and 6 (right) along the coordinate 
connecting the different minima. The position of the points was evaluated 
computationally in the solid state while the shape of the lines is approximate. 

The LS- and HS-PES of radical 6 have been analysed in terms of variable-cell 

geometry optimizations performed in periodic boundary conditions starting from the LT 

and HT phases. The results reveal two minimum energy structures for the HS state, 

namely 6-LTHS and 6-HTHS, but one unique LS minimum. The cell parameters of the 

latter are analogous to those found at the LT regime and thus corresponds to 6-LTLS. 

After single-point calculations of each spin state at the different minima, a qualitative 

representation of the adiabatic PES is obtained and, thus, the LT → HT process can be 

interpreted as follows (see Figure 5.7, right): (1) at LT, the system is diamagnetic due 

to a strong antiferromagnetic coupling of about -185 cm-1; (2) and (3), near T1/2 (58-60 

K), the population of higher vibrational levels assists some dimers to arrange as in 6-

LTHS, where a weaker antiferromagnetic coupling of -74 cm-1 allows an increased 

population of the high spin state and therefore, the appearance of non-zero χT values 

(Figure 5.6, right, inset); (4) after a certain population of HS dimers (ca. 10%) the 

system cooperatively evolves to the HT phase, where the new radical arrangement 

displays negligible JAB interactions and, as a consequence, paramagnetic response. 

From this mechanism it can be deduced that the spin state switching is essential in 
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driving the phase transition of 6, although the higher stability of the HT phase with 

respect to the LT phase after T1/2 is originated in its larger gain in vibrational entropy. 

However, even though HS population is also observed for compound 5, no phase 

transition is shown but only a thermal increase in its magnetic response. In order to 

elucidate why the two systems behave differently, the same analysis has ben 

performed for radical 5 (see Figure 5.7, left). Then, the minimum energy structures of 

the singlet and triplet π-dimers at the molecular level have been computed. The 

isolated minima for compound 6 show similar distortions as the ones observed 

between the 6-LTLS and 6-HTHS minimum energy arrangements of the π-dimers in the 

solid-state. On the other hand, the optimizations performed for compound 5 reveal that 

the absence of a HT phase arises from the lack of significant structural differences 

between the singlet and triplet minima of its isolated radical-pairs. These findings 

indicate that the solid-state disposition of the dimers in these two compounds is mainly 

governed by the minimum energy structures of their constituent singlet and triplet π-

dimers, and that the first step towards the design of new derivatives displaying a first-

order phase transition can be done at the molecular level. The hypothesis proposed 

assumes that the larger interaction energy, Eint, between monomers in the π-dimers of 

5 compared to 6, prevents a major change of the dimer rearrangement upon spin-state 

switching. This analysis has been empirically tested using the Blatter radical, 1, as an 

example. The chemical difference between 5 and 1 is the absence of the furyl ring for 

the latter, therefore a significant decrease on the dispersion interaction and, as a 

consequence, on the Eint is predicted. As a result, larger distortions between the 

minimum energy geometries of the singlet and triplet minima of 1 compared to 5 are 

then expected at the molecular level. The results show that it is indeed the case, 

demonstrating that a rational design of benzotriazinyl-derivatives is possible. 

Nevertheless, the reported crystal structure of compound 1 indicates that this system 

does not organize as π-dimers in the crystal and encourages further investigations 

considering the solid-state. 
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5.2. Results 

Publication #5:  

 

On the Importance of Thermal Effects and Crystalline Disorder in the 
Magnetism of Benzotriazinyl-derived Organic Radicals 



194                Magneto-structural Analysis in Benzotriazinyl-derived Organic Crystals 
 

 

 



Chapter 5  195 

 



196                Magneto-structural Analysis in Benzotriazinyl-derived Organic Crystals 
 

 



Chapter 5  197 

 



198                Magneto-structural Analysis in Benzotriazinyl-derived Organic Crystals 
 

 



Chapter 5  199 

 



200                Magneto-structural Analysis in Benzotriazinyl-derived Organic Crystals 
 

 



Chapter 5  201 

 



202                Magneto-structural Analysis in Benzotriazinyl-derived Organic Crystals 
 

 



Chapter 5  203 

 



204                Magneto-structural Analysis in Benzotriazinyl-derived Organic Crystals 
 

 



Chapter 5  205 

 



206                Magneto-structural Analysis in Benzotriazinyl-derived Organic Crystals 
 

 

 

 



Chapter 5  207 

Publication #2: 

 

Towards the tailored design of Benzotriazinyl-based Organic Radicals 

Displaying a Spin Transition 



208                Magneto-structural Analysis in Benzotriazinyl-derived Organic Crystals 
 

 



Chapter 5  209 

 



210                Magneto-structural Analysis in Benzotriazinyl-derived Organic Crystals 
 

 



Chapter 5  211 

 



212                Magneto-structural Analysis in Benzotriazinyl-derived Organic Crystals 
 

 
 

 



Chapter 5  213 

5.3. Summary 

A computational study on the magnetic properties of two benzotriazinyl-based 

organic radicals, the 1,3-diphenyl-7-(4-fluorophenyl)-1,4-dihydro-1,2,4-benzotrizin-4-yl 

(4a) and the 1,3-diphenyl-7-phehyl-1,4-dihydro-1,2,4-benzotriazin-4-yl (4b), has been 

presented in publication #5 of this chapter. The analysis performed provides a 

complete description of the static and dynamic magnetic behaviour of these two 

compounds by means of a calculation of their magnetic exchange couplings JAB on the 

following dimer arrangements: (1) the experimental X-Ray structures resolved at 180 K, 

(2) the configurations adopted during molecular dynamic simulations at 180 K and, (3) 

the 0 K crystal structures obtained from variable-cell geometry optimizations in periodic 

boundary conditions. In all cases, the magnetic topology of both systems corresponds 

to one-dimensional weak-antiferromagnetic chains, in agreement with the experimental 

interpretation of the magnetic data. According to the results, the dynamic thermal 

effects on the magnetism of these two systems at 180 K are minor. However, 

considering the thermal contraction of the crystal is crucial to predict their magnetic 

response at low temperatures (<15 K). In particular, the computed JAB values that best 

reproduce the susceptibility in this temperature regime can be obtained from variable-

cell geometry optimized structures. Moreover, the non-innocent role of the disorder 

observed for the lateral phenyl ring has been revealed, which influences the final 

magnetic properties of these materials as long as defines the most probable radical-

pair conformation at low temperatures. Finally, the dependence of the magnetic 

exchange couplings upon variation of the distance and slippage angles between radical 

units has been investigated in a thorough magneto-structural analysis. 

The mechanism of the abrupt spin transition shown by 1-phenyl-3-trifluoromethyl-

1,4-dihydrobenzo[e][1,2,4]triazin-4-yl (6), the first reported benzotriazinyl radical that 

presents such feature, has been identified in publication #6. Moreover, a chemically 

and structurally similar benzotriazinyl-derivative, namely the 1-3-diphenyl-7-(fur-2-yl)-

1,4-dihydro-1,2,4-benzotriazin-4-yl (5) compound, has been investigated and the 

reasons behind the absence of a phase transition in its magnetic response have been 

determined. On the basis of an exploration of the minimum energy structures of the low 

spin (LS) and high spin (HS) potential energy surfaces (PES) of 6, a two-step 

mechanism for the LT (diamagnetic) → HT (paramagnetic) transition, which includes 

an intermediate step, has been proposed. As the HT phase only exists as a minimum 

in the HS-PES, and the LT polymorph can only be characterized as a minimum in the 

LS-PES, the spin-state switching is revealed as the essential step for a phase transition 

in these π-dimeric compounds. After an analogous analysis performed at the molecular 
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level, it is concluded that the smooth spin transition of compound 5 arises from the lack 

of significant distortions between the singlet and triplet radical-pairs minima, in contrast 

to the large structural changes observed for 6. It thus follows that two significantly 

different singlet and triplet dimeric arrangements are necessary in order to obtain two 

different phases for each magnetic response. Assuming that larger interaction energies 

lead to smaller geometrical differences between spin states, a proper rationalization of 

the chemical factors that can be altered at the molecular level to design benzotriazinyl-

derivatives displaying a first-order phase transition between its LS and HS absolute 

minima has been proposed. The applicability of this idea has been further and 

succesfully tested in the original Blatter radical (1), encouraging further studies at the 

molecular level to identify potentially switchable triazinyls. 

Altogether, the analysis presented in this chapter aims at the rational design of 

future materials of this family of benzotriazinyl-based compounds with potential 

technological applications. In publication #5, two regular head-to-head benzotriazinyls 

radicals showing a non-zero magnetic response in all range of temperatures have been 

studied. In addition, in publication #6 two head-to-tail π-dimeric benzotriaiznyl-systems 

displaying diamagnetic response at low temperatures have been investigated. The 

main goals of the detailed computational studies of this chapter have been: (1) to 

understand and reproduce the magnetism of the different radicals from first principles, 

(2) to reveal the key factors that provide the aforementioned physical properties and (3) 

to propose some ingredients towards the rational design of new derivatives with the 

desired magnetic behaviour. Overall, the use of adequate computational tools to 

properly describe the electronic properties of these systems is compulsory since it 

determines the quality of the simulated data. Besides, a comparison between similar 

compounds is also recommended in order to understand the physical characteristics of 

a family of derivatives. Finally, it has been demonstrated that a computational analysis 

can provide a first screening to identify interesting functional materials with the desired 

properties. 
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Throughout this thesis, the specific findings and conclusions of each publication are 

presented in the final section of each contribution. Moreover, the conclusions that can 

be extracted from each chapter of results, which are focused in a particular family of 

radicals, are summarized at the end of each chapter. Herein, the main conclusions that 

stem from this dissertation as a whole are discussed. To this purpose, the main 

messages that arise from each investigation have been considered in a wide 

perspective that includes not only the particular cases studied in this thesis but its 

transferability to other similar electronic problems. The following conclusions are 

reached after an analysis of all the results obtained in this thesis: 

! The zwitterionic distribution of the charge in the ground state of the TTF-based 

molecular clip monomers studied in publication #1 of this thesis gives rise to clip2
0-4+ 

dimers that are extraordinary stable up to room temperature in solution because of their 

properly balanced intermolecular interactions. In particular, the electrostatic interaction 

between the negatively-charged bridges and the positively-charged TTFs that point to 

them highly stabilizes the system despite the large repulsion between positively-

charged TTFs (Figure 6.1a). When the four TTF are radical ions, two long, multicenter 

bonds appear and lead to a diamagnetic entity. Similarly, the intrinsic zwitterionic 

charge distribution of the neutral radicals of SBP investigated in publications #3 and #4 

of this thesis allows the existence of a stable π-dimer that places two positive charges 

faced in the superimposed phenalenyls. This electronic distribution corresponds to the 

ground state of the triplet state and thus, lacks of a stabilizing electron-pairing process. 

However, it is highly stable due to the double contribution of the attractive interaction 

between the negatively-charged spiro-linkages and the positively-charged π-faced 

phenalenyls (Figure 6.1b). 

(a) Molecular clips (b) Spirobiphenalenyls 

 
 

Figure 6.1. (a) Schematic representation of the two long, multicenter bonding 
interactions (orange dashed lines) and of the zwitterionic charge distribution of clip2

4+. 
(b) Scheme of the HS electronic state of the π-dimer of SBP. 
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ABSTRACT: A systematic theoretical and computational
investigation is performed to determine the keys governing
the existence, in acetonitrile solutions, of dimers of bis-
tetrathiafulvalene (bis-TTF)-functionalized diphenylglycoluril
molecular clips (clip2

n+) that are stable at room temperature
for n ! 4. Although the experimental structure of these dimers
in solution is unknown, electronic absorption studies suggest
that they have [TTF]l+···[TTF]m+ interactions that are
preserved at room temperature (note that when l = m = 1 these interactions become long, multicenter bonds). In good
agreement with the interpretation of the experimental spectroscopic data, all clip2

n+ dimers whose charge is !4 present an
optimum geometry that, in all cases, has three short interfragment [TTF]l+···[TTF]m+ interactions. The computed ΔG(298 K)
for these optimum structures matches the available experimental data on the stability of these dimers. Such optimum geometry,
combined with the zwitterionic character of the electron distribution in monomers and dimers (most of the net positive charge is
equally distributed among the TTF groups, while a 1" au charge is located in the central fused five-membered rings) allows the
formation of a maximum of two long, multicenter [TTF]•+···[TTF]•+ bonds when all TTF groups host a 1+ au of charge, as in
clip2

4+. However, these long, multicenter bonds alone do not account for the stability of clip2
n+ dimers at room temperature.

Instead, the studies carried out here trace the origin of their stability to (1) the zwitterionic character of their charge distribution,
(2) the proper geometrical shape of the interacting monomers, which allows the intercalation of their arms, thus making possible
the simultaneous formation of two short contacts, both involving the positively charged TTF group of one monomer and the
negatively charged central ring of the other, (3) the simultaneous presence of three short contacts among the TTF groups in the
optimum geometry of the clip2

n+ dimers, which become two long, multicenter bonds and one van der Waals interaction when the
four TTF groups host a 1+ charge, and (4) the net stabilizing effect of the solvent.

1. INTRODUCTION
The electron donating capabilities of tetrathiafulvalene (TTF)
make its mono- and dioxidized forms (i.e., [TTF]•+ and
[TTF]2+) useful building blocks in solids having conducting,1

superconducting,2 magnetic,3 or other physical properties.4

These oxidized forms are also found in supramolecular host"
guest systems that act as sensors5 or in organic electronics
devices, such as organic field-effect transistors (OFETs).6

However, in some cases the oxidized [TTF]•+ can form
diamagnetic dimers that are unusable for the aforementioned
physical properties. Consequently, a proper understanding of
the dimerization processes is desirable in order to control the
final physical properties of TTF-based materials.
The nature of the intermolecular interactions between radical

ions has been a subject of great interest particularly since the
discovery of multicenter, long bonds in their crystals7,8 and
solutions.7b,9,10 In the solid state, this type of bond was first
reported and characterized in salts of reduced tetracyano-
ethylene (TCNE),7 where !-[TCNE]2

2" diamagnetic dimers

showing interfragment distances substantially shorter than the
sum of the van der Waals radii but larger than conventional
covalent C"C bonds have been detected (the shortest
interfragment distance in !-[TCNE]2

2" dimers is #2.9 Å).7

Subsequently, an increasing number of organic radicals have
been reported to have similar dimers with sub-van der Waals
intradimer separations. These include, for instance, cyanil11 and
7,7,8,8-tetracyano-p-quinodimethane (TCNQ),12 neutral radi-
cals, such as phenalenyl and its derivatives,13 and radical
cations, such as tetrathiafulvalene (TTF).14,15 Additionally,
long, multicenter bonding has been reported in zwitterionic !-
[TTF"+···TCNE""].16 Kochi and co-workers performed an
exhaustive study of the stability of various long bonded dimers
in several solvents, among them the !-[TTF]2

2+ dimer.17 The
enthalpy and entropy of dimerization of !-[TTF]2

2+ in several
solvents was estimated: in dichloromethane, these two
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In both systems, TTF and SBP-derived, the key electronic factor for their 

unexpected stability is the balanced electrostatic interactions that result from the 

zwitterionic-like distribution of the charge (plus the large dispersion interaction term). 

Therefore, this conclusion can be applied to rationalize the stability of other systems 

that show π-stacks of charged molecules in their ground state and, furthermore, to 

design new stable derivatives presenting similar electronic distributions. 

! The evaluation of the effect of thermal vibrations on the absorption spectrum of 

[TCNE2]2- in dicloromethane at 175 K performed in publication #2 of this thesis 

indicates that the lowest-energy transition fluctuates linearly with the TCNE···TCNE 

stretching normal mode at this temperature. Similarly, evaluating the effect on the JAB 

values of the thermal motion at 180 K of the benzotriazinyl derivatives studied in 

publication #5 of this thesis has allowed concluding that the variation of the exchange 

interaction when explicitly considering the conformational sampling is almost linear at 

this temperature. However, both analysis show that the magnitude of the oscillations is 

large even at relatively low temperatures, which can be ascribed to the direct 

dependence of both energy differences on the overlap between SOMO densities. 

Overall, it can be inferred that the thermal vibrations displayed at T ≤ 180 K by π-

stacked architectures, either in solution or in the solid-state, do not significantly affect 

the excitation energy or JAB obtained once it is compared with the static value 

computed at the average structure. However, this assumption cannot be applied at 

higher temperatures, in which the thermal motion is expected to be much larger and 

the computed energy differences might not be linear with the structural fluctuations. 

! In publication #4 of this thesis, examining the X-ray molecular structures of the LT 

and HT phases of butyl-SBP within the hysteresis loop at 340 K has allowed to unravel 

the role of the conformational disposition of the butyl groups in the appearance of such 

a bistable region (Figure 6.2a). Specifically, the conformation adopted in the LT regime 

prevents the transition at the thermodynamic transition temperature because of the 

large energy barrier that implies rotating the butyl ligand, which ultimately allows the 

spin-switch. Similarly, the study of the conformational sampling of the lateral phenyl 

group of benzotriazinyls compounds 4a and 4b performed in publication #5 of this 

thesis indicates that the disorder displayed by this innocent substituent can affect the 

final magnetic properties of these systems in the low temperature regime. This 

conformational effect arises as long as the position adopted by the ligand determines 

the minimum energy arrangement of the π-stacks, which do affect the magnetic 

response (Figure 6.2b). From both studies, it follows that, although in any case the 

lateral substituents directly contribute to the magnetic properties of these systems at 
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the molecular level, they play a key role in defining the final magnetic behaviour of 

these materials through changes in their structure. Therefore, altering the lateral 

substituents of a molecular compound can lead to a drastic change in its physical 

properties at the solid-state, and thus, can be used as a strategy to obtain materials 

with specific characteristics. 

(a) Spirobiphenalenyls (b) Benzotriazinyls 

     
 

Figure 6.2. (a) Representation of the y periodicity of LT-340 (left) and HT-340 (right) X-
ray structures of butyl-SBP. (b) Benzotriazinyls 4a (top) and 4b (bottom) studied in #5 
of Chapter 5. The thermal ellipsoids correspond to a probability of 50% in all cases. 

