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1.1. Introduction. 

The challenge for understanding the origin of magnetism in matter and the 

associated phenomena have required a remarkable effort by some of the brightest 

scientific minds, which, in the process, has offered fundamentally new ways of 

describing matter and prompted deep technological transformations of societies. A 

detailed discussion on the scientific contributions that led to the formulation of quantum 

theory and consequently the explanation of the origin of magnetism is out of the scope 

of this brief introduction. Nevertheless, some historical remarks are required.  

Till the beginning of XIX century, electric and magnetic phenomena were thought 

to be independent. This changed with the contributions by Ampère, Oersted, Faraday 

and Henry who carried out some of the most important scientific studies manifesting a 

correlation between magnetic and electric fields. Maxwell, in 1865, provided a 

mathematical formalism allowing for a classical explanation and unification of the 

electromagnetic waves. Despite that, the explanation to the origin of magnetism 

remained an open question. 

Magnetism is a macroscopic expression of the basic constituents of matter. It is 

then reasonable to think that a proper theory of matter was prior to the description of the 

origin of magnetism. Thus, the explanation of the origin of magnetism is the story of the 

development of quantum theory. Maxwell was succeeded as the director of the 

Cavendish laboratory by J. J. Thomson who, in 1897, demonstrated the existence of a 

basic constituent of the atom, the electron, which is ultimately responsible for the 

appearance of magnetism. These early steps were followed by consecutive 

developments brought by Bohr in 1913 on the atomic structure, by Stern and Gerlach in 

1922 concerning the magnetic moment of the atom and by Hund in 1925 studying 

atomic spectra. Taken together, they collected the necessary evidence and called for a 

new interpretation of reality and of how matter interacts with radiation. This ultimately 

took place between 1925 and 1926 with two formulations of quantum mechanics: the 

theory of matrix mechanics by Heisenberg, Born and Jordan and the theory of wave 

mechanics by Schrodinger. Finally, in 1928 Dirac unified both theories bringing 

together the concepts of electron spin developed by Uhlenbeck and Goudsmit in 1925, 

the Pauli exclusion principle proposed in 1925 and the Fermi-Dirac (1926) and Bose-

Einstein (1924) statistics. At that point, a theory capable of rationalizing most of the 
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properties of matter and its interaction with radiation was introduced,
1,2

 including 

magnetic phenomena.
3
 

The first attempts to apply the new-born quantum theory to the field of magnetism 

were pursued by Heisenberg in 1928. He was devoted to rationalizing the observed 

ferromagnetism (and consequent appearance of unpaired electrons) in metals, where the 

assumption of localized spins is fulfilled due to the nature of d and f shells of the 

metallic ions. This model would also provide a theoretical explanation to the molecular 

field by Weiss (1907). Further joint theoretical and experimental research carried out by 

Bethe, Kramers (1929), Pauling (1931) and Peney, Schlapp, Van Vleck (1932) among 

others, established the fundamental role of the crystalline field on the electronic 

structure of the metallic ion centres, responsible for the magnetic response of the 

material. This was generalized by Jahn and Teller in 1937 by means of group theory, 

which linked the symmetry of the crystalline field with the electronic structure of the 

paramagnetic centres. Finally, the rationalization of the several exhibited magnetic 

behaviours in solids was completed with the contribution of Neél (1932-1936) on anti- 

and ferrimagnetism, and the introduction of superexchange by Anderson
4
 in order to 

explain antiferromagnetism through a diamagnetic centre. These works settled the basis 

for studying the electronic structure together with the origin and temperature 

dependence of magnetic properties in a diversity of systems, which boosted the 

development of solid state physics. The interaction of the unpaired electrons determine 

the magnetic order within a range of temperature, being ferromagnetic or 

antiferromagnetic if the alignment of the spins is parallel or antiparallel, respectively. 

The collective behaviour arising from these interactions is what defines the magnetic 

properties of the material, where the dimensionality of the network composed by the 

spins plays a crucial role.
5,6

 

Ultimately, the interaction between localized spin moments can be described by the 

phenomenological Hamiltonian introduced by Heisenberg
7
 

 �� = − � ���	�� ∙ 	��
〈�,�〉

 (1) 

 

where ��� is the exchange coupling constant between the 	�� and 	�� localized spin 

moments and the 〈�, �〉 symbol indicates that the sum refers to nearest neighbour 

interactions only. Here, a positive or negative value implies a ferromagnetic or 
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antiferromagnetic interaction, respectively. A simplification of the previous 

Hamiltonian was introduced by Ising,
8
 considering only the z components of spin 

moments 

 ������� = − � ������� ∙ ����〈�,�〉
 (2) 

 

These models are essential for the interpretation of many different magnetic phenomena 

arising from the existence of localized spin moments. Hence, these two Hamiltonians 

are central to the work presented in this thesis, and they will be found all along the 

discussion. 