! The analysis on the mechanism of the spin transition shown by ethyl- and butyl-

substituted SBP compounds, performed in publications #3 and #4 of this thesis, reveals 

that the transition occurs between a LS (LT) and a HS (HT) minimum. This transition, 

analysed in terms of isolated π-dimers, occurs between a singlet and a triplet minimum, 

and implies an electron transfer from the superimposed phenalenyls (forming a long, 

multicenter bond) to the non-superimposed phenalenyls (Figure 6.3a). This potential 

energy scenario is similar for the phase transition displayed by the benzotriazinyl 

compound 6 studied in publication #6 of this thesis (Figure 6.3b). In this case, the spin 

switch to the triplet minimum does not imply a different electronic distribution, but 

results into a structural rearrangement in which the slippage angle between molecules 

increases. In both systems the magnetic exchange coupling in the HS (HT) minimum is 

antiferromagnetic, that is, the potential energy of the singlet state is lower, however, it 

does not display a minimum in its PES that corresponds to the HT phase. The driving 

force of these spin transitions is the vibrational entropy, which stabilizes the HS 

minimum at a certain temperature (HT). Nevertheless, this minimum must be 

significantly different (from the structural point of view) to the LS minimum such that the 

phase transition occurs in the solid-state. On the contrary, when the two minima are 

similar, only a smooth spin transition is observed as a consequence of the thermal 

population of the HS state, as is reported for benzotriazinyl compound 5.  

By means of an extensive computational study that in-
cludes first-principles bottom-up[12a,17] (FPBU) analyses, ab
initio molecular dynamics (AIMD) simulations,[18] extensive
JAB evaluations, and variable-cell geometry optimizations,
we analyze the main structural and magnetic features of our
two target systems (1 and 2). In terms of their structure, we
have gathered all the necessary information to conclude that
the disorder observed in the lateral phenyl ring of 2 is of
a static (i.e., positional) nature, and to unveil the presence
of dynamic (i.e. , thermal) disorder in the lateral phenyl ring
of 1. Regarding their magnetism, we analyzed, in depth,
how the thermal motion, which is always present at finite

temperatures, affects the
strength and nature of the dom-
inant magnetic exchange inter-
actions. Furthermore, we also
analyzed their magnetic topolo-
gy at two different tempera-
tures, which revealed that, to
reproduce and predict their
magnetic behavior, it is crucial
to use a crystal structure re-
solved at low temperature
(LT).[19] In this sense, this work
is the first to use variable-cell
geometry optimizations as an
efficient alternative to obtain
an estimation of LT crystal
structures, which are otherwise
extremely difficult to obtain ex-
perimentally. This is in accord-
ance with recent theoretical[15]

and experimental[20] studies,
which provided evidence that
the strength and nature (AFM
or FM) of the JAB values might
depend on temperature. Finally,
and because of the structural
disorder observed at 180 K, we
have found that different poly-
morphs might be present at
lower temperatures, and that
they produce different magnetic
response.

2. Computational Details
The Heisenberg Hamiltonian used
throughout in this study was Ĥ=
!2SJABŜAŜB. To calculate the magnetic
exchange couplings (JAB) within DFT,
the broken symmetry (BS) approach[21]

was used to properly describe the
open-shell low-spin states. Among the
projection techniques proposed in the
literature to weight the contribution of
the open- and closed-shell singlets on
the BS solution, we chose the one ad-
vocated by Yamaguchi and co-work-

ers[22] [Eq. (1); HS=High Spin, BS=Broken Symmetry]. The evaluation
of the JAB values for all symmetry-unique radical pairs was achieved at
the UB3LYP[23]/6-311+G(d)[24] level, as implemented in the Gaussian 09
package[25] (see the Supporting Information for a discussion on the basis
set employed). Preliminary calculations revealed that, in the case under
study, embedding effects were not significant when quantifying the
strength of the dominant magnetic exchange interactions. This is in con-
trast to other organic compounds, in which it has been demonstrated that
such effects might be relevant.[26] Consequently, all JAB evaluations were
performed on isolated pairs of radicals.

JAB " EBS ! EHS

Ŝ2
D E

HS
! Ŝ2
D E

BS

#1$

Figure 1. a) Molecular structures of 1,3-diphenyl-1,4-dihydro-1,2,4-benzotriazin-4-yl radicals (1: 7-(4-fluoro-
phenyl)-, X=F, and 2 : 7-phenyl-substituted, X=H). Top view of the crystal structures of 1 (b) and 2 (c). Ther-
mal ellipsoids reported experimentally for compounds 1 (d) and 2 (e); for clarity, hydrogen atoms have been
removed. The temperature dependence of c for radicals 1 (f) and 2 (g) is also shown. A color version of this
figure can be found in the Supporting Information.
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By means of an extensive computational study that in-
cludes first-principles bottom-up[12a,17] (FPBU) analyses, ab
initio molecular dynamics (AIMD) simulations,[18] extensive
JAB evaluations, and variable-cell geometry optimizations,
we analyze the main structural and magnetic features of our
two target systems (1 and 2). In terms of their structure, we
have gathered all the necessary information to conclude that
the disorder observed in the lateral phenyl ring of 2 is of
a static (i.e., positional) nature, and to unveil the presence
of dynamic (i.e. , thermal) disorder in the lateral phenyl ring
of 1. Regarding their magnetism, we analyzed, in depth,
how the thermal motion, which is always present at finite

temperatures, affects the
strength and nature of the dom-
inant magnetic exchange inter-
actions. Furthermore, we also
analyzed their magnetic topolo-
gy at two different tempera-
tures, which revealed that, to
reproduce and predict their
magnetic behavior, it is crucial
to use a crystal structure re-
solved at low temperature
(LT).[19] In this sense, this work
is the first to use variable-cell
geometry optimizations as an
efficient alternative to obtain
an estimation of LT crystal
structures, which are otherwise
extremely difficult to obtain ex-
perimentally. This is in accord-
ance with recent theoretical[15]

and experimental[20] studies,
which provided evidence that
the strength and nature (AFM
or FM) of the JAB values might
depend on temperature. Finally,
and because of the structural
disorder observed at 180 K, we
have found that different poly-
morphs might be present at
lower temperatures, and that
they produce different magnetic
response.

2. Computational Details
The Heisenberg Hamiltonian used
throughout in this study was Ĥ=
!2SJABŜAŜB. To calculate the magnetic
exchange couplings (JAB) within DFT,
the broken symmetry (BS) approach[21]

was used to properly describe the
open-shell low-spin states. Among the
projection techniques proposed in the
literature to weight the contribution of
the open- and closed-shell singlets on
the BS solution, we chose the one ad-
vocated by Yamaguchi and co-work-

ers[22] [Eq. (1); HS=High Spin, BS=Broken Symmetry]. The evaluation
of the JAB values for all symmetry-unique radical pairs was achieved at
the UB3LYP[23]/6-311+G(d)[24] level, as implemented in the Gaussian 09
package[25] (see the Supporting Information for a discussion on the basis
set employed). Preliminary calculations revealed that, in the case under
study, embedding effects were not significant when quantifying the
strength of the dominant magnetic exchange interactions. This is in con-
trast to other organic compounds, in which it has been demonstrated that
such effects might be relevant.[26] Consequently, all JAB evaluations were
performed on isolated pairs of radicals.

JAB " EBS ! EHS

Ŝ2
D E

HS
! Ŝ2
D E

BS

#1$

Figure 1. a) Molecular structures of 1,3-diphenyl-1,4-dihydro-1,2,4-benzotriazin-4-yl radicals (1: 7-(4-fluoro-
phenyl)-, X=F, and 2 : 7-phenyl-substituted, X=H). Top view of the crystal structures of 1 (b) and 2 (c). Ther-
mal ellipsoids reported experimentally for compounds 1 (d) and 2 (e); for clarity, hydrogen atoms have been
removed. The temperature dependence of c for radicals 1 (f) and 2 (g) is also shown. A color version of this
figure can be found in the Supporting Information.
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These conclusions provide some clues to understand the mechanism of the phase 

transitions displayed by these families of radicals and pave the way for at the rational 

design of new switchable molecule-based materials. 

(a) Spirobiphenalenyls (b) Benzotriazinyls  

  

Figure 6.3. Scheme of the potential energy scenario of the spin transition displayed by 
(a) ethyl- and butyl-substituted SBP materials, studied in publications #3 and #4, and 
(b) benzotriazinyl compound 6 studied in publication #6. 

! Computational chemistry is capable to aid in the interpretation of experimental 

results and in the prediction of interesting properties. However, an adequate modelling 

is compulsory in order to obtain quantitative results. Along this thesis, different 

environmental conditions have been applied to perform the calculations, from bare 

electronic structure calculations in isolated conditions up to simulations in solution and 

molecular dynamics in periodic boundary conditions. It has been seen that considering 

solvent, crystal packing and thermal effects is sometimes required to evaluate the 

relative stability, excitation energies, magnetic response and molecular structure of a 

target system. Furthermore, in most of the cases, the reliability of the results obtained 

depends on the quality of the methodology employed. Nevertheless, limitations on the 

available computational resources often require applying approximations. Along this 

thesis, the choice of the proper methodology to be used for computing a specific 

property has been done by benchmarking methods that imply a good compromise 

between accuracy and computational cost, such as DFT and TD-DFT, with high-

performance WF-based methods such as CASPT2, NEVPT2 and DDCI, or, when 

possible, with experimental measurements. This strategy ensures that the physical 

property of interest is being well described and thus, computational chemistry 

constitutes a valuable tool when working in collaboration with experimentalists. 
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The results presented in this thesis have been organized as a compendium of 

publications, which are the final output of the work carried out by several authors 

beyond the author of this thesis. This chapter aims to clarify the contribution of the 

author of this thesis to each one of the publications. 

Publication #1: “Keys for the Existence of Stable Dimers of Bis-tetrathiafulvalene (bis-

TTF)-Functionalized Molecular Clips Presenting [TTF]·+···[TTF]·+ Long, Multicenter 

Bonds at Room Temperature” Maria Fumanal, Marçal Capdevila-Cortada, Joel S. Miller 

and Juan J. Novoa. J. Amer. Chem. Soc. (2013) 135, 13814-13826. 

Contribution: performance of all calculations and analysis of the obtained data. 

Publication #2: “Electronic Excitation Energies in Dimers between Radical Ions 

Presenting Long, Multicenter Bond” Maria Fumanal, Marçal Capdevila-Cortada, Jordi 

Ribas-Ariño and Juan J. Novoa, J. Chem. Theory Comput. (2015) 11, 2651-2660. 

Contribution: performance of all the calculations, analysis of the obtained data and co-

writing the manuscript. 

Publication #3: “Unravelling the Key Driving Forces of the Spin Transition in the π-

Dimers of Spiro-Biphenalnyl-based Radicals” Maria Fumanal, Fernando Mota, Juan J. 

Novoa and Jordi Ribas-Ariño, Submitted 

Contribution: performance of all the calculations, analysis of the obtained data and co-

writing the manuscript. 

Publication #4: “The Origin of Bistability in the Butyl-subsituted Spiro-Biphenalyl-

based Neutral Radical Material” Maria Fumanal, Juan J. Novoa and Jordi Ribas-Ariño, 

Submitted 

Contribution: performance of all the calculations, analysis of the obtained data and co-

writing the manuscript. 

Publication #5: “On the Importance of Thermal Effects and Crystalline Disorder in the 

Magnetism of Benzotriazinyl-derived Organic Radicals” Maria Fumanal, Sergi Vela, 

Jordi Ribas-Ariño and Juan J. Novoa. Chem. Asian J. (2014) 9, 3612-3622. 

Contribution: performance of part of the calculations, analysis of the obtained data and 

co-writing the manuscript. 
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Publication #6: “Towards the tailored design of Benzotriazinyl-based Organic Radicals 

Displaying a Spin Transition” Maria Fumanal, Sergi Vela, Juan J. Novoa and Jordi 

Ribas-Ariño. Accepted Chem. Comm. (2015) DOI: 10.1039/c5cc06288h 

Contribution: performance of all the calculations and analysis of the obtained data and 

co-writing the manuscript. 

In addition to the publications that constitute the present thesis, the following articles 

are also co-authored by the Ph.D. candidate. 

Publication #7: “New coordination features; a bridging pyridine and the forced shortest 

non-covalent distance between two CO3
2− species” Verónica Velasco, David Aguilà, 

Leoní A. Barrios, Ivana Borilovic, Olivier Roubeau, Jordi Ribas-Ariño, Maria Fumanal, 

Simon J. Teat and Guillem Aromí. Chem. Sci. (2014) 6, 123-131. 

Contribution: performance of all the calculations and analysis of the obtained data. 

Publication #8: “Towards an accurate and computationally-efficient modelling of Fe(II)-

based spincrossover materials” Sergi Vela, Maria Fumanal, Jordi Ribas-Ariño and 

Vincent Robert. Phys. Chem. Chem. Phys. (2015) 17, 16306-16314. 

Contribution: performance of part of the calculations and analysis of the obtained data. 
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A continuació es troba el resum en Català de la tesi doctoral titulada: “Formació de 

parell de radicals en arquitectures d’empaquetament π en sistemes orgànics” 

8.1. Introducció 

L'interès en els materials basats en molècules orgàniques ha crescut 

extraordinàriament en la indústria de l’electrònica i de l’emmagatzematge de dades1,2. 

S’investiga el desenvolupament de nous dispositius plàstics amb propòsits tecnològics 

ja que aquests poden proporcionar costos de fabricació menors, processos sintètics 

més versàtils i millors propietats mecàniques (és a dir, transparència, flexibilitat) que 

els materials inorgànics estàndard3. No obstant això, per tal de competir en termes 

d'eficàcia amb aquests materials de base inorgànica, s'han de millorar les seves 

característiques conductores i magnètiques, de manera que es puguin utilitzar com a 

conductors moleculars4,5, imants6, i dispositius de memòria7,8. Les propietats físiques 

d'aquests materials orgànics no només depenen de la naturalesa de les seves 

molècules (magnètiques, biocompatibles), sinó de la forma en què s'organitzen en 

l’estat sòlid (polimèric, amorfa, cristal·lines)9. Per tant, predir i aconseguir un 

comportament final en particular és difícil i requereix investigar les relacions estructura-

propietat, així com la naturalesa de les espècies químiques. 

Dintre dels compostos orgànics, els radicals orgànics han atret molta atenció per a 

la seva aplicació en materials funcionals degut a que tenen un electró desaparellat10. 

No obstant això, aquestes molècules de capa oberta solen ser molt reactives i amb 

freqüència pateixen processos de desproporció o de recombinació que estan 

termodinàmicament afavorits. Per tal d'evitar tal reactivitat i per tal d’obtenir radicals 

estables, s'han seguit principalment dues estratègies. Una possibilitat consisteix en 

protegir els àtoms que contenen l'spin amb substituents voluminosos, però això 

dificulta la comunicació entre les unitats de spin. Una altra alternativa és deslocalitzar 

la distribució de spin i difondre l'electró desaparellat al llarg de diversos àtoms, ja que, 

això, atenua la seva reactivitat. Això últim permet a cada radical interactuar amb els 

seus radicals veïns de tal manera que poden aparèixer propietats d'estat sòlid 

interessants un cop el material molecular cristal·litza. En aquest punt cal destacar que 

un radical orgànic està classificat com estable sempre que es pugui aïllar com un 

compost pur11. 

 La principal estratègia emprada per obtenir compostos orgànics conductors ha 

estat cristal·litzar piles π regulars de molècules orgàniques en les que el solapament 

entre els orbital de les molècules veïnes dóna lloc a una banda deslocalitzada 

conductora on els electrons podem fluir lliurement12. Recentment, s’han presentat 
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molts treballs dedicats a obtenir conductors moleculars orgànics amb matrius 

unidimensionals (1D) partint de la base de que la conductivitat d'un material es 

produeix a través d'una banda parcialment plena13. Per exemple, s'han manifestat 

conductivitats eficients en cristalls de sals de transferència de càrrega que contenen 

donadors (D) i acceptors (A) orgànics. L’empaquetament cristal·lí d'aquestes sals dóna 

lloc a piles de ions radicals A-· reduïts i d’D+· oxidats (o parcialment) tal que la 

conductivitat es produeix a través de les bandes parcialment plenes d’acceptors i 

donadors14. El mateix comportament es va predir per piles π regulars de radicals 

orgànics neutres sempre que donin lloc a una banda mig plena com a resultat de la 

superposició d’orbitals SOMO15 (Figura 8.1.1a). Aquestes molècules han de ser planes 

i conjugades π amb la finalitat d'afavorir la cristal·lització com a piles π. No obstant 

això, les piles regulars 1D de radicals solen ser termodinàmicament inestables enfront 

de distorsions que provoquen que els radicals formin dímers π al llarg de les columnes 

(conegut com la distorsió de Peierls16). Aquesta dimerització genera contactes curts i 

llargs alternativament al llarg de les piles π, i es genera un gap entre les bandes buida 

i plena, i per tant, el material presenta un comportament de semiconductor o d’aïllant 

(Figura 8.1.1b). Aquest fenomen s'ha atribuït generalment a un procés d’aparellament 

entre spins i s'ha emprat amb altres fins (vegeu a continuació). 

(a) (b) 

  

Figura 8.1.1. Esquema de l’estructura de bandes per a (a) una pila π regular i (b) una 
pila π distorsionada (distorsió Peierls)12. 

Degut a que un radical orgànic posseeixen una electró desaparellat amb spin S=½, 

l'empaquetament d'aquestes molècules orgàniques pot conduir a la comunicació 

magnètica entre spins i per tant, a un imant molecular en l’estat sòlid. Hi ha diferents 

possibles ordenacions de spin  degut a la comunicació magnètica. Una possibilitat és 

que tots els spins estiguin desacoblats en un sistema de no interacció. En aquest cas 

For conductivity to arise some charge-transfer is necessary

to generate partially oxidised donor (D) and partially reduced

acceptor (A) stacks, Dd+Ad2. The transfer of charge leads to

depletion of electron density in the donor band so that the

crystal orbitals based on the donor are no longer completely

filled. Conversely, addition of charge into the empty acceptor

orbitals also produces a partially filled band. The resultant

conductivity arising through these partially occupied bands

can be tuned by modulating the extent of charge transfer

between stacks and thereby modifying the density of states at

the Fermi level.19

In 1975, Haddon proposed an alternative model in which

regular stacks of closely spaced p-radicals were predicted to

give rise to conducting materials.14 Overlap of the singly

occupied molecular orbitals (SOMOs) of these radicals should

give rise to a band, which, by the very nature of the singly

occupied molecular orbital, should be half-filled (Fig. 2a) and

in which the energy gap between the bonding and antibonding

orbitals is zero.14 Electrons can be readily promoted to vacant

orbitals at the Fermi level and these compounds are predicted

to be conducting (although see the Mott insulating behaviour

described in Section 2.1). In order to generate systems which

might p-stack in this way, planar, sterically unencumbered,

stable p-radicals would be the ideal molecular building block.

The thiazyl radicals (e.g. those depicted in Scheme 1) com-

prise a large family of thermally stable, planar p-conjugated

molecules which provide a good system in which to explore

this theory. Indeed for planar molecules, including thiazyl

radicals, efficient molecular packing can be achieved in

p-stacked arrangements and the conditions for conduction

may then be achieved.

However, a regular one-dimensional stack of radicals is

thermodynamically unstable with respect to a Peierls

distortion.20 The lattice distortion is manifested as an

irregular stacking of molecules with alternating long and short

intermolecular contacts along the stacking direction which

leads to a stabilisation of the electronic structure. At the

molecular level this leads to stronger bonding between those

molecules with close contacts (a ‘dimer’) and weaker bonding

between these dimers. Indeed detailed temperature-dependent

solution EPR studies on a series of DTDA derivatives by

Passmore and Sutcliffe have revealed dimerisation in solution

to be thermodynamically strongly favourable (see Table 5).

The effect of this dimerisation on the band structure is to

generate a band gap at the Fermi level between the empty

and filled bands (Fig. 2b) which renders the system either a

semiconductor or an insulator depending on the magnitude of

the band gap, DE. This Peierls distortion can be inhibited if

substantial two or three-dimensional inter-stack interactions

are introduced which compete with the tendency to distort the

regular structure.21 These inter-stack interactions need not

necessarily be covalent in nature; strong dispersion or

electrostatic interactions can be utilised to suppress this

distortion. Lateral inter-stack orbital overlap is, by com-

parison, much weaker than the overlap along the p-stacking

direction, but has been shown to have important effects on the

properties of the neutral radicals since it provides a source of

anisotropy and influences the magnitude of the band gap.22

2.1 Neutral dithiadiazolyl (DTDA) radicals

The first steps to prepare neutral radical conductors (NRCs)

were derived from the dithiadiazolyl (DTDA) radical,

RCNSSN in which R was a planar aromatic substituent

(radical 2, Scheme 1). Initial derivatives such as PhCNSSN23a

and p-ClC6H4CNSSN23b tended to form dimers but with little

tendency to form p-stacks and the resultant materials were

diamagnetic insulators. In order to promote the formation of

lamellar p-stacked structures, the systematic synthesis of (a)

larger planar molecules and, (b) molecules bearing functional

groups which favour in-plane interactions, was undertaken

by Oakley.

Large planar aromatics favour face-to-face p-stacked struc-

tures.24 Whilst the 1,4-phenylene-substituted DTDA diradical

adopts a herring-bone motif, the 1,3-derivative adopts

p-stacked vertical arrays (Fig. 3a).25 Within these columns,

the radicals dimerise generating alternate long/short contacts.

Between these p-stacks, radicals are linked via heterocyclic

Sd+…Nd2 contacts.26 1,3,5-Benzene and triazine-based triradi-

cals also exhibit p-stacked structures. These too exhibit alter-

nating long-short contacts along the stacking direction.27,28

Supramolecular synthons have been widely used in crystal

engineering to generate crystal-structures with well-defined

inter-molecular contacts.24 In the case of DTDA radicals, the

strongly polar nature of the S–N bond favours the formation

of molecular sheets when the functional group (R) offers

the potential to form electrostatically favourable lateral inter-

stack contacts. In particular the –CNd2…Sd+ interaction in

cyano-functionalised dithiadiazolyl rings has been utilised

successfully by several groups.29–31 These interactions link

Scheme 2 Common donors and acceptors in the formation of

p-stacked charge transfer conductors

Fig. 2 Schematic band structures for (a) a regular p-stack; (b) a

Peierls distorted p-stack, and; (c) a distorted p-stack subjected to

p-type doping.
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For conductivity to arise some charge-transfer is necessary

to generate partially oxidised donor (D) and partially reduced

acceptor (A) stacks, Dd+Ad2. The transfer of charge leads to

depletion of electron density in the donor band so that the

crystal orbitals based on the donor are no longer completely

filled. Conversely, addition of charge into the empty acceptor

orbitals also produces a partially filled band. The resultant

conductivity arising through these partially occupied bands

can be tuned by modulating the extent of charge transfer

between stacks and thereby modifying the density of states at

the Fermi level.19

In 1975, Haddon proposed an alternative model in which

regular stacks of closely spaced p-radicals were predicted to

give rise to conducting materials.14 Overlap of the singly

occupied molecular orbitals (SOMOs) of these radicals should

give rise to a band, which, by the very nature of the singly

occupied molecular orbital, should be half-filled (Fig. 2a) and

in which the energy gap between the bonding and antibonding

orbitals is zero.14 Electrons can be readily promoted to vacant

orbitals at the Fermi level and these compounds are predicted

to be conducting (although see the Mott insulating behaviour

described in Section 2.1). In order to generate systems which

might p-stack in this way, planar, sterically unencumbered,

stable p-radicals would be the ideal molecular building block.

The thiazyl radicals (e.g. those depicted in Scheme 1) com-

prise a large family of thermally stable, planar p-conjugated

molecules which provide a good system in which to explore

this theory. Indeed for planar molecules, including thiazyl

radicals, efficient molecular packing can be achieved in

p-stacked arrangements and the conditions for conduction

may then be achieved.

However, a regular one-dimensional stack of radicals is

thermodynamically unstable with respect to a Peierls

distortion.20 The lattice distortion is manifested as an

irregular stacking of molecules with alternating long and short

intermolecular contacts along the stacking direction which

leads to a stabilisation of the electronic structure. At the

molecular level this leads to stronger bonding between those

molecules with close contacts (a ‘dimer’) and weaker bonding

between these dimers. Indeed detailed temperature-dependent

solution EPR studies on a series of DTDA derivatives by

Passmore and Sutcliffe have revealed dimerisation in solution

to be thermodynamically strongly favourable (see Table 5).

The effect of this dimerisation on the band structure is to

generate a band gap at the Fermi level between the empty

and filled bands (Fig. 2b) which renders the system either a

semiconductor or an insulator depending on the magnitude of

the band gap, DE. This Peierls distortion can be inhibited if

substantial two or three-dimensional inter-stack interactions

are introduced which compete with the tendency to distort the

regular structure.21 These inter-stack interactions need not

necessarily be covalent in nature; strong dispersion or

electrostatic interactions can be utilised to suppress this

distortion. Lateral inter-stack orbital overlap is, by com-

parison, much weaker than the overlap along the p-stacking

direction, but has been shown to have important effects on the

properties of the neutral radicals since it provides a source of

anisotropy and influences the magnitude of the band gap.22

2.1 Neutral dithiadiazolyl (DTDA) radicals

The first steps to prepare neutral radical conductors (NRCs)

were derived from the dithiadiazolyl (DTDA) radical,

RCNSSN in which R was a planar aromatic substituent

(radical 2, Scheme 1). Initial derivatives such as PhCNSSN23a

and p-ClC6H4CNSSN23b tended to form dimers but with little

tendency to form p-stacks and the resultant materials were

diamagnetic insulators. In order to promote the formation of

lamellar p-stacked structures, the systematic synthesis of (a)

larger planar molecules and, (b) molecules bearing functional

groups which favour in-plane interactions, was undertaken

by Oakley.

Large planar aromatics favour face-to-face p-stacked struc-

tures.24 Whilst the 1,4-phenylene-substituted DTDA diradical

adopts a herring-bone motif, the 1,3-derivative adopts

p-stacked vertical arrays (Fig. 3a).25 Within these columns,

the radicals dimerise generating alternate long/short contacts.

Between these p-stacks, radicals are linked via heterocyclic

Sd+…Nd2 contacts.26 1,3,5-Benzene and triazine-based triradi-

cals also exhibit p-stacked structures. These too exhibit alter-

nating long-short contacts along the stacking direction.27,28

Supramolecular synthons have been widely used in crystal

engineering to generate crystal-structures with well-defined

inter-molecular contacts.24 In the case of DTDA radicals, the

strongly polar nature of the S–N bond favours the formation

of molecular sheets when the functional group (R) offers

the potential to form electrostatically favourable lateral inter-

stack contacts. In particular the –CNd2…Sd+ interaction in

cyano-functionalised dithiadiazolyl rings has been utilised

successfully by several groups.29–31 These interactions link

Scheme 2 Common donors and acceptors in the formation of

p-stacked charge transfer conductors

Fig. 2 Schematic band structures for (a) a regular p-stack; (b) a

Peierls distorted p-stack, and; (c) a distorted p-stack subjected to

p-type doping.
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extrem, totes les possibles orientacions de spin tenen la mateixa energia i el sistema 

dóna una resposta paramagnètica. Per contra, en aquells casos en què existeixen 

interaccions magnètiques entre spins veïns, sorgeix una topologia magnètica i s'obté 

una desviació del comportament paramagnètic. Per dos spins, pot ser més estable 

l’alineació coparal·lela de spins o la disposició antiparal·lela de spins. La primera 

interacció correspon a un acoblament ferromagnètic (FM), i la segona a un acoblament 

antiferromagnétic (AFM) de l’estat fonamental. En aquest context, el hamiltonià que 

representa dos spins que interactuen es defineix com Η = −2!!" · !! · !!. Per tant, un 

valor positiu de JAB indica una interacció ferromagnètica, mentre que els valors 

negatius impliquen un acoblament antiferromagnètic (una JAB zero indica que no hi ha 

comunicació magnètica entre radicals). Les propietats magnètiques d'un material es 

defineixen per la topologia magnètica global que resulta de la consideració de tots els 

acoblaments magnètics entre parells d'spins (zero, FM o AFM) dins del cristall (vegeu 

la Figura 8.1.2)17. Usualment, en els radicals orgànics organitzats en piles π, els 

acoblaments magnètics entre les columnes són molt menors que les interaccions al 

llarg de les piles de tal manera que el comportament magnètic final queda definit 

principalment per aquests valors de JAB més forts. No obstant això, en alguns casos la 

topologia magnètica pot no ser fàcilment deduïble a partir de l’estructura cristal·lina i es 

requereix d’un anàlisi complet de les interaccions magnètiques18,19. La presència o 

absència de resposta magnètica ha de ser considerada sempre a una temperatura 

determinada, és a dir, avaluant la població tèrmica dels estats excitats magnètics20. En 

general, es requereix de resposta magnètica a temperatura ambient, però, les 

interaccions magnètiques en cristalls orgànics són generalment febles, tal que s’han 

d’assolir temperatures baixes per tal d’observar ordenament magnètic. 

(a) (b) 

  

Figura 8.1.2. Esquema de l'estat fonamental que resulta d'un acoblament totalment 
(a) ferromagnètic i (b) antiferromagnètic de 16 spins en una topologia 2D. 
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(a) (b) 

 

Figura 8.1.3. A dalt: (a) Vistes laterals de les fases LT i HT en columna del TTTA, (b) 
dímers LT i HT del butil-SBP. A baix: corbes χT(T) del (a) TTTA7 i (b) butil-SBP8. 

Tot i que no hi ha un mecanisme universal per predir un acoblament ferro- o 

antiferromagnètic entre radicals, un fort solapament entre densitats SOMO estabilitza 

l'aparellament d'electrons i en general condueix a interaccions fortament 

antiferromagnètiques21,22,23,24. Quan apareix distorsió de Peierls (veure a dalt), 

normalment es mostren acoblaments antiferromagnètics molt forts entre els parells de 

radicals a curta distancia. Com a conseqüència, s'obté una resposta magnètica nul·la 

(diamagnetisme) en un gran interval de baixa temperatura malgrat que el sistema està 

constituït per radicals. D'altra banda, si hi ha una entalpia de dimerització petita per a 

la formació del dímer π, el sistema pot presentar una transició de spin entre una fase 

diamagnètica (constituïda per dímers) i una fase paramagnètica (basada en radicals) a 

temperatures més elevades. La primera fase es afavorida per entalpia mentre que la 

segona es afavorida per entropia. S'han reportat transicions de spin d'aquestes 

característiques per a diferents derivats de materials moleculars purament 

orgànics12,25,26,27,28, però, tradicionalment aquest fenomen ha estat associat als 

compostos metalo-orgànics en els quals la transició entre la fase diamagnètica i la fase 

paramagnètica no es produeix a través d'un procés de dimerització, sinó per mitjà d'un 

mecanisme d'encreuament de spin29,30. Quan la temperatura de transició depèn de 

mesurar en el mode d’escalfament o de refredament tèrmic, el sistema mostra 

biestabilitat, és a dir, pot existir en els dos polimorfs sota les mateixes condicions 
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externes. Atès que les dues respostes magnètiques poden ser obtingudes per al 

mateix sistema en funció de la seva història, aquest comportament és d'interès per el 

desenvolupament de dispositius de memòria. Tot i que molts materials basats en 

metalls de transició mostren biestabilitat, s'han reportat pocs materials purament 

orgànics que exhibeixin un ampli cicle d'histèresi tèrmic, sent els més extraordinaris un 

material basat en tiazil (Figura 8.1.3a)7 i un en fenalenil (Figura 8.1.3b)8. El derivat de 

tiazil, TTTA (1,3,5-tritia-2,4,6-triazapentalenil), s'organitza en columnes π que no 

només formen dímers, sinó també canvien la seva disposició relativa al fase LT7. Per 

contra, el radical SBP basat en fenalenil està constituït per dímers π aïllats que 

pateixen d'una transferència intramolecular d'electrons en la transició de fase, que, a 

més, implica un canvi brusc en la distància entre dímers i en el volum de la cel·la8. 

(a) (b) 

 

Figura 8.1.4. Energia d'interacció (Eint) per la formació de parells de radicals entre (a) 
radicals neutres i (b) radicals iònics amb càrrega positiva. Només es mostren les 
contribucions d’enllaç (Ebond) i coulòmbica (Ecoul). 

L'estabilitat del associació π entre radicals ha estat experimentalment31 i 

computacionalment32,33 atribuïda al procés d'aparellament d'electrons que sorgeix de la 

superposició d’orbitals SOMO (Ebond, Figura 8.1.4a). Aquest fenomen es coneix com a 

enllaç multicèntric de llarga distància34 o, alternativament, enllaç pancake35, i es 

caracteritza per distàncies interplanares més curtes que la suma dels radiïs de van der 

Waals entre dos àtoms de carboni (3.4 Å), que és la que es troba en interaccions 

purament de dispersió. La dimerització π entre radicals s'ha observat no només entre 

radicals neutres, sinó també per diversos anions34 i cations radicals36. Els compostos 

que són rics o pobres en electrons π (donadors o acceptors) poden ser fàcilment 
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oxidats o reduïts, respectivament, donant lloc a sals de ions radicals estables anàlegs 

als radicals neutres, però que tenen una càrrega neta i la necessitat d'un contraió. 

Quan es consideren ions radicals, l'equilibri entre la repulsió electrostàtica entre ells i 

el terme d’enllaç dóna lloc a un mínim metastable que es troba per sobre de l'energia 

de dissociació (Figura 8.1.4b). Malgrat la seva naturalesa repulsiva, es detecten 

dímers π entre ions radicals en estat sòlid37 i en solució38 degut a les interaccions amb 

els contraions39 i amb les molècules de dissolvent40, respectivament. No obstant això, 

aquests agregats només són estables a molt baixes temperatures en dissolució perquè 

tenen una entalpia de formació molt petita41,42. Per tal de detectar aquests dímers π en 

solució i a temperatura ambient, s’inclouen en agregats supramoleculars43,44, o es 

sintetitzen derivats45,46 que estabilitzen la dimerització, ja sigui termodinàmicament o 

cinèticament. 

En els últims anys, s'ha fet un esforç continu per desenvolupar materials nous 

purament orgànics amb propietats tecnològicament rellevants. Des de la síntesi de 

Gomberg del radical neutre trifenilmetil47, s'ha reportat una gran varietat de radicals 

orgànics estables, com ara els nitròxids48, verdazils49, fenoxils50, fenalenils51, 

ditiazolils52 i compostos basats en triazinil53, així com diversos ions radicals 

funcionalitzats basats en tetracianoetilè (TCNE-·), i tetratiafulvalè (TTF+·), entre d’altres. 

Aquestes famílies de radicals orgànics s’utilitzen per a la síntesi de nous derivats amb 

característiques millorades a partir de la introducció de diferents substituents en el seu 

esquelet bàsic54. No obstant això, els avenços en nous materials s'han d'aconseguir a 

través d'un disseny racional de les noves estructures químiques. En aquest context, 

les eines computacionals disponibles poden contribuir substancialment a obtenir els 

coneixements necessaris sobre els factors que controlen les propietats físiques 

desitjades, a saber, la conductivitat, el magnetisme i la biestabilitat, dominades 

fonamentalment per l'estructura electrònica d'aquests materials. 

El treball presentat en aquesta tesi està dedicat a estudiar diferents derivats 

purament orgànics que han demostrat ser prometedors per al desenvolupament de 

nous materials funcionals. En particular, l'atenció s'ha centrat en tres famílies de 

radicals orgànics que presenten propietats físiques interessants com a conseqüència 

de la formació de parells de radical π, aquests són: (1) els ions radicals, (2) els 

fenalenils i (3) els compostos basats en triazinil. En global, aquesta tesi doctoral té 

com a objectiu contribuir al camp de la química computacional, així com a la 

comprensió de les propietats electròniques que regeixen la dimerització π d'aquests 

sistemes, que, en última instància, determina el seu comportament magnètic i 

commutable. 
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8.2. Resultats. 