The previous reasoning was devoted to the appearance of unpaired electrons and 

their subsequent magnetic order in systems where the spin moment is localized on a 

metallic centre. The assumptions of the models that rationalized these properties were 

initially thought for d and f orbitals. A detailed discussion on how to use some of the 

current computational methods to accurately extract the coupling constants in related 

compounds is presented in chapter 3. However, since the establishment of quantum 

theory, the study of magnetic properties has spread throughout many fields of research 

and has gathered a large collection of examples demonstrating that magnetism can also 

be originated in systems with no metallic centres. Particularly important are these 

compounds where the unpaired electrons are shared among heteroatoms presenting 

different electronegativities
9,10

 or delocalized over a π−conjugated system.
11

 Of relevant 

interest to the purpose of this thesis is the latter case, which is extensively treated in 

chapter 4. 

 

1.2. General Considerations. 

The forthcoming discussion presents the basic arguments behind the 

characterization of magnetic properties, as it is done for most of the compounds 

discussed in this thesis. 

1.2.1.  Magnetization and Magnetic Susceptibility. 

Consider 1 mol of a molecular sample, subject to a homogeneous external magnetic 

field ����. The acquired molar magnetization can be expressed as 
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 ���������� = − ��������
�����  (3) 

 

where � is the total energy under the presence of ���� and can be expressed as a sum of 

the possible states of the system with energies �������� (n=1, 2, …). Each of the sublevels 

contribute to the total magnetization with a microscopic magnetization 

 ����������� = − ���������
�����  (4) 

 

For a given temperature T, assuming thermal equilibrium, the macroscopic molar 

magnetization (eqn (3)) can be rewritten as a sum of the microscopic magnetizations 

weighted according to a Boltzman distribution 

 ���������, �� = � ∑ �−��������� �����⁄ �"�#$%�&���� '(⁄ �� ∑ "�#$%�&���� '(⁄ ��
 (5) 

 

It is worth noting that in order to apply eqn (5), one must know the variation of the 

energy of each of the thermally populated states �������� (n=1, 2, 
…

) with the applied 

field. As a preliminary discussion, consider the two limiting cases where � )�⁄  is either 

very small or very large. The case where � )�⁄  is very small stands for the 

simplifications introduced by Van Vleck, as discussed later. The situation in which 

� )�⁄  is very large is associated with the saturation magnetization, and allows knowing 

the total multiplicity (S value) of the sample. In order to exemplify this, consider an 

ideal paramagnet, which is a simplified case of N non-interacting paramagnetic centres. 

In such case, the magnetization can be expressed as 

 � = �*β�,�(.) (6) 

 

where ,�(.) is a Brillouin functions,
12

 N Avogadro’s number, β the electronic Bohr 

magneton and * the g-factor. If � )�⁄  is large, as stated, ,�(.) tends to unity and M 

approaches the saturation value �0, which expressed in �β units 

(1�β = 5585 567869:#;) yields: 

 �0 = *� (7) 
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Therefore, by recording the magnetization at large � )�⁄ , one can access the S value of 

the sample. 

Now, the quantity relating the acquired magnetization with the applied field is the 

magnetic susceptibility, 

 < = �����������
�����  (8) 

 

The magnetic susceptibility < is a second rank tensor whereas the magnetization ���� 

is an axial vector. Then, it is always possible to define the reference axis so < is 

diagonal with the <=(> = ?, ., @) principal values. If the magnetization of the sample 

does not depend on the angle associated to the applied external field, the sample is said 

to be magnetically isotropic, and < becomes a scalar. Additionally, for weak enough 

magnetic fields, ����and ���� are almost parallel, leading to an expression for < 

 < = ��  (9) 

 

that is very useful for molecular magnetism, where the systems are generally isotropic, 

do not present hysteresis neither remanent magnetization. The fields generally applied 

in experiments are constant and of low intensity, so eqn (9) holds. In these conditions, < 

depends only on the temperature and on the nature of the sample, which is closely 

related to the microscopic properties. 