8.2.1. Enllaços a llarga distancia entre parell de radicals iònics 

Recentment, s’ha reportat l'existència de dímers de π-[TTF]22+ en dissolució 

estables a temperatura ambient en els següents complexos supramoleculars (veure 

Figura 8.2.1.1): (a) dímers funcionalitzats de [TTF2]2+ inclosos en anells de 

[3]catenane43; (b) dímers funcionalitzats de [TTF2]2+ inclosos en macrocicles de 

cucurbit[8]uril (CB[8])44; (c) clips moleculars45; i (d) calix[4]arens doblement substituïts 

amb TTFs46. La formació de dímers diiònics en solució estables a temperatura ambient 

no és exclusiva del dímer de π-[TTF]22+ sinó que també s'ha reportat per dímers entre 

anions radicals [TCNQ]·- (7,7,8,8-tetraciano-p-quinodimetà) quan s'inclouen en la 

cavitat d'un macrocicle de porfirina55. L'origen de l'estabilitat a temperatura ambient 

dels dímers funcionalitzats de [TTF2]2+ en [3]catenanes i macrocicles de cucurbit[8]uril 

es va estudiar prèviament en el nostre grup per mitjà d'un anàlisi computacional dels 

seus processos de dimerització en solució56,57. En aquesta tesi, s'ha investigat 

l'existència de dímers de π-[TTF]22+ funcionalitzats en clips moleculars de 

difenilglicoluril per tal de determinar els factors clau que regeixen la seva estabilitat a 

temperatura ambient en solucions de acetonitril.  

El clip molecular de difenilglicoluril bifuncionalitzat amb TTFs, d'ara endavant 

denominat com clip1
n+, es pot entendre com un nucli rígid central, constituït per dos 

anells de cinc membres, al qual estan units dos braços llargs i dos braços curts 

adjacents, de manera que els dos braços llargs apunten en direcció oposada respecte 

als braços curts (veure Figura 8.2.1.1c). La distància entre les dues parets laterals de 

TTF gairebé paral·leles en el clip molecular és d'aproximadament 6-7 Å, per tant, els 

dos TTF es comporten gairebé com unitats independents. Cada grup TTF del clip1
0 pot 

ser fàcilment oxidat fins a un màxim de 2+ conduint a un clip1
4+. Mesures 

experimentals de voltametria cíclica realitzades a baixes concentracions del clip1
0 en 

dissolvent acetonitril a temperatura ambient van mostrar quatre passos anòdics no 

equivalents en lloc de dues etapes d'oxidació de dos electrons, el que suggereix la 

presència d'interaccions intermoleculars entre les unitats monomèriques. La formació 

controlada dels estats oxidats mitjançant tècniques de voltametria va ser 

experimentalment seguida per estudis d’espectroscòpia de masses que van corroborar 

la presència de dímers clip2
n+ per 0 < n ≤ 4. D'altra banda, mesures de l'espectre UV-

vis d'aquests dímers clip2
n+ van mostrar bandes d'absorció de baixa energia 

característiques dels contactes multicèntrics [TTF2]2+ (vegeu més endavant), per tant, 

suggereix una estructura intercalada per la dimerització π. 
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(a) TTF-funcionalitzat en [3]catenane (b) π-[TTF]22+⊂CB[8] 

  

(c) clip molecular TTF-funcionalitzat (d) calix[4]arene TTF-funcionalitzat  

Figura 8.2.1.1. Quatre famílies de TTF-funcionalitzats que presenten dímers π-
[TTF]22+ estables en dissolució a temperatura ambient. 

L’estudi d’aquesta tesi té com a objectius: (1) determinar les característiques 

fonamentals que regeixen l’associació dels monòmers en dímers clip2
n+ quan la 

càrrega neta és ≤ 4, (2) caracteritzar els contactes sub-van der Waals TTFn+···TTFm+, 

en particular, la presència d’enllaços multicèntrics a llarga distància, [TTF2]2+ en el 

clip2
4+ i (3) determinar les raons per les que aquests clip2

n+ (n ≤ 4)  són estables a 

temperatura ambient. Per fer-ho, primer es van calcular i analitzar les geometries 

òptimes de tots els  monòmers clip1
m+ (m = 0-4) i dímers clip2

n+ (n = 0-4,6,8) utilitzant el 

funcional de la densitat meta-GGA M06-L. A més a més, per a cada dímer clip2
n+, es 

va avaluar la seva estabilitat respecte a la dissociació en els seus monòmers 

constituents clip1
l+ i clip1

m+ (n = l + m), així com la naturalesa de l'energia d’interacció 

total que sorgeix de la dimerització. Aquests estudis es van realitzat en condicions de 

fase gas i de dímers dissolts en acetonitril a través de comptabilitzar els efectes del 

solvent utilitzant el model continu PCM. 
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ical cations, which is part of the wider field of host–guest
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analysis of the energetics and kinetics of the inclusion in
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a lateral R=CH2OCH2CH2OH group in all calculations involving the

p-[R-TTF]2
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set was chosen on the basis of previous dimerization studies on p-
[TTF]2

2 + dimers, which showed that the addition of diffuse func-
tions had only a minor impact on the geometric and energetic
properties of these dimers.[27] The same conclusion is demonstrat-
ed in Table S1 (Supporting Information) in relation to the addition
of polarization functions on the hydrogen atoms.

Time-dependent DFT (TD-DFT) calculations were performed using
the wB97X-D functional[36] at the optimum M06L geometries in
aqueous solution. The wB97X-D functional was chosen for these
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Figura 8.2.1.2. Distribució de spin de un catió radical de [TTF]!+ aïllat (esquerra) i d’un 
dicatió diradical de clip1

2+ en el seu estat fonamental. 

Els nostres resultats mostren que el clip1
0 presenta una distribució de càrrega 

zwitteriònica en el seu estat electrònic fonamental: el nucli de la molècula acull 

formalment una càrrega neta de 1- unitats atòmiques (ua), mentre que cada braç llarg 

té una càrrega 0.4+ ua i cada braç curt té 0,1+ ua. Quan el monòmer s'oxida, la 

càrrega extra està totalment localitzada en les unitats de TTF del sistema, de manera 

que s’incrementa la distribució zwitteriònica (el moment dipolar va des de 1.6 a 55.1 

Debyes del clip1
0 a clip1

4+). D'altra banda, un anàlisi de la distribució de la densitat de 

spin del clip1
2+ mostra que els dos electrons desaparellats equivalents estan 

completament localitzats en les unitats de TTF (vegeu la Figura 8.2.1.2), per tant, 

indica que l'estat electrònic fonamental del clip1
2+ correspon a un diradical que conté 

dos unitats de TTF·+ funcionalitzats. 

 

HOMO HOMO-1 HOMO-2 HOMO-3 

Figura 8.2.1.3. Últims orbitals moleculars ocupats del dímer clip2
0 aïllat. La forma dels 

orbitals en dissolució remant invariant. 

Una vegada que les estructures de mínima energia dels dímers clip2
n+ es van 

analitzar, es va trobar que la distribució de càrrega zwitteriònica dels monòmers es 

conserva en les unitats dimèriques, és a dir, la càrrega extra en els dímers oxidats està 

totalment localitzada en les unitats de TTF. Aquesta informació ha estat obtinguda a 

partir d'un anàlisi de la distribució de càrrega de l'estat electrònic fonamental de cada 

nearly independent TTF group, would result in an open-shell
singlet or a triplet ground state (keep in mind that the two TTF
groups of the same monomer are too far away to allow the
formation of an intramolecular long, multicenter bond, which
would result in a closed-shell state). Between these two options,
M06L/6-31G(d,p) calculations indicate that the open-shell
singlet is the ground state, while the triplet state is just 0.1 kcal/
mol higher. Thus, clip1

2+ is a diradical with one electron located
in each TTF group (Figure S4, Supporting Information),
consistent with the computed spin distribution (Figure 5). At

room temperature, the singlet and triplet states will be equally
populated and paramagnetic behavior should be observed. The
clip1

2+ charge distribution, Figure 3, is also zwitterionic, with a
net 1! au charge in the CR group, 0.2+ au in each short arm,
and 1.3+ au in each long arm (0.6+ au in its TTF group and
0.7+ au in the attached six-membered ring). Therefore, the long
arms host the 2+ au formal charge from the oxidation, plus
some extra charge that results from the charge shift, due to the
higher stability of the CR orbitals with respect to the long arms
orbitals. This increase in the zwitterionic character is consistent
with the increase in the dipole moment to 20.5 D. It also
explains the increase in the separation between the two
[TTF]•+ groups observed for the open-shell singlet ground
state of clip1

2+ at its optimum geometry (Table 1, Figure 2).
The ground states of clip1

3+ and clip1
4+ are a doublet and a

closed-shell singlet, respectively, consistent with a further
decrease in the electron occupation of the nearly double-
degenerate HOMOs of clip1

0 (Figure S4, Supporting
Information). The electronic structure of the two fragments
are also zwitterionic, with a 1! au charge located on the central
CR group and 1.7+ and 2.1+ au located in the two long arms,
mostly over the TTF groups (Figure 3). As a consequence, the
dipole moment becomes even larger (24.4 D in clip1

3+ and 26.2
D in clip1

4+). The optimum geometry of isolated clip1
3+ and

clip1
4+ monomers at their ground state, Figure 2, is also V-

shaped, the shortest distance between the TTF groups also
being larger (9.1 and 9.5 Å, respectively). Note the correlation
between the increment of net charge on the TTF groups and
the increase in the angle between the two long arms (and, as a
result, the larger distance between the TTF groups).
3.2. Electronic Structure and Optimum Geometry of

Isolated clip2
n+ (n = 0, 1, 2, 3, 4, 6, or 8) Dimers. An

identification of the most stable geometry of the clip2
n+ dimers

requires a preliminary analysis of the isolated clip1
l+···clip1m+

interaction aimed at qualitatively predicting, among all likely
minimum energy structures, the most plausible orientation of
the absolute minimum. Such a task was achieved in three steps.
In the first one, the nature of the clip1

l+···clip1m+ intermolecular
interactions was determined. Such information allowed the

identification, on qualitative grounds, of the most probable
orientation of the absolute minimum as a second step. Then, in
the third step, the most stable structure was optimized and
analyzed for each isolated clip2

n+ dimer.
3.2.1. The Nature of clip1

l+···clip1m+ Intermolecular
Interactions. The nature of any intermolecular interaction
can be determined by finding the dominant energetic
component in an IMPT41 perturbative calculation of the
interaction energy. This method can also be used to obtain
qualitative information about the nature of the interaction
energy, by analyzing the properties of the dominant component
of the interaction energy via the IMPT scheme.42

Assuming, as is commonly found, that the polarization (Epol)
and charge-transfer (Ect) components of the IMPT interaction
energy are 1 order of magnitude smaller than the remaining
ones,42 the IMPT intermolecular interaction energy between
two open shell fragments, A and B, takes the following
expression:13c

≈ + + +E E E E Eint er el disp bond (1)

where each term has the following physical meaning: (1) Eer is
the exchange!repulsion energetic component that is always
energetically repulsive due to the repulsion that electrons feel
when they occupy the same point of the space, in accord with
the Pauli exclusion principle (this term is known to be
proportional to the exponential of the overlap integral between
the A and B wave functions); (2) Eel is the electrostatic
energetic component of the nonpolarized system, which can be
accurately approximated as a sum of classical multipoles (i.e.,
the sum of the charge!charge, charge!dipole, dipole!dipole,
etc. components; when the smaller polarization component,
Epol, is added, one obtains the true electrostatic energy); (3)
Edisp is the dispersion energetic component, a nonclassical term
that arises from the instantaneous dipole!dipole interactions
resulting from the correlated motions of the electrons in A and
B; (4) Ebond is the bonding energetic component, associated
with the pairing, produced in the dimer, of the unpaired
electrons of fragments A and B. Because Eer is always
energetically repulsive, the remaining three terms (Eel, Edisp,
and Ebond) are the only ones to be analyzed when one looks for
stable geometries of an AB complex.
One can now apply these ideas to the analysis of the clip1

l+···
clip1

m+ interactions. Previous evidence indicates that Eel
dominates whenever the interacting fragments are charged or
have a strong dipole moment, as is the case in all clip1

m+ (m =
0!4) monomers.43 The most stable orientation of two dipoles
is found when they are in an antiparallel disposition. The three
orientations shown in Figure 6 fulfill such a criterion and,
consequently, are good initial candidates to locate the most
stable orientation of clip2

n+ dimers. Among them, that in Figure
6c also maximizes Edisp, due to the presence of short-distance
interactions between the lone-pair electrons of the TTF groups,
whatever the dimer net charge. Finally, Ebond can only be
present whenever the two interacting monomers have unpaired
electrons and their SOMOs present non-negligible overlap. As
discussed above, clip1

+, clip1
2+, and clip1

3+ have unpaired
electrons, mostly located on the TTF groups (0.5, 1.0, and 1.5
electrons on each TTF, respectively). Furthermore, charged
clip2

n+ dimers oriented as in Figure 6c allow the formation of
three short-distance intermolecular TTF···TTF contacts that
interconnect the four TTF groups. When the two TTF groups
of these short-distance TTF···TTF contacts host one unpaired
electron, as in clip1

2+, these become long, multicenter bonds, a

Figure 5. Spin distribution of isolated [TTF]•+ cation (left) and clip1
2+

dication (right) at their ground state.
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acetonitrile (Table S6, Supporting Information) is remarkably
larger than that in isolated dimers (Table S5, Supporting
Information), and (b) the atomic charge becomes negligible in
the two short arms. Those changes are associated with the
different relative stability of the long and short arm orbitals in
solution (Figure 9).
The formation energy of the dimers in acetonitrile solutions

is collected in Table 2, together with their associated ΔG(298
K) values. The solvent destabilizes the formation of clip2

0 and
clip2

+ dimers by 5 and 9 kcal/mol, respectively, but strongly
stabilizes the formation of clip2

2+, clip2
3+, and clip2

4+ (by 30, 63,
and 140 kcal/mol, respectively). Therefore, according to the
formation energies in acetonitrile, all clip2

n+ n ! 6 dimers are
stable against their dissociation into monomers, and only the
formation of the n = 8 dimer is slightly disfavored. Similar
trends are found when looking at the values of ΔG(298 K) in
acetonitrile, the property that better describes the behavior of
the clip2

n+ dimers under the experimental conditions. In perfect
agreement with the reported experimental data, clip2

0, clip2
+,

clip2
2+, clip2

3+, and clip2
4+ are found to be more stable than their

dissociated monomers, while clip2
6+ and clip2

8+ are metastable.
Such metastable character of clip2

6+ and clip2
8+ in acetonitrile

was further evaluated by estimating whether the barrier for their
dissociation into their constituting monomers is higher than the
average thermal energy at 298 K (estimated as TΔS).47 As seen
in Figure S7, Supporting Information, at 298 K such barrier is

smaller than the average thermal energy, thus allowing the
dissociation of the dimer, in good agreement with the
experimental data on the stability of clip2

n+ dimers. In other
words, solvent effects are essential for a proper reproducibility
of the reported experimental stability of clip2

n+ dimers.
The diagram in Figure 9 (right) also allows a proper

rationalization of the available experimental UV"vis data on
clip2

n+ dimers in acetonitrile solutions. In clip2
+ and clip2

2+,
Chiang et al.25 obtained a low-energy band (#1650 nm). A
higher energy band (#800 nm) was also obtained in clip2

3+. In
contraposition, clip2

4+ only exhibits the higher energy band.
Such behavior can be explained by considering the lowest two
electronic energy transitions in these systems, which can be
rationalized in terms of the MO diagram (identified in this
analysis as HOMO, HOMO-1, HOMO-2, and HOMO-3),
Figure 9. The lowest energy transition in clip2

+ and clip2
2+,

which should be associated with the experimental #1650 nm
band, is the HOMO-1 ! HOMO. In clip2

3+ The HOMO-1 !
HOMO transition is still the lowest one in energy, but a new
transition, HOMO-2 ! HOMO-1, is also possible, presumably
responsible of the #800 nm experimental band. In clip2

4+ the
HOMO-1 ! HOMO cannot take place because the HOMO-1
orbital is empty. Consequently, the HOMO-2 ! HOMO-1
transition becomes the lowest one in energy (and should be
associated with the #800 nm experimental band).

Figure 9. (top) Variation of orbital energy when clip2
0 is oxidized to clip2

n+ (n = 1"4), both isolated (left) and in acetonitrile (right). All results
come from M06L/6-31G(d,p) calculations. In each dimer, its zero energy is the energy of the highest occupied orbital localized in L3/L4 groups.
(bottom) Shape of the highest four occupied orbitals of an isolated clip2

0 dimer (in acetonitrile solutions their shape is essentially the same).

Journal of the American Chemical Society Article
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dímer clip2
n+, així com de la topologia del últims orbitals ocupats del dímer clip2

0 (vegeu 

la Figura 8.2.1.3). 

D'acord amb les energies lliures de formació obtingudes a temperatura ambient en 

acetonitril, ΔG (298 K), els clip2
n+ amb n ≤ 4 són estables enfront de la dissociació, 

mentre que els clip2
6+ i clip2

8+ són metastables, d'acord amb l'evidència experimental. 

Aquesta estabilitat extra en els dímers clip2
0-4+ a diferencia dels seus dímers 

constituents [TTF 2]0-2+ ha estat analitzada per mitjà d'una descomposició de la energia 

d’interacció considerant els següents components: (1) les interaccions 

[TTF]l+···[TTF]m+, (2) les interaccions entre pont-[TTF]m+ i (3) les interaccions pont-pont, 

sent el pont la resta que no és TTF. Tot i que les interaccions [TTF]l+···[TTF]m+ són 

equivalents a les [TTF 2]0-2+ en dímers aïllats, les interaccions pont-[TTF]m+ 

contribueixen a estabilitzar altament la energia d'interacció total en tots els dímers 

clip2
0-4+ (aproximadament entre -16 a -100 kcal·mol-1 cada interacció pont-[TTF]m+ entre 

els dímers clip2
0 a clip2

4+). La naturalesa d'aquesta interacció atractiva sorgeix de la 

distribució zwitteriònica de la càrrega en aquest sistema i de la adequada disposició 

geomètrica d’aquests dímers. Aquests dos factors són d'importància clau per entendre 

l'estabilitat dels dímers clip2
n+ (n ≤ 4) a temperatura ambient (veure Figura 8.2.1.4). 

Finalment, les interaccions [TTF]+····[TTF]+· en el dímer clip2
4+ s'han caracteritzat per la 

densitat en els punts crítics d'enllaç entre cada contacte a partir d'una anàlisi d'AIM. 

Els resultats confirmen que els dos contactes laterals corresponen a π-[TTF]22+ mentre 

que el contacte a l'interior correspon a una interacció de van der Waals. 

 

Figura 8.2.1.4. Representació esquemàtica dels dos enllaços multicèntrics a llarga 
distància (línies taronges) i de la distribució de carga zwitteriònica del dímer clip2

4+. 

El següent treball presentat té com a objectiu proporcionar una avaluació del 

mètode CASPT2 i de diversos funcionals de la densitat per mitjà de càlculs TD-DFT 

per a l'obtenció d'energies excitacions electròniques de dímers entre ions radicals que 

presenten enllaços multicèntrics a llarga distància. Aquests càlculs s'han realitzat 

tenint en compte dues perspectives: l'estàtica i la dinàmica. Els càlculs estàtics TD-

DFT i CASPT2, s'han realitzat en geometries prèviament optimitzades dels dímers π-

[TCNE]22- i π-[TTF]22+. Per l’anàlisi dinàmic, l'espectre electrònic ha estat simulat per a 
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Multicenter Bonds at Room Temperature
Maria Fumanal,§ Marca̧l Capdevila-Cortada,§ Joel S. Miller,† and Juan J. Novoa*,§

§Departament de Química Física and IQTCUB, Facultat de Química, Universitat de Barcelona, Av. Diagonal 645, 08028 Barcelona
Spain
†Department of Chemistry, University of Utah, Salt Lake City, Utah 84112-0850, United States

*S Supporting Information

ABSTRACT: A systematic theoretical and computational
investigation is performed to determine the keys governing
the existence, in acetonitrile solutions, of dimers of bis-
tetrathiafulvalene (bis-TTF)-functionalized diphenylglycoluril
molecular clips (clip2

n+) that are stable at room temperature
for n ! 4. Although the experimental structure of these dimers
in solution is unknown, electronic absorption studies suggest
that they have [TTF]l+···[TTF]m+ interactions that are
preserved at room temperature (note that when l = m = 1 these interactions become long, multicenter bonds). In good
agreement with the interpretation of the experimental spectroscopic data, all clip2

n+ dimers whose charge is !4 present an
optimum geometry that, in all cases, has three short interfragment [TTF]l+···[TTF]m+ interactions. The computed ΔG(298 K)
for these optimum structures matches the available experimental data on the stability of these dimers. Such optimum geometry,
combined with the zwitterionic character of the electron distribution in monomers and dimers (most of the net positive charge is
equally distributed among the TTF groups, while a 1" au charge is located in the central fused five-membered rings) allows the
formation of a maximum of two long, multicenter [TTF]•+···[TTF]•+ bonds when all TTF groups host a 1+ au of charge, as in
clip2

4+. However, these long, multicenter bonds alone do not account for the stability of clip2
n+ dimers at room temperature.

Instead, the studies carried out here trace the origin of their stability to (1) the zwitterionic character of their charge distribution,
(2) the proper geometrical shape of the interacting monomers, which allows the intercalation of their arms, thus making possible
the simultaneous formation of two short contacts, both involving the positively charged TTF group of one monomer and the
negatively charged central ring of the other, (3) the simultaneous presence of three short contacts among the TTF groups in the
optimum geometry of the clip2

n+ dimers, which become two long, multicenter bonds and one van der Waals interaction when the
four TTF groups host a 1+ charge, and (4) the net stabilizing effect of the solvent.

1. INTRODUCTION
The electron donating capabilities of tetrathiafulvalene (TTF)
make its mono- and dioxidized forms (i.e., [TTF]•+ and
[TTF]2+) useful building blocks in solids having conducting,1

superconducting,2 magnetic,3 or other physical properties.4

These oxidized forms are also found in supramolecular host"
guest systems that act as sensors5 or in organic electronics
devices, such as organic field-effect transistors (OFETs).6

However, in some cases the oxidized [TTF]•+ can form
diamagnetic dimers that are unusable for the aforementioned
physical properties. Consequently, a proper understanding of
the dimerization processes is desirable in order to control the
final physical properties of TTF-based materials.
The nature of the intermolecular interactions between radical

ions has been a subject of great interest particularly since the
discovery of multicenter, long bonds in their crystals7,8 and
solutions.7b,9,10 In the solid state, this type of bond was first
reported and characterized in salts of reduced tetracyano-
ethylene (TCNE),7 where !-[TCNE]2

2" diamagnetic dimers

showing interfragment distances substantially shorter than the
sum of the van der Waals radii but larger than conventional
covalent C"C bonds have been detected (the shortest
interfragment distance in !-[TCNE]2

2" dimers is #2.9 Å).7

Subsequently, an increasing number of organic radicals have
been reported to have similar dimers with sub-van der Waals
intradimer separations. These include, for instance, cyanil11 and
7,7,8,8-tetracyano-p-quinodimethane (TCNQ),12 neutral radi-
cals, such as phenalenyl and its derivatives,13 and radical
cations, such as tetrathiafulvalene (TTF).14,15 Additionally,
long, multicenter bonding has been reported in zwitterionic !-
[TTF"+···TCNE""].16 Kochi and co-workers performed an
exhaustive study of the stability of various long bonded dimers
in several solvents, among them the !-[TTF]2

2+ dimer.17 The
enthalpy and entropy of dimerization of !-[TTF]2

2+ in several
solvents was estimated: in dichloromethane, these two
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100 estructures representatives de π-[TCNE]22- extretes d'una simulació de dinàmica 

molecular que reprodueix de forma explícita el medi de dissolució en diclormetà. La 

comparació entre aquestes dos perspectives permet avaluar els efectes de les 

vibracions tèrmiques sobre la posició i forma de les bandes de l'espectre UV-vis 

simulat. Treballs anteriors han demostrat que tenir en compte el moviment tèrmic d'un 

sistema pot proporcionar importants coneixements en l'estudi de les seves propietats 

físiques. 

 (a) π-[TCNE]22- (b) π-[TTF]22+  

 

Figura 8.2.1.5. Diagrama d’orbitals moleculars dels dímers (a) π-[TCNE]22- i (b) π-
[TTF]22+. Les transicions característiques es mostren en cada cas. 

L'espectre UV-vis experimental del dímer π-[TCNE]22- presenta dues bandes 

d'absorció a 525 i 370 nm en diclormetà41, que corresponen a les excitacions 

electròniques representades a la Figura 8.2.1.5a. D'altra banda, l'espectre dels dímers 

π-[TTF]22+ exhibeix tres bandes a 730, 520 i 395 nm en acetona42 que sorgeixen de les 

excitacions electròniques que es mostren a la Figura 8.2.1.5b. Per tal de calcular 

aquestes energies d'excitació electròniques per mitjà de càlculs CASPT2, diferents 

espais actius es van avaluar partint de l’espai actiu mínim, CAS(2,2), que inclou només 

els orbitals HOMO i LUMO, fins a espais actius estesos, utilitzant el formalisme RAS, 
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tenint en compte tots els orbitals de tipus π dels sistemes. Els resultats obtinguts 

indiquen que els espais de configuracionals CAS(6,4) i CAS(6,6), que es representen a 

la Figura 8.2.1.5, proporcionen una precisió suficient per a l'avaluació de l'espectre 

electrònic dels dímers π-[TCNE]22- i π-[TTF]22+, respectivament. 

 

Figura 8.2.1.6. Error promig absolut en les excitacions electròniques (nm) calculades 
amb els mètodes TD-DFT i CASPT2. Els valors es comparen amb els experimentals.  

Les energies d'excitació electrònica TD-DFT han estat avaluades utilitzant 10 

funcionals de la densitat diferents. Els funcionals PBE, B97-D3 (BJ), M06-L, B3LYP, 

PBE0, M06-2X, M06-HF, wB97X, LC-wPBE i LC-BLYP s'han utilitzat per calcular les 

bandes del UV-vis dels dímers π-[TCNE]22- i π-[TTF]22+. Els nostres resultats mostren 

que les transicions característiques d'aquests sistemes estan ben descrites quan 

s’utilitzen GGA purs, meta-GGA i funcionals híbrids GGA amb una baixa quantitat 

d'intercanvi d'HF (<25%). Per contra, els funcionals amb una alta porció d’intercanvi 

HF donen errors que poden assolir valors de 100 nm en el cas del dímer π-[TTF]22+ 

(vegeu la Figura 8.2.1.6). 

El moviment tèrmic del π-[TCNE]22- en diclormetà s'ha investigat mitjançant l'anàlisi 

del seu mostreig conformacional durant 45 ps en una simulació de dinàmica molecular. 

Després, s’han dut a terme càlculs TD-DFT i CASPT2 de les bandes d'absorció 

característiques en 100 estructures representatives. L'espectre d'absorció de π-

[TCNE]22- en CH2Cl2 calculat amb TD-DFT es representa a la Figura 8.2.1.7a. 

Curiosament, no hi ha canvis significatius en els valors promig de les dues energies de 

transició quan es comparen amb els resultats estàtics. No obstant això, la dispersió 

tèrmica en la transició H → L és notablement més alta que en la transició H-1 → L. 

Aquest efecte dinàmic es va investigat mitjançant un anàlisi de les principals 

usually do not provide a correct description of dispersion,
associated with medium- and long-range correlation. A popular
approach to account for dispersion is the Grimme correction,
which adds an empirical term to the total EKS‑DFT energy.
Vertical electronic excitation energies obtained using PBE and
PBE-D3(BJ) led to the same exact result. This is not surprising
as Grimme’s dispersion schemes only depend on atom-pairwise
fitted coefficients and not on the converged electron
density,49,80,81 and thus there is no variation from the ground
state to the excited states. Alternatively, vertical electronic
transitions obtained with density functionals that majorly do
not account for dispersion (for instance PBE) were also
compared to those that successfully do. The Minnesota set of
functionals (e.g., M06-L, M06-2X, and M06-HF),50,53 are
parameterized to account for medium-range correlation and
hence perform satisfactorily on dispersion interactions.82

Despite providing PBE and M06-L similar excitation energies,
the small differences by no means can be directly assigned to
dispersion. Additionally, M06-2X and M06-HF are also
parameterized to account for dispersion, and their performance
is notably worse than low HF exchange functionals, including
M06-L. Therefore, the amount of exact exchange seems to be a
more critical factor than dispersion for the description of
vertical excitation energies.
It is worth finally noting that TD-DFT oscillator strengths

are in better agreement with the experimental relative
intensities than those previously found at the CASPT2 level.
Both methods predict the correct intensities for the !-[TTF]2

2+

dimer, but whereas CASPT2 predicts for !-[TCNE]2
2! the

second excitation to be twice as intense as the lowest excitation,
TD-DFT anticipates the latter to be 30% higher than the
former excitation. This is in close accordance with the "35%
relative intensity observed in the experiments.

B. Dynamic Perspective. Thermal fluctuations have been
increasingly acknowledged to be a key ingredient when
comparing computed spectra with experimental data.37!46 In
the following, these fluctuations have been investigated by
performing a 45 ps CPMD simulation of the !-[TCNE]2

2!

dimer in a CH2Cl2 simulation box at 175 K and evaluating its
excitation energies on 100 configurations extracted from the
simulation (further details are given in Methodology). Based on
the previous results, at each extracted configuration the CH2Cl2
molecules are removed for the vertical electronic transitions
calculation, and the solution environment was modeled using
the PCM method.
The simulation explores C···C distances in the 2.6!3.2 Å

range between the [TCNE]•! units and leads to an average
long-bond distance of 2.9 Å, in perfect agreement with the
experimental value reported for several molecular crystals
containing !-[TCNE]2

2! dimers.83,84 Moreover, the average
angle and dihedral angle between the four central carbon atoms
directly involved in the bond (as defined in SI Figure S4)
results in 90° and almost 0°, respectively, with thermal
distributions that span about 10° above and below these
mean values. Hence, the !-[TCNE]2

2! dimer do not dissociate,
as experimentally observed at this temperature.14 From this
entire trajectory, 100 configurations evenly distributed over the
running time were taken for a subsequent evaluation of the
excitation energies and oscillator strengths with CASPT2 and
TD-DFT methods. These results will provide a dynamic
perspective of the absorption spectrum of !-[TCNE]2

2! in
solution. The evolution of the structural parameters along the
45 ps simulation and that for the 100 extracted configurations is
shown in SI Figure S4, evidencing that the distribution of the
configurations considered is well balanced for the three
variables. In addition, the mean values obtained in both cases
validate the suitability of the sample to quantitatively represent
the whole trajectory (SI Table S4). The CAS(6,4) active space
was used for the CASPT2 calculations with the TZP
contraction of the ANO-L basis set, and the B97-D3(BJ)/6-
311+G(d) was used for the TD-DFT analysis, according to the
previous section results. Thermal fluctuations may permute the
order of two or more excited states. Thus, to ensure that the
two characteristic absorption bands were taken into account on
each configuration, 5 and 10 singlet electronic states were
evaluated for the CASPT2 and TD-DFT calculations,
respectively (all other electronic transitions but the two of
interest present negligible oscillator strength).

Figure 3. Excitation energies obtained at the TD-DFT level as a
function of the HF exchange portion, for the !-[TCNE]2

2! and !-
[TTF]2

2+ dimers. The 6-311+G(d) basis set was used, and all
calculations were performed in the PCM solution.

Figure 4. Mean absolute error (MAE) associated with excitation
energies (nm) for the TD-DFT and CASPT2 calculations of Table 4
and Table 2, respectively. Values compared to the experimental
energies.
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correlacions d’estructura-energia. Els nostres resultats mostren que hi ha una 

dependència lineal de l'energia de transició H → L amb la distància intermonomèrica 

(Figura 8.2.1.7b), mentre que cap fluctuació estructural es correlaciona 

significativament amb l'energia de l’excitació H-1 → L. Aquests resultats es poden 

racionalitzar sobre la base de la naturalesa π-enllaçant i π-antienllaçant dels orbitals 

involucrats en les transicions. Atès que els orbitals π-enllaçants s'estabilitzen a 

distàncies més curtes i els π-antienllaçant segueixen la tendència oposada, qualsevol 

transició entre dos orbitals de diferent naturalesa oscil·la linearment amb el moviment 

intermonomèric. Per contra, les transicions entre dos orbitals de la mateixa naturalesa, 

com ara el EE2 representat a la Figura 8.2.1.5, no es veuen afectats per aquest 

moviment. 

(a) (b) 

  

Figura 8.2.1.7. (a) Espectre d’absorció de π-[TCNE]22- en diclormetà obtingut amb TD-
DFT amb el funcional B97-D3(BJ). (b) Energies H"L (blau) i H-1"L (vermell) 
obtingudes amb TD-DFT en funció de la distància intermonomer entre [TCNE]!+. 

 

8.2.2. Transicions de spin en compostos basats en spiro-bifenalenil 

Els spiro-bifenalenils (SBP) consisteixen en dos fenalenils (PLY) connectats 

perpendicularment a través d'un àtom de bor tetracoordinat que origina un spiro-

conjugació58. Estudis electroquímics i d’ESR van mostrar que aquests compostos 

tenen una forta separació de càrrega i que formalment una càrrega negativa es troba a 

la spiro-conjugació (1-) i una càrrega positiva (1+), juntament amb un electró 

desaparellat, està simètricament deslocalitzada sobre la resta de la molècula. S'han 

reportat diferents propietats físiques per aquests SBP segons els diferents 

empaquetaments en l’estat sòlid en funció dels substituents en l'àtom de nitrogen 

(Figura 8.2.2.1a). En particular, dos compostos de SBP mostren una transició d'spin 
The absorption spectrum of !-[TCNE]2

2! in dichloro-
methane obtained using both methods is shown in Figure 5.
Thermal fluctuations trigger a negligible shift of the mean
values obtained at the CASPT2 level (512 and 363 nm)
compared to the previous section static results (516 and 369
nm). On the other hand, a deviation of 40 nm to lower energies
is obtained for the H ! L transition at the TD-DFT level,
leading to an average value of 596 nm (556 nm using the static
approach). This results in a larger relative error for the dynamic
approach (12%) than the static approach (5%) when compared
to the experimental band, 525 nm. Interestingly, thermal
dispersion is notably higher on the H ! L transition than on
the H-1 ! L, for both methods, thus manifesting a greater
impact of the dynamic effects due to thermal motion on the
lowest energy excitation than on the second lowest transition.
No significant thermal effects are observed on the relative
intensities between the two absorption bands.
The different thermal dispersion presented by the two lowest

electronic transitions was investigated by analyzing the
dependence of the vertical excitation energies with the
geometrical intermonomer parameters (namely, the distance,
angle, and dihedral angle) between the [TCNE]•! units, at
each conformation extracted from the simulation. Figure 6
shows the variation of the excitation energies with the C···C
intermonomer distance, while SI Figure S5 shows their

variation with the angle and dihedral angle. The H-1 ! L
transition is not affected by any structural arrangement caused
by the thermal motion. However, the H ! L exhibits a rather
strong dependence with the intermonomer distance (no
correlation is manifested with the angle and dihedral angle).
In this monodimensional scenario, the linear trend observed for
the first vertical excitation energy explains the resulting "150
nm bandwidth. Other geometrical distortions should be
evaluated in order to account for all of the oscillations of the
excitation energy due to thermal effects, but this is not feasible
from a practical point of view.
These larger thermal effects for the H ! L transition

compared to the negligible effects for the H-1 ! L can be
rationalized by taking into account the nature of the orbitals
involved in each transition. The H ! L excitation involves a !-
bonding and a !-antibonding molecular orbitals, while the H-1
! L transition occurs between two !-antibonding orbitals
(Figure 2a). Bonding orbitals are stabilized at shorter
intermonomer distances due to higher SOMO!SOMO
overlap, whereas antibonding orbitals follow the opposite
trend. Hence, any transition between two !-orbitals of different
nature will be affected by the intermonomer stretching normal
mode and, on the other hand, transitions between two orbitals
of the same nature will essentially remain unaffected. To
validate this hypothesis, Figure 7 shows the DFT orbital
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2! in dichloromethane obtained at (a) CAS(6,4)PT2 and (b) TD-DFT levels. The TZP contraction of

the ANO-L basis set was used for CASPT2, and B97-D3(BJ) functional with 6-311+G(d) basis set was used for TD-DFT calculations. The PCM
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entre una fase paramagnètica a alta temperatura (HT) i una fase diamagnètica a baixa 

temperatura (LT) (Figura 8.2.2.2)8,59. En aquest cas, es van utilitzar els substituents etil 

(2) i butil (3) i es va observar empaquetament en dímers π en les dades de difracció de 

raigs X (Figura 8.2.2.1b). La transició magnètica abans esmentada està acompanyada 

simultàniament per un canvi en la resposta elèctrica i òptica del material de tal manera 

que tres canals físics diferents poden ser emprats al mateix temps amb fins 

commutables. Aquest tipus de multifuncionalitat ofereix la possibilitat de processar la 

informació en dispositius l'emmagatzematge de dades de nova generació, on s'utilitzen 

múltiples canals físics per l'escriptura, la lectura i la transferència d'informació60. 

(a) Monòmer de SBP  (b)  Dímers π de SBPs  

  

Figura 8.2.2.1 (a) SBPs N- i O-funcionalitzats: 2 R=etil, 3 R=butil (b) Estructura de 
raig-X de sistemes organitzats en dímers π de SBPs. 

En aquesta tesi, es revelen les causes per a la transició d'spin en parells de radicals 

de SBP per mitjà d'un anàlisi ab initio de les propietats electròniques d'aquests dímers 

π. Per fer-ho, s'han investigat les següents qüestions: (1) l'estructura electrònica d'un 

monòmer SBP aïllat, (2) l'estructura electrònica dels dos estats magnètics, l'estat LS i 

l'estat HS, dels dímers π, (3) la superfície d'energia potencial dels estats abans 

esmentats LS i HS, i (4) els diferents components de l'energia d'interacció 

intermolecular entre els radicals de SBP en els dímers π en els dos estats de spin.  

La relació entre la deslocalització de l’spin en un SBP aïllat i l'estructura molecular 

dels seus PLY constituents s'ha analitzat mitjançant el càlcul de la funció d'ona i del 

perfil de l'energia al llarg de la coordenada de reacció que connecta les geometries 

asimètrica (PLY0-spiro-PLY1+) i simètrica (PLY0.5+spiro-PLY0.5+). En la geometria 

asimètrica, la topologia del orbital SOMO indica que l'electró desaparellat està 

localitzat en un únic PLY (Figura 8.2.2.3b), i en l'estructura simètrica, el orbital SOMO 

està deslocalitzat sobre els dos PLY de tal manera que la densitat d'spin es distribueix 

per igual en els dos centres (Figura 8.2.2.3a). Aquest resultat corrobora que el grau de 
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Magneto-Opto-Electronic
Bistability in a Phenalenyl-

Based Neutral Radical
M. E. Itkis, X. Chi, A. W. Cordes, R. C. Haddon*

A new organic molecular conductor, based on a spiro-biphenalenyl neutral
radical, simultaneously exhibits bistability in three physical channels: electrical,
optical, and magnetic. In the paramagnetic state, the unpaired electrons are
located in the exterior phenalenyl units of the dimer, whereas in the diamag-
netic state the electrons migrate to the interior phenalenyl units and spin pair
as a !-dimer. Against all expectations, the conductivity increases by two orders
of magnitude in the diamagnetic state, and the band gap decreases. This type
of multifunctional material has the potential to be used as the basis for new
types of electronic devices, where multiple physical channels are used for
writing, reading, and transferring information.

The processing of information is based on the
ability to control and retrieve changes in a
particular physical property of a material,
such as the electrical, magnetic, or optical
response. Usually, at the level of the basic
unit, one of these physical channels is used.
When two different physical channels of the
material are simultaneously involved, a new
breadth of applications and even new fields
of research often appear, such as optoelec-
tronics, magnetooptics, and spintronics (1),
which, as Das Sarma (2) noted, “is a seamless
integration of electronic, optoelectronic and
magnetoelectronic multifunctionality on a
single device. . . .” We now report that a
phenalenyl-based neutral radical organic con-
ductor exhibits bistability just above room
temperature so that one state is paramagnetic,
insulating, and infrared (IR) transparent.
These properties reverse in the other state to
produce a material that is diamagnetic, con-
ducting, and IR opaque.

By definition, neutral organic radical mole-

cules contain an unpaired electron just as in a
classical (mono)atomic metal, and they are
promising basic units for the construction of an
intrinsic molecular metal or superconductor (3).
The basic molecular building block on which
we report consists of two phenalenyl ring sys-
tems, spiro-conjugated through a boron atom
(Fig. 1), so that the two halves of the molecule
are orthogonal to one another. This nonplanar

unit prevents the formation of a one-dimension-
al structural chain (4, 5), thus obviating the
occurrence of a Peierls transition to an insulating
ground state (6).

A variety of alkyl (CnH2n " 1) groups can be
attached to the nitrogen atoms to modify the
crystal packing; the first phenalenyl-based neu-
tral radical to be crystallized [1, with a hexyl
group (n # 6) attached to nitrogen] is a reso-
nance-stabilized carbon-based free radical (7).
The existence of the monomeric, neutral carbon-
based free radical 1 in the crystalline state is
unprecedented; all prior structures have re-
quired steric hindrance to inhibit dimerization
(4, 5, 8, 9). Furthermore, the hexyl radical 1
shows the highest conductivity of any neutral
organic molecular solid, despite the fact that
all intermolecular contacts are outside of the
van der Waals spacing (7 ).

Changing the alkyl group from hexyl 1 to
butyl 2 or ethyl 3 leads to a crystal structure
containing !-dimers as the basic building block
(Fig. 1) (10). In the high-temperature limit [3,
temperature (T) $ 350 K], the interplanar dis-
tance within the !-dimer is about 3.3 Å and the
interaction is sufficiently weak that the electron
spins remain unpaired. The dimerization to a
diamagnetic state occurs at a structural phase
transition when T decreases below 320 K and
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Fig. 1. (A) Molecular structure of neutral radicals. (B) X-ray crystal structure of ethyl radical 3,
showing the intra-dimer distance, d, indicated by the double-headed arrow. d increases from %3.2
to %3.3 Å as the spins unpair and the compound becomes paramagnetic.
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deslocalització electrònica i les distàncies d'enllaç de les unitats de PLY es 

correlacionen directament. La forma del perfil d'energia resultant mostra un únic pou 

de potencial amb el mínim d'energia en l'estructura simètrica-deslocalitzada, d'acord 

amb l'experiment. No obstant això, la penalització energètica de localitzar l'electró 

desaparellat en una unitat de PLY està dins de la gamma de 1-2 kcal·mol-1, el que 

explica per què el grau de deslocalització pot ser alterat per mitjà de interaccions 

intermoleculars fortes que afavoreixin la localització de l’spin en un PLY i que 

condueixen a un SBP asimètric. 

(a) etil-SBP 

 

(b)  butil-SBP 

Figura 8.2.2.2. Susceptibilitat magnètica de (a) 2 i (b) 3. Les fletxes indican el camí 
d’escalfament I refredament en el cicle de bistabilitat de 3. 

Per tal de determinar l'estructura electrònica dels dos estats magnètics dels dímers 

π de l’etil-SBP, s'han calculat les funcions d’ona singlet i triplet de menor energia per a 

les estructures de raigs X reportades a diferents temperatures. L'evolució de la funció 

d'ona s'ha analitzat en termes de l'ocupació dels orbitals naturals frontera (Figura 

8.2.2.4b) i els resultats obtinguts es poden resumir de la següent manera: (1) per sota 

de la temperatura de transició, els electrons desaparellats es localitzen principalment 

en el combinació enllaçant de les densitats SOMO dels PLY superposats (1.6 

electrons en l’orbital 1-au), però hi ha deslocalització parcial als PLY no superposats 

(0.4 electrons en els orbitals 2-au i 1-ag), i (2) per sobre de la transició d'spin els 

electrons desaparellats estan completament localitzats en els PLY no superposats (2.0 

electrons en orbitals 2-au i 1-ag). Com que per sota de la transició d'spin el sistema és 

diamagnètic, només s'ha considerat l'estat singlet en aquest règim de temperatura, 

mentre que per sobre de la temperatura de transició tant el singlet com el triplet s'han 

examinat donat que es mostra una resposta paramagnètica. 
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(a) Delocalitzat (b) Localitzat 

 

 

 

 

Figura 8.2.2.3. Orbitals SOMO (a baix) i LUMO (a dalt) obtinguts per a (a) l’estructura 
simètrica i (b) l’estructura asimètrica del monòmer de SBP. 

(a) (b) 

 

2-ag 

1-ag 

2-au 

1-au 

Figure 8.2.2.4. (a) Esquema dels estats electrònics dels estats HS (a dalt) i LS (a baix) 
dels dímers π de SBP. (b) Orbitals frontera dels dímers π de SBP. 

 

Figure 8.2.2.5. Esquema dels dos possibles escenaris per la superfície d’energia 
potencial del singlet que explicaria el mecanisme de la transició de spin del etil-SBP. 

! 31!

 
 
Figure 5. Energy spectra of the four lowest-lying singlet states and the four lowest-lying triplet 
states of a π-dimer of ethyl-SBP as a function of temperature, as obtained with single-point 
NEVPT2(2,4) calculations using X-ray crystal structures recorded at different temperatures. All 
the energies are given relative to the energy of the lowest-lying 1Ag state at the crystal geometry 
refined at 90 K.  
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Figure 6. Natural orbitals obtained from CASSCF(2,4) calculations of the π-dimer of ethyl-SBP. 
The displayed orbitals are those included in the active space of these calculations.  
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The displayed orbitals are those included in the active space of these calculations.  
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Figure 5. Energy spectra of the four lowest-lying singlet states and the four lowest-lying triplet 
states of a π-dimer of ethyl-SBP as a function of temperature, as obtained with single-point 
NEVPT2(2,4) calculations using X-ray crystal structures recorded at different temperatures. All 
the energies are given relative to the energy of the lowest-lying 1Ag state at the crystal geometry 
refined at 90 K.  
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Figure 6. Natural orbitals obtained from CASSCF(2,4) calculations of the π-dimer of ethyl-SBP. 
The displayed orbitals are those included in the active space of these calculations.  
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Dos possibles escenaris, en termes de la topologia de la superfície d'energia 

potencial (PES) del LS, són concebibles per racionalitzar el mecanisme de la transició 

d'spin en aquests dímers π. Una possibilitat es basa en la hipòtesi de que hi ha dues 

estructures de mínima d'energia en la LS-PES, la primera localitza els electrons 

desaparellats als PLY superposats (mínim LT) i la segona, en els PLY no superposats 

(mínim HT). Per tant, la senyal magnètica silenciosa en LT, i activa en HT, sorgiria de 

la diferent força dels acoblaments magnètics en cada mínim (Figura 8.2.2.5, esquerra). 

D'altra banda, l'altra possibilitat podria ser un mecanisme d'encreuament singlet-triplet, 

és a dir, la transició de fase es produeix entre un mínim singlet i un mínim triplet 

(Figura 8.2.2.5, dreta). En aquest cas, la configuració electrònica que localitza els 

electrons desaparellats en els PLY no superposats no presenta un mínim en la LS-

PES, sinó només en la HS-PES. Les optimitzacions de geometria realitzades pels dos 

estats d'spin demostren que la situació correcta és la segona. A més a més, s'ha 

investigat la petita diferencia d'energia adiabàtica obtinguda (1.6 kcal·mol-1 a nivell 

B3LYP-D2) a partir d’una anàlisi de descomposició de l’energia d'interacció realitzat 

per els dos estats de spin. Els resultats revelen que, tot i que la dispersió i la 

contribució d’enllaç afavoreixen l'estat LS, la interacció electrostàtica entre les unitats 

monomèriques en la configuració de HS és altament atractiva de tal manera que 

competeix amb les components anteriors. Aquesta estabilització electrostàtica és 

sorprenent en l'estat HS i sorgeix de la suma de les interaccions atractives entre les 

spiro-conjugacions carregades negativament i els PLY superposats amb càrrega 

positiva, les quals contraresten la repulsió electrostàtica entre les unitats de PLY amb 

càrrega positiva (Figura 8.2.2.6). Aquest equilibri entre els termes d’enllaç i de 

dispersió, i les interaccions electrostàtiques, així com el paper primordial de l'entropia 

vibracional en la transició de fase, són els factors clau que regeixen la transició de spin 

en els dímers π de SBP. 

 

Figura 8.2.2.6. Esquema dels estats electrònics LS I HS dels dímers π de SBP. 
S’indiquen les contribucions principals a Eint en cada cas.  
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Tot i que els compostos 2 i 3 exhibeixen la mateixa estructura cristal·lina i propietats 

magnètiques similars, difereixen en la seva temperatura de transició i en la presència 

d'histèresi en el segon (Figura 8.2.2.2). Aquest fet constitueix una excel·lent oportunitat 

per estudiar els factors que permeten la biestabilitat en aquesta família de radicals. 

Mentre que pel compost 2 es detecta la transició de fase a 140 K, el compost 3 la 

mostra a ~340 K i s'acompanya d'un cicle d'histèresi d'aproximadament 25 K. En 

aquesta tesi, s'analitzen les principals causes que provoquen aquestes diferències. 

Primer, s'han realitzat càlculs sobre les dades cristal·logràfics reportades pel compost 

3 a diferents temperatures. Després, s'han calculat les estructures de mínima energia 

d'ambdós estats, LS i HS, i la diferencia d'energia adiabàtica entre les dues fases s'ha 

estimat i s’ha comparat amb la trobada pel compost 2. Finalment, les simulacions de 

dinàmica molecular han fet possible dilucidar el diferent comportament tèrmic que 

caracteritza els estats LS i HS dins del bucle d'histèresi i, per tant, el mecanisme de la 

biestabilitat mostrada per 3. 

(a) LT-340 (b) HT-340 

  

Figura 8.2.2.7. Coordenades cristal·logràfiques de (a) LT (340 K, escalfament) i (b) HT 
(340 K refredament) dels dímers π de butil-SBP. Els àtoms de hidrogen no es mostren. 

Les diferències d'energia vertical LS-HS s'han calculat en condicions de fase gas i 

cristal·lines per els dímers π d'etil i de butil-SBP en les geometries cristal·logràfiques 

reportades a diferents temperatures. Els resultats obtinguts permeten concloure que la 

disposició molecular dels dímers π de butil-SBP a baixes temperatures desestabilitzen 

altament l'estat HS respecte als dímers π d'etil-SBP en el règim de LT. No obstant 

això, aquesta desestabilització de l'estat HS no s'observa a nivell molecular i s'origina 

en l'estructura de mínima energia dels dímers π de butil-SBP a la xarxa cristal·lina.  

El paper del lligant de butil en la determinació de la disposició de mínima energia 

dels dímers π al l’estructura cristal·lina s'ha investigat mitjançant un examen en detall 

de la seva conformació i desordre en les dues fases, LS i HS. Per sota de la transició 

d'spin, les estructures de raigs X reportades mostren una conformació gauche-IN per a 

la meitat dels grups butil (vegeu les Figures 8.2.2.7a i 8.2.2.8). Per contra, en el règim 
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paramagnètic totes les estructures cristal·logràfiques presenten una disposició anti 

dels lligands de butil i, a més, mostren desordre tèrmic (vegeu les Figures 8.2.2.7b i 

8.2.2.8). Els dos possibles polimorfs s'han optimitzat en condicions d'estat sòlid i les 

principals diferències estructurals reportades per les fases cristal·logràfiques LS i HS 

s'han reproduït amb èxit, que són: l'augment brusc en la distància CH···π entre dímers 

π adjacents i l’augment del volum de la cel·la (~3,5%). Degut a la major estabilitat del 

cristall en disposició gauche-IN, i que aquest desestabilitza l’estat HS, s’explica perquè 

la temperatura de transició és més alta per aquest compost. En última instància, 

aquesta desestabilització del HS és atribuïda a que la distància π-π interplanar que 

sorgeix una vegada que es consideren els efectes d’estat sòlid és més curta, i això 

dóna lloc a un solapament més eficient entre les densitats SOMO superposades i, com 

a conseqüència, una estabilització de l'estat LS. 

 

Figura 8.2.2.8. Esquema de les possibles conformacions pel lligand butil enllaçat al 
àtom de nitrogen del compost butil-SBP.  

L'efecte d’histèresi del compost butil-SBP es va atribuir a la presència d'una barrera 

d'energia cinètica entre els estats LS i HS en el procés d’escalfament. 

Experimentalment, es va reportar que, durant el cicle de refredament, s’observa l’estat 

HS degut a la seva major estabilitat (termodinàmica) mentre que el senyal diamagnètic 

durant el cicle d’escalfament s’origina degut a la existència d’una barrera d'energia de 

que s'estima al voltant de 20 kcal·mol-1. Les dues fases, LS i HS, observades dins del 

bucle d'histèresi han estat analitzades per mitjà de simulacions de dinàmica molecular 

realitzades per les estructures LT-340 i HT-340, és a dir, les estructures de raigs X a 

340 K en el mode d’escalfament i de refredament tèrmic, respectivament. Al llarg de la 

dinàmica, s'ha seguit l'evolució de la distància interplanar i CH···π entre dímers, així 

com de l'angle diedre dels lligands de butil. Aquesta estratègia permet determinar que, 

tot i ser a la mateixa temperatura, hi ha una gran anharmonicitat en l'estat HS per al 

moviment π-π intradimèric entre les unitats de PLY superposades que no s'observa 

per a l'estat LS. D'altra banda, mentre que el canvi conformacional entre les posicions 

gauche-IN, anti i gauche-OUT es mostra en la fase de HS, el desordre conformacional 
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que es veu en la fase de LS és casi nul, on la disposició gauche-IN es manté al llarg 

de tota la dinàmica. Per tant, es dedueix que l'entropia vibracional altament estabilitza 

la fase d'HS en aquest règim de temperatura i suggereix que aquest correspon al 

producte termodinàmic, d'acord amb l'anàlisi experimental. 

(a)    (b)    

Figura 8.2.2.9. Comparació entre les estructures raig-X de (a) LT-340 i (b) HT-340 en 
la periodicitat al llarg del vector b. Els el·lipsoides mostren una probabilitat  50%. 

Per tal de determinar l'origen del diferent comportament tèrmic observat per al 

lligant butil en les fases LT i HT dins del bucle d'histèresi, s'ha calculat el perfil 

d'energia potencial entre les conformacions gauche-IN i gauche-OUT, a través de la 

disposició anti (Figura 8.2.2.8), a les estructures cristal·lines LT-340 i HT-340 tenint en 

compte la molècula de SBP adjacent que es replica al llarg del vector de la cel·la b 

(Figura 8.2.2.9). En la fase de HT-340 (Figura 8.2.2.9b), la conformació anti correspon 

a la geometria de mínima energia i la gauche-IN i gauche-OUT apareixen només unes 

poques kcal·mol-1 amunt en energia. Aquest resultat explica per què el desordre 

dinàmic és possible en la fase de HT, com es va observar en les dades de raigs X i en 

les simulacions MD. Per contra, el canvi conformacional està estèricament impedit en 

l'estructura LT-340 a causa de que la molècula de SBP adjacent es troba massa a 

prop (vegeu la Figura 8.2.2.9a). Com a resultat, la conformació anti es troba 17 

kcal·mol-1 més alta en energia que la gauche-IN i, per tant, impedeix el desordre 

dinàmic en la fase de LT. Aquest resultat està d'acord amb les dades de raigs X 

reportades per a la fase de LT i coincideix amb la predicció experimental per a la 

barrera d'energia de la transició de fase LT → HT. En global, aquest estudi revela que 

la biestabilitat del compost butil-SBP s’origina en la transició de fase d’ordre-desordre 

dels lligands de butil. A més a més, aquest fenomen està acompanyat per una 

transició de spin, que no és la causa sinó una conseqüència dels canvis estructurals 

soferts en la transició de fase, en particular de la diferent disposició de mínima energia 

dels dímers π en cada fase. 
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8.2.3. Relacions magneto-estructurals en derivats de benzotriazinils 

Fins ara, s’han caracteritzat per estudis de difracció de raigs X una gran varietat de 

derivats de benzotriazinil i, en la majoria dels casos, s'han determinat les seves 

propietats magnètiques per mitjà de mesures de susceptibilitat magnètica a diferents 

temperatures. El seu empaquetament en columnes, juntament amb la presència 

d’interaccions FM o AFM que es propaguen al llarg de la direcció d'apilament, i una 

banda electrònica parcialment plena, suggereix que poden ser explotats com a 

materials multifuncionals orgànics que combinin funcionalitats magnètiques i 

conductores per a la seva aplicació en dispositius orgànics54. En aquesta tesi, s’han 

investigat les correlacions magneto-estructural de dos 1,2,4-benzotriazinils prototípics 

que presenten interaccions antiferromagnètiques febles per mitjà d'un estudi 

computacional detallat. Els dos compostos comparteixen el mateix esquelet químic 

representat a la Figura 8.2.3.1a, però difereixen en el grup aril, que és un substituent 

4-fluorofenil en el compost 4a, i un grup fenil en el compost 4b. D'altra banda, encara 

que tots dos sistemes presenten un empaquetament regular similar, en les seves 

dades cristal·logràfiques es mostra diferent desordre per al seu anell de fenil lateral. 

Mentre 4b es troba estructuralment desordenat en dues disposicions equivalents, el 

compost 4a mostra el·lipsoides tèrmics allargats, (vegeu la part superior de la Figura 

8.2.3.2). En aquesta tesi, s’analitza la importància del desordre cristal·lí i de la 

contracció tèrmica en l'avaluació de les seves propietats magnètiques d’aquests 

sistemes amb l'objectiu d'obtenir la informació necessària sobre les correlacions 

estructura-magnetisme. 

(a) 4a/4b (b) 5 (c) 6 

   

Figura 8.2.3.1. X=1,2,4-benzotriazin-4-il, R1=1,3-difenil, R3=1,4-dihidro (a) R1-7-(4-
fluorofenil)-R3-X i R1-7-fenil-R3-X, són 4a i 4b, respectivament, (b) R1-7-(fur-2-il)-R3-X, 
és 5, i (c) 1-fenil-3-trifluorometil-1,4-dihidrobenzo[e][1,2,4]triazin-4-il, és 6. 

Les dades magnètiques experimentals d'ambdós sistemes s'interpreten en termes 

de cadenes 1D antiferromagnètiques regulars amb valors de JAB de -12.9 i -11.8 cm-1 

per al compost 4a i 4b, respectivament61. Per tal d'estudiar el seu magnetisme a partir 

de càlculs electrònics, s'ha aplicat el procediment FPBU17 a les dades 

cristal·logràfiques experimentalment resoltes a 180 K i els resultats indiquen que, dins 
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d'una distància de tall de 10 Å, només la interacció d'apilament JAB és magnèticament 

rellevant en tots dos casos, coincidint amb la interpretació experimental de la topologia 

magnètica. No obstant això, tot i que ha estat rigorosament comprovat per mitjà de 

càlculs DDCI62 que els valors de JAB de -1.2 i -4.4 cm-1 per a la 4a i 4b, respectivament, 

estan ben determinats, les corbes de susceptibilitat magnètica calculades estan en 

desacord amb les mesures experimentals a temperatures baixes (<50 K). Aquest 

desacord s'atribueix a que l’estructura a 180 K no representa bé a l’estructura al règim 

de baixa temperatura. L'estratègia seguida per millorar els resultats consisteix en 

obtenir les coordenades cristal·logràfiques que millor corresponen a l'estructura en la 

posició del màxim del pic de la corba de susceptibilitat, és a dir, a baixes temperatures. 

Per fer-ho, es van realitzar optimitzacions de geometria en condicions periòdiques per 

tal d’obtenir les estructures a 0 K i s’ha re-examinat la topologia magnètica dels 

sistemes amb un segon anàlisi FPBU a les estructures resultants. Els valors JAB 

dominants (-10,0 i -16.3 cm-1 per a 4a i 4b, respectivament) disminueixen respecte als 

obtinguts a partir de la geometria 180 K, la qual cosa és consistent amb la contracció 

del cristall amb el refredament, que condueix a distàncies π més curtes i per tant, 

s’afavoreix l'acoblament antiferromagnètic. En conseqüència, les noves corbes de 

susceptibilitat magnètica estan en millor acord a la regió de baixa temperatura (vegeu 

la part inferior de la Figura 8.2.3.2). 

(a) 4a (b) 4b 

 

  

Figura 8.2.3.2. (A dalt) El·lipsoides tèrmics de (a) 4a i (b) 4b. No es mostren els 
enllaços d’H. (A baix) Corba χ(T) experimental (negra) i calculada amb els valors de 
JAB obtinguts a les estructures 180 K (gris) i 0 K (gris fosc). 

By means of an extensive computational study that in-
cludes first-principles bottom-up[12a,17] (FPBU) analyses, ab
initio molecular dynamics (AIMD) simulations,[18] extensive
JAB evaluations, and variable-cell geometry optimizations,
we analyze the main structural and magnetic features of our
two target systems (1 and 2). In terms of their structure, we
have gathered all the necessary information to conclude that
the disorder observed in the lateral phenyl ring of 2 is of
a static (i.e., positional) nature, and to unveil the presence
of dynamic (i.e. , thermal) disorder in the lateral phenyl ring
of 1. Regarding their magnetism, we analyzed, in depth,
how the thermal motion, which is always present at finite

temperatures, affects the
strength and nature of the dom-
inant magnetic exchange inter-
actions. Furthermore, we also
analyzed their magnetic topolo-
gy at two different tempera-
tures, which revealed that, to
reproduce and predict their
magnetic behavior, it is crucial
to use a crystal structure re-
solved at low temperature
(LT).[19] In this sense, this work
is the first to use variable-cell
geometry optimizations as an
efficient alternative to obtain
an estimation of LT crystal
structures, which are otherwise
extremely difficult to obtain ex-
perimentally. This is in accord-
ance with recent theoretical[15]

and experimental[20] studies,
which provided evidence that
the strength and nature (AFM
or FM) of the JAB values might
depend on temperature. Finally,
and because of the structural
disorder observed at 180 K, we
have found that different poly-
morphs might be present at
lower temperatures, and that
they produce different magnetic
response.

2. Computational Details
The Heisenberg Hamiltonian used
throughout in this study was Ĥ=
!2SJABŜAŜB. To calculate the magnetic
exchange couplings (JAB) within DFT,
the broken symmetry (BS) approach[21]

was used to properly describe the
open-shell low-spin states. Among the
projection techniques proposed in the
literature to weight the contribution of
the open- and closed-shell singlets on
the BS solution, we chose the one ad-
vocated by Yamaguchi and co-work-

ers[22] [Eq. (1); HS=High Spin, BS=Broken Symmetry]. The evaluation
of the JAB values for all symmetry-unique radical pairs was achieved at
the UB3LYP[23]/6-311+G(d)[24] level, as implemented in the Gaussian 09
package[25] (see the Supporting Information for a discussion on the basis
set employed). Preliminary calculations revealed that, in the case under
study, embedding effects were not significant when quantifying the
strength of the dominant magnetic exchange interactions. This is in con-
trast to other organic compounds, in which it has been demonstrated that
such effects might be relevant.[26] Consequently, all JAB evaluations were
performed on isolated pairs of radicals.

JAB " EBS ! EHS

Ŝ2
D E

HS
! Ŝ2
D E

BS

#1$

Figure 1. a) Molecular structures of 1,3-diphenyl-1,4-dihydro-1,2,4-benzotriazin-4-yl radicals (1: 7-(4-fluoro-
phenyl)-, X=F, and 2 : 7-phenyl-substituted, X=H). Top view of the crystal structures of 1 (b) and 2 (c). Ther-
mal ellipsoids reported experimentally for compounds 1 (d) and 2 (e); for clarity, hydrogen atoms have been
removed. The temperature dependence of c for radicals 1 (f) and 2 (g) is also shown. A color version of this
figure can be found in the Supporting Information.
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3.1. FPBUAnalysis of 1 and 2 at 180 K

Analysis of the 180 K crystal structure of 1 yielded up to
seven dimers (d1–d7) within the 10 ! cutoff value set to in-
clude all potentially relevant radical pairs (see Table 3). We
used the nuclear crystallographic coordinates to evaluate
the JAB magnetic exchange interactions between these
dimers (see the Supporting Information) and found only
one magnetically relevant[41] dimer (d1; J1=!1.2 cm!1) be-
tween adjacent molecules in the stacking direction; this con-
firmed the previous experimental interpretation made in
terms of a 1D AFM regular linear chain model.[16]

The same procedure was applied to the 180 K crystal
structure of 2. Only two symmetry-unique dimers were
found within the cutoff range. However, the crystal structure
showed disorder on the arrangement of the phenyl ring, and
thus, four different structures could be built for each dimer:
a, b, c, and d (see Figure S5.B in the Supporting Informa-
tion). Interestingly, the resulting magnetic exchange interac-
tions depend on the relative disposition of the phenyl rings,
ranging from !3.3 to !5.2 cm!1 for the set of calculations
corresponding to d1 (see Table 4). Our results also show the
presence of an interchain interaction, the strength of which
is one order of magnitude smaller than the dominant intra-
chain interaction (J(d2)"!0.3 cm!1). Therefore, the com-
puted magnetic topology is again in agreement with the ex-

perimental interpretation and, thus, in the calculation of the
c(T) curves we have employed magnetic models to repre-
sent regular isolated AFM chains (for a full discussion, see
the Supporting Information).

Despite our success in describing qualitatively the mag-
netic topology of compounds 1 and 2, the c(T) curves ex-
tracted from these sets of JAB values are in poor agreement
with the experimental ones (see Figure 2). In the following

discussion, we trace the origin for such disagreement, and
pay particular attention to the suitability of using crystal
structures obtained at 180 K to reproduce the magnetic
properties of 1 and 2, which achieve a maximum c value at
about 15 K. This type of organic radicals may present a high
dependence of the JAB value on very small geometrical dis-
tortions, such as those typically occurring in these materials,
in which the crystal structure is governed by labile p–p over-
laps. Therefore, the following sections are devoted to study
how the magnetic properties of 1 and 2 are affected by ther-
mal vibrations at finite temperatures, and by the effect of
contraction (expansion) upon cooling (heating); this is
known to induce a change in the magnetic properties of
some organic[15a] and inorganic[19] magnetic materials.

Table 2. Comparison of the JAB values (in cm!1) in dimers formed by ad-
jacent radicals in the stacking direction. The values were calculated at
the UB3LYP level and our best theoretical estimate corresponded to
a DDCI calculation.

UB3LYP DDCI

1 !1.2 !1.3
2 !4.4 !4.6

Table 3. Magnetic exchange values of all symmetry-unique radical pairs
(d1–d7) present in 1.

d [!] J [cm!1]

d1 5.644 (N3!N3) !1.2
d2 5.623 (N3!N3) < j0.05 j
d3 5.000 (N3!N3) < j0.05 j
d4 8.975 (N1!N1) < j0.05 j
d5 9.752 (N1!N1) < j0.05 j
d6 8.739 (N1!N1) < j0.05 j
d7 6.493 (N1!N1) !0.1

Figure 2. Experimental (black) and computed magnetic susceptibility
curves for compounds 1 (top) and 2 (bottom). The computed curves are
obtained with the set of JAB values extracted from the 180 (gray) or 0 K
(dark gray) crystal structures. A color version of this figure can be found
in the Supporting Information.

Table 4. Magnetic exchange values of all possible conformations (a–d) of
the symmetry-unique radical pairs (d1 and d2) present in the 180-K crys-
tal structure of 2.

d ACHTUNGTRENNUNG(N3!N3) [!] J [cm!1] d ACHTUNGTRENNUNG(N3!N3) [!] J [cm!1]

d1a 5.430 !5.2 d2a 5.306 !0.2
d1b 5.430 !4.4 d2b 5.306 !0.3
d1c 5.430 !4.7 d2c 5.306 !0.2
d1d 5.430 !3.3 d2d 5.306 !0.3
d1 average !4.4 d2 average !0.3
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3.1. FPBUAnalysis of 1 and 2 at 180 K

Analysis of the 180 K crystal structure of 1 yielded up to
seven dimers (d1–d7) within the 10 ! cutoff value set to in-
clude all potentially relevant radical pairs (see Table 3). We
used the nuclear crystallographic coordinates to evaluate
the JAB magnetic exchange interactions between these
dimers (see the Supporting Information) and found only
one magnetically relevant[41] dimer (d1; J1=!1.2 cm!1) be-
tween adjacent molecules in the stacking direction; this con-
firmed the previous experimental interpretation made in
terms of a 1D AFM regular linear chain model.[16]

The same procedure was applied to the 180 K crystal
structure of 2. Only two symmetry-unique dimers were
found within the cutoff range. However, the crystal structure
showed disorder on the arrangement of the phenyl ring, and
thus, four different structures could be built for each dimer:
a, b, c, and d (see Figure S5.B in the Supporting Informa-
tion). Interestingly, the resulting magnetic exchange interac-
tions depend on the relative disposition of the phenyl rings,
ranging from !3.3 to !5.2 cm!1 for the set of calculations
corresponding to d1 (see Table 4). Our results also show the
presence of an interchain interaction, the strength of which
is one order of magnitude smaller than the dominant intra-
chain interaction (J(d2)"!0.3 cm!1). Therefore, the com-
puted magnetic topology is again in agreement with the ex-

perimental interpretation and, thus, in the calculation of the
c(T) curves we have employed magnetic models to repre-
sent regular isolated AFM chains (for a full discussion, see
the Supporting Information).

Despite our success in describing qualitatively the mag-
netic topology of compounds 1 and 2, the c(T) curves ex-
tracted from these sets of JAB values are in poor agreement
with the experimental ones (see Figure 2). In the following

discussion, we trace the origin for such disagreement, and
pay particular attention to the suitability of using crystal
structures obtained at 180 K to reproduce the magnetic
properties of 1 and 2, which achieve a maximum c value at
about 15 K. This type of organic radicals may present a high
dependence of the JAB value on very small geometrical dis-
tortions, such as those typically occurring in these materials,
in which the crystal structure is governed by labile p–p over-
laps. Therefore, the following sections are devoted to study
how the magnetic properties of 1 and 2 are affected by ther-
mal vibrations at finite temperatures, and by the effect of
contraction (expansion) upon cooling (heating); this is
known to induce a change in the magnetic properties of
some organic[15a] and inorganic[19] magnetic materials.

Table 2. Comparison of the JAB values (in cm!1) in dimers formed by ad-
jacent radicals in the stacking direction. The values were calculated at
the UB3LYP level and our best theoretical estimate corresponded to
a DDCI calculation.

UB3LYP DDCI

1 !1.2 !1.3
2 !4.4 !4.6

Table 3. Magnetic exchange values of all symmetry-unique radical pairs
(d1–d7) present in 1.

d [!] J [cm!1]

d1 5.644 (N3!N3) !1.2
d2 5.623 (N3!N3) < j0.05 j
d3 5.000 (N3!N3) < j0.05 j
d4 8.975 (N1!N1) < j0.05 j
d5 9.752 (N1!N1) < j0.05 j
d6 8.739 (N1!N1) < j0.05 j
d7 6.493 (N1!N1) !0.1

Figure 2. Experimental (black) and computed magnetic susceptibility
curves for compounds 1 (top) and 2 (bottom). The computed curves are
obtained with the set of JAB values extracted from the 180 (gray) or 0 K
(dark gray) crystal structures. A color version of this figure can be found
in the Supporting Information.

Table 4. Magnetic exchange values of all possible conformations (a–d) of
the symmetry-unique radical pairs (d1 and d2) present in the 180-K crys-
tal structure of 2.

d ACHTUNGTRENNUNG(N3!N3) [!] J [cm!1] d ACHTUNGTRENNUNG(N3!N3) [!] J [cm!1]

d1a 5.430 !5.2 d2a 5.306 !0.2
d1b 5.430 !4.4 d2b 5.306 !0.3
d1c 5.430 !4.7 d2c 5.306 !0.2
d1d 5.430 !3.3 d2d 5.306 !0.3
d1 average !4.4 d2 average !0.3
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No obstant això, tot aquest anàlisis ha d'anar precedit per una investigació del 

desordre que es mostra als compostos 4a i 4b a 180 K. El desordre en l'anell fenil 

lateral dóna lloc a quatre conformacions no equivalents per al dímer, que es tradueix 

en diferents disposicions en l'estat sòlid al llarg de la periodicitat d'apilament. Per tal de 

dilucidar el diferent caràcter del desordre en 4a i 4b, s'han realitzat simulacions AIMD 

a 180 K i s'ha seguit l'evolució dels angles diedres entre radicals adjacents (veure 

Figura 8.2.3.3). Per al compost 4a, el desordre dinàmic es produeix com a resultat 

d'una alternança entre les conformacions A i C (Figura 8.2.3.3a). Per contra, per 4b el 

desordre es deu a una conformació alternada C que apareix al llarg de tota la dinàmica 

i proporciona desordre posicional (Figura 8.2.3.3b). En última instància, aquest grau de 

llibertat pot afectar a la magnitud de JAB ja que altera la disposició de mínima energia 

dels dímers. En aquest treball, la dependència entre la disposició geomètrica dels 

dímers i la seva resposta magnètica s'ha avaluat mitjançant el càlcul sistemàtic de la 

interacció magnètica JAB entre radicals en diferents valors de (1) distància, (2) angle 

longitudinal i (3) angle latitudinal, és a dir, la principals variables estructurals. En 

general, l'anàlisi magneto-estructural realitzat per aquests dímers alternats, indica que 

si bé les distàncies curtes i petits angles longitudinals condueixen a fortes interaccions 

antiferromagnètiques (fins -60 cm-1 a la regió explorada), distàncies i angles 

longitudinals grans resulten en interaccions nul·les o lleugerament ferromagnètiques. 

(a) 4a (b) 4b 

 

Figura 8.2.3.3. Evolució de l’angle diedre entre dos anells laterals de fenil adjacents 
extret de la trajectòria de la dinàmica molecular de (a) 4a i (b) 4b. El procés es mostra 
a sota en cada cas. 

stable than conformation b (see the gray lines in Figure 5b
and c). Once the effect of the adjacent stacked molecules is
considered (in the trimer model), the relative stability be-
tween both conformations is only slightly affected in the

case of compound 1 (see the
black line in Figure 5b), where-
as for compound 2, conforma-
tion A becomes highly destabi-
lized (see the black line in Fig-
ure 5c). We ascribe such a strik-
ing difference to the interplanar
distance between adjacent radi-
cals along the column. In com-
pound 2, this distance is about
0.2 ! shorter (5.43 vs. 5.64 !)
than that in 1 and, as a result,
conformation A is unstable be-
cause of steric repulsion in 2.
These results are in perfect ac-
cordance with what is observed
in the molecular dynamics sim-
ulations: for compound 1, the
energy barrier connecting both
A and C configurations ac-
counts for less than 1 kcal
mol!1, and thus, interconversion
is possible at 180 K. On the
contrary, for compound 2, such
dynamic disorder is absent be-
cause conformation A is highly
destabilized as a consequence
of steric hindrance. Therefore,
these results suggest that the
disorder observed in com-
pound 2 must be of a static
nature and result from the pres-
ence of two equivalent C con-

figurations in the crystal (C and C’). Similar analysis for the
transformation between conformations B and C is offered in
the Supporting Information.

Figure 4. a) Representation of the three ideal conformations (A, B, and C) used in the supercells studied, and
the two C-like structures (C and C’), which are equivalent once the periodicity along the stacking axis is taken
into account. The evolution of the dihedral angle of the phenyl ring attached to N1 (see Figure 1) for two adja-
cent monomers extracted arbitrarily from the AIMD trajectory corresponding to 1 (b) and 2 (c) is also shown.
The evolution of the dihedral angle along the processes described in b) and c), are shown in d) and e), respec-
tively. The molecules have been represented as black lines with a rounded end to represent that they are not
symmetric. A color version of this figure can be found in the Supporting Information.

Figure 5. a) Representation of the A to C transformation in our trimer (top) model and the equivalent a to b transition for a monomer (below). Potential
energy profile for the transformation connecting conformations A and C at the trimer (black) model and the a to b transition for the monomer (gray),
for compounds 1 (b) and 2 (c). All energy evaluations were performed on frozen geometries, and at the PBE-D2/6-311+G(d) level. The molecules have
been represented as black lines with a rounded end to represent that they are not symmetric. A color version of this figure can be found in the Support-
ing Information.
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La majoria dels derivats basats en benzotriazinil són altament estables en termes 

de dimerització σ o π en l’estat sòlid i, com a conseqüència, exhibeixen resposta 

magnètica en tot el rang de temperatures. No obstant això, alguns cristalls de 

benzotriazinil presenten dímers π discrets com el seu bloc de construcció bàsic, i això 

condueix a una superposició espacial eficient entre les seves densitats SOMO i resulta 

en forts acoblaments AFM que no permeten la població tèrmica de l'estat triplet a 

baixes temperatures. Una vegada que l'energia tèrmica és prou alta, el producte χT 

augmenta gradualment fins al seu valor màxim de 0.375 emu·K·mol-1, que correspon a 

spins S=1/2 que no interactuen. Les propietats magnètiques del compost 5 (Figura 

8.2.3.1) van ser interpretades amb aquesta hipòtesi63 (veure Figura 8.2.3.4, esquerra). 

No obstant això, la seva resposta magnètica a 300 K està lluny de ser el valor esperat 

d'un sistema de spins independents, a causa del fort acoblament antiferromagnètic 

entre parells de radicals (-141 cm-1 en l'estructura cristal·lina resolta a 300 K). D'altra 

banda, en aquells casos en què l'estabilitat tèrmica d'una fase paramagnètica 

(estabilitzada per entropia) contraresta l’estabilitat de la fase diamagnética 

(estabilitzada per entalpia), es produeix una transició de fase de primer ordre al 

escalfar. Aquest és el cas del compost 6, en el qual una transició de spin va ser 

observada juntament amb distorsions abruptes en el que correspon a una transició 

estructural28 (vegeu la Figura 8.2.3.4, dreta). Aquest comportament s’asigna a un 

material tèrmicament commutable que és altament valuós per les seves aplicacions 

tecnològiques en dispositius de memòria. Aquests dos sistemes estructuralment 

similars, però magnèticament diferents, 5 i 6, demostren la importància de la 

determinació dels ingredients clau que permeten una transició de fase per a aquesta 

família de radicals. 

  

Figura 8.2.3.4. Dependència amb la temperatura del producte χT pel radical 5 
(esquerra) i 6 (dreta). S’han ressaltat els valors de χT diferents de cero abans de T1/2 
per el compost 6. 
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En aquesta tesi, es presenta un estudi computacional amb l’objectiu de 

desentranyar el mecanisme de la transició de fase de 6. Els factors estructurals i 

electrònics que són crucials per a la transició de fase del radical 6 són investigats 

sobre la base d'una comparació amb el comportament magnètic observat per al 

compost 5. Per fer-ho, s'exploren les superfícies d’energia potencial adiabàtiques 

(SEP) dels estats de spin baix (LS) i de spin alt (HS), que corresponen a un estat 

singlet (S=0) i a un estat triplet (S=1) dels dímers constituents, respectivament. 

Després, l'origen de la transició de fase mostrada per 6 s'aclareix, i els factors que 

impedeixen tal transició en 5 es revelen. Finalment, es realitza un anàlisis detallat dels 

dímers a nivell molecular amb la finalitat de racionalitzar i identificar quins ingredients 

poden ser sintonitzats químicament per tal de dissenyar racionalment nous compostos 

basats en benzotriazinil que mostrin una transició de fase tèrmica. 

  

Figura 8.2.3.5. HS- i LS-SEP dels compostos 5 (esquerra) i 6 (dreta) al llarg de la 
coordenada que connecta els diferents mínims. Els punts han estat 
computacionalment avaluats mentre que les línies són aproximades. 

La LS- i HS-SEP del radical 6 han estat analitzades en termes de optimitzacions de 

geometria realitzades en condicions de contorn periòdiques a partir de les fases LT i 

HT. Els resultats revelen dues estructures de mínima energia per a l'estat del HS, és a 

dir, 6-LTHS i 6-HTHS, però un únic mínim LS. Aquest últim presenta paràmetres de 

cel·la anàlegs als que es troben en el règim de LT i per tant correspon a 6-LTLS. 

Després dels càlculs de cada estat d'spin en els diferents mínims, s'obté una 

representació qualitativa de la SEP adiabàtica i, per tant, el procés LT→ HT es pot 

interpretar de la següent manera (veure Figura 8.2.3.5, dreta): (1) a LT , el sistema és 

diamagnètic a causa d'un fort acoblament antiferromagnètic d'uns -185 cm-1; (2) i (3), 

prop de T1/2 (58-60 K), la població de nivells vibracionals més alts ajuda a alguns 

dímers a organitzar-se com a 6-LTHS, on un acoblament antiferromagnètic més feble 
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de -74 cm-1 permet una població major de l'estat d’alt spin i, per tant, l'aparició de 

valors de χT no nuls (Figura 8.2.3.4, dreta, requadre); (4) després d'una certa població 

de dímers HS (ca. 10%) el sistema evoluciona de manera cooperativa a la fase HT, on 

la nova disposició dels radicals mostra interaccions JAB insignificants i, com a 

conseqüència, una resposta paramagnètica. A partir d'aquest mecanisme es pot 

deduir que el canvi d’estat d'spin és essencial per a la transició de fase de 6, encara 

que la major estabilitat de la fase HT després de T1/2 respecte a la fase LT s'origina en 

el seu major guany en entropia vibracional. 

No obstant això, tot i que la població HS també s'observa per al compost 5, no es 

mostra cap transició de fase però només un increment tèrmic en la seva resposta 

magnètica. Per tal de dilucidar per què els dos sistemes es comporten de manera 

diferent, el mateix anàlisi s'ha realitzat pel radical 5 (veure Figura 8.2.3.5, esquerra), i 

les estructures de mínima energia dels dímers singlet i triplet a nivell molecular s'han 

calculat. Els dos mínims aïllats per al compost 6 mostren distorsions similars als 

observats entre els dímers en estat sòlid a 6-LTLS i 6-HTHS. D'altra banda, les 

optimitzacions realitzades per al compost 5 revelen que l'absència d'una fase HT 

sorgeix de la manca de diferències estructurals significatives entre els  mínims singlet i 

triplet dels seus parells de radicals aïllats. Aquestes troballes indiquen que la 

disposició d'estat sòlid dels dímers en aquests dos compostos es regeix principalment 

per les estructures de mínima energia dels seus dímers singlet i triplet constituents, i 

que el primer pas per al disseny de nous derivats que presentin una transició de fase 

de primer ordre es pot fer a nivell molecular. La hipòtesi proposada suposa que 

l'energia d'interacció més gran, Eint, entre monòmers al dímer de 5 en comparació amb 

el de 6, impedeix un canvi important en la geometria del dímer al canviar l’estat de 

spin. Aquest anàlisi ha estat provat empíricament utilitzant el radical Blatter, 1, com 

exemple. La diferència química entre 5 i 1 és l'absència de l'anell de furil per aquest 

últim, per tant, es prediu una disminució significativa en la interacció de dispersió i, 

com a conseqüència, en la Eint. Com a resultat, s'esperen distorsions més grans entre 

les geometries de mínima energia en els mínims d'1 singlet i triplet en comparació amb 

5 a nivell molecular. Els resultats mostren que així és de fet, el que demostra que un 

disseny racional de derivats de benzotriazinil és possible. No obstant això, l'estructura 

cristal·lina reportada per el compost 1 indica que aquest sistema no s’organitza com 

dímers al cristall i que es necessiten noves investigacions tenint en compte l'estat 

sòlid. 

 



Chapter 8  253 

8.3. Conclusions 

En aquest apartat, s'analitzen les principals conclusions que es deriven d'aquesta 

tesi en el seu conjunt. Per a aquest propòsit, els missatges principals que sorgeixen de 

cada investigació s'han considerat en una perspectiva àmplia que inclou, no només els 

casos particulars estudiats en aquesta tesi, sinó també la seva transferibilitat a altres 

problemes electrònics similars. Les següents conclusions s'assoleixen després d'un 

anàlisis de tots els resultats obtinguts en aquesta tesi: 

La distribució zwitteriònica de la càrrega en l'estat fonamental dels monòmers dels 

clip moleculars basats en TTF estudiats en aquesta tesi donen lloc a dímers clip2
0-4+ 

que són extraordinàriament estables a temperatura ambient en solució degut a les 

fortes interaccions intermoleculars que es generen. En particular, la interacció 

electrostàtica entre els ponts carregats negativament i els TTF carregats positivament 

que apunten a ells, estabilitza fortament el sistema malgrat la gran repulsió entre els 

TTF carregats positivament. Quan els quatre TTF són ions radicals, dos enllaços 

multicèntrics a llarga distància apareixen i condueixen a una entitat diamagnètica. De 

la mateixa manera, la distribució zwitteriónica de la càrrega intrínseca dels radicals 

neutres de SBP investigats en aquesta tesi permet l'existència d'un dímer π estable 

que col·loca dues càrregues positives enfrontades als fenalenils superposats. Aquesta 

distribució electrònica correspon a l'estat fonamental de l'estat triplet i, per tant, no 

presenta un procés d’estabilització per aparellament d'electrons. No obstant això, és 

altament estable a causa de la doble contribució de la interacció atractiva entre les 

spiro-vincles carregats negativament i els fenalenils encarats carregats positivament. 

L'avaluació de l'efecte de les vibracions tèrmiques en l'espectre d'absorció del 

[TCNE2]2- en diclorometà a 175 K dut a terme en aquesta tesi indica que la transició de 

menor energia fluctua linealment amb la variació de distancia TCNE···TCNE a aquesta 

temperatura. De la mateixa manera, avaluar l'efecte del moviment tèrmic a 180 K 

sobre els valors de JAB dels derivats de benzotriazinil estudiats en aquesta tesi ha 

permès concloure que la variació de la interacció d'intercanvi quan es considera 

explícitament el mostreig conformacional és gairebé lineal a aquesta temperatura. No 

obstant això, els dos anàlisi mostren que la magnitud de les oscil·lacions és gran, fins i 

tot a temperatures relativament baixes, el que pot atribuir-se a la dependència directa 

de les dues diferències d'energia amb la superposició entre les densitats de SOMO. 

En general, es pot inferir que les vibracions tèrmiques que apareixen a T ≤ 180 K per 

arquitectures π apilades, ja sigui en solució o en estat sòlid, no afecten 

significativament a l'energia d'excitació o a la JAB obtinguda una vegada que es 
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compara amb el valor estàtic calculat a l'estructura promig. No obstant això, aquest 

supòsit no es pot aplicar a temperatures més altes, en les que s'espera que el 

moviment tèrmic sigui molt més gran i les diferències d'energia calculades podrien no 

variar linealment amb les fluctuacions estructurals. 

En aquesta tesi, l'examen de les estructures moleculars de raigs X de les fases LT i 

HT de butil-SBP dins del bucle d'histèresi a 340 K ha permès desentranyar el paper de 

la disposició conformacional dels grups butil en l'aparició de tal regió biestable. En 

concret, la conformació adoptada en el règim de LT impedeix la transició a la 

temperatura de transició termodinàmica a causa de la barrera d'energia que implica 

girar el lligant de butil, el que permet en última instància, la transició de spin. De la 

mateixa manera, l'estudi conformacional del grup fenil lateral dels compostos de 

benzotriazinil 4a i 4b realitzat en aquesta tesi indica que el desordre mostrat per 

aquest substituent innocent pot afectar a les propietats magnètiques finals d'aquests 

sistemes en el règim de baixa temperatura. Aquest efecte conformacional sorgeix 

sempre que la posició adoptada pel lligant determini la disposició de mínima energia 

dels dímers, que sí afecta a la resposta magnètica. D'ambdós estudis, es dedueix que, 

tot i que en qualsevol cas els substituents laterals contribueixen directament a les 

propietats magnètiques d'aquests sistemes a nivell molecular, juguen un paper clau en 

la definició del comportament magnètic final d'aquests materials. Per tant, l'alteració 

dels substituents laterals d'un compost molecular pot conduir a un canvi dràstic en les 

seves propietats físiques en l'estat sòlid, i per tant, es pot utilitzar com una estratègia 

per obtenir materials amb característiques específiques. 

L'anàlisi sobre el mecanisme de la transició de spin mostrat pels compostos de SBP 

substituïts amb etil- i butil, realitzat en aquesta tesi, revela que la transició es produeix 

entre un mínim LS (LT) i un HS (HT). Aquesta transició, si s'analitza en termes de 

dímers aïllats, es produeix entre una mínim singlet i un mínim triplet, i implica una 

transferència d'electrons des dels fenalenils superposats (que formen un enllaç 

multicèntric a llarga distància) als fenalenils no superposats. Aquest escenari d’energia 

potencial és similar per a la transició de fase que mostra el compost de benzotriazinil 6 

estudiat en aquesta tesi. En aquest cas, la transició de spin al mínim triplet no implica 

una distribució electrònica diferent, però un reordenament estructural en el qual l'angle 

longitudinal entre molècules augmenta. En tots dos sistemes, l'acoblament d'intercanvi 

magnètic en el mínim HS(HT) és antiferromagnètic, és a dir, l'energia potencial de 

l'estat singlet és menor, però aquest no mostra un mínim en la seva SEP corresponen 

a la fase de HT. La força motriu d'aquestes transicions de spin és l'entropia vibracional, 

que estabilitza el mínim HS a una temperatura determinada (HT). No obstant això, 
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aquest mínim ha de ser estructuralment diferent (significativament) al mínim LS de tal 

manera que la transició de fase es produeixi en l'estat sòlid. Per contra, quan els dos 

mínims són similars, només s'observa una transició suau de spin com a conseqüència 

de la població tèrmica de l'estat HS, com es reporta per al compost de benzotriazinil 5. 

La química computacional és capaç d'ajudar a la interpretació dels resultats 

experimentals i en la predicció de propietats interessants. No obstant això, una 

modelització adequada és obligatòria per obtenir resultats quantitatius. Al llarg 

d'aquesta tesi, s'han aplicat diferents condicions de contorn per realitzar els càlculs, 

des de càlculs d'estructura electrònica en condicions de fase gas fins simulacions en 

solució i dinàmiques moleculars en condicions de contorn periòdiques. S'ha vist que de 

vegades es requereix tenir en compte l’empaquetament cristal·lí, el dissolvent i els 

efectes tèrmics, per avaluar l'estabilitat relativa, les energies d'excitació, la resposta 

magnètica i l'estructura molecular d'un sistema. A més, en la majoria dels casos, la 

fiabilitat dels resultats obtinguts depèn de la qualitat de la metodologia emprada. No 

obstant això, les limitacions dels recursos computacionals disponibles sovint obliguen 

a aplicar aproximacions. Al llarg d'aquesta tesi, l'elecció de la metodologia apropiada 

que s'utilitzarà per al càlcul d'una propietat específica s'ha fet comparant mètodes que 

impliquen un bon compromís entre la precisió i el cost computacional, com DFT i TD-

DFT, amb d’altres d’alta precisió basats en WF com CASPT2, NEVPT2 i DDCI, o, 

quan és possible, amb les mesures experimentals. Aquesta estratègia assegura que la 

propietat física d'interès està ben descrita i, per tant, la química computacional esdevé 

una eina valuosa quan es treballa en col·laboració amb els científics experimentals. 
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