1.2.2. Diamagnetism and Paramagnetism. 

It has been observed experimentally that samples react following two opposing 

behaviours under the presence of an external applied field. Thus, the expression of the 

magnetic susceptibility can be presented as a sum of two contributions, which are 

associated with different phenomena: 

 < = <A + <C (10) 

 

In this expression, <A and <C stand for the diamagnetic and paramagnetic 

susceptibilities, respectively. Their opposing nature manifests in the fact that the former 

is negative while the latter is positive. Both are present in paramagnets and metals, but 

the interplay among them determines how they react to an external applied field. Thus, 

if <A dominates, the sample is repelled due to the appearance of an induced magnetic 
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moment opposing the applied field; the sample is said to be diamagnetic. Contrarily, if 

<C dominates, the sample is attracted by the applied field and is considered as 

paramagnetic. The origin of both phenomena arises from the specific electronic 

structure of the sample, but corresponds to two different types of interactions. 

Diamagnetism is an intrinsic property of matter, since it arises from the motion of 

the electrons interacting with the applied field. It is fundamentally related to the closed-

shell electrons and therefore it is always present. In fact, it is associated to Lenz’s law, 

which states that a circular electric flow induces a magnetic field that opposes the 

applied one. Some theoretical models
5
 have helped understanding the origin and nature 

of the phenomenon, which is independent of the temperature and intensity of the 

applied field. However, to calculate its contribution by ab initio methods for medium 

and large size molecules is too complicated, and empirical formulas to estimate its 

effect have been proposed. Particularly, Pascal
13

 proposed an expression 

 <A = )�10#E56769:#; (11) 

 

where � is the molecular weight of the compound and ) an adjusting factor varying 

among 0.4 and 0.5, is generally considered as a reasonable approximation to estimate 

diamagnetic contribution for low molecular weight cases. For large molecular weights, 

the diamagnetic contribution needs to be estimated by means of complex experimental 

setups based on the contribution of different chemical groups. Once the overall <A 

contribution is estimated, the value of < can be corrected to extract <C 

The appearance of paramagnetic susceptibility, however, is due to the existence of 

unpaired electrons in matter, and if these exist, always overcome <A. From a 

microscopic point of view, it is more appealing because its study offers a manner to 

extract information about the nature of the electronic structure. From now on, magnetic 

susceptibly < stands for paramagnetic susceptibility <C. Next section describes a 

theoretical model accounting for the behaviour of a system under the influence of an 

external magnetic field, for the description of the different contributions to magnetic 

susceptibility. 
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1.2.3. Van Vleck Formula. 

As previously mentioned, knowledge of the expression of the magnetization allows 

to access the magnetic susceptibility, for given conditions of temperature and applied 

field. However, eqn (5) is too difficult to apply directly in its general form due to the 

��(����). As a strategy, Van Vleck proposed a simplification based on two 

approximations:
14

  

• The energies �� are expanded as increasing powers of applied field ���� as 

 ��(����) = ��(F) + ��(;)���� + ��(G)���� + ⋯ (12) 

 

where ��(F)
 is the energy of level n in the absence of an applied field. The contributions 

��(;)
 and ��(G)

 are the so called first- and second-order Zeeman coefficients. The 

contribution to the magnetization of each microscopic state is given by 

 ����� = −��(;) − 2��(G)���� + ⋯ (13) 

 

• The applied field ���� is assumed to be not too large and the temperature T not 

too small, so ���� )�⁄ ≪ 1. Thus, the exponent in eqn (5) may be written as 

 "#$% '(⁄ ≈ "#$%(L) '(M N1 − ��(;)����)� O (14) 

 

Considering these simplifications, and keeping in mind that in zero field the 

magnetization vanishes ∑ ��(;)"P#$%(L) '(M Q = 0� , the resulting expression for the 

magnetization is 

 ���� = ����� ∑ P��(;)G )�⁄ − 2��(G)Q"P#$%(L) '(M Q�
"P#$%(L) '(M Q  (15) 

 

which, after derivation with respect the external field ���� the Van Vleck formula for 

molar magnetic susceptibility is obtained 

 < = � ∑ P��(;)G )�⁄ − 2��(G)Q"P#$%(L) '(M Q�
"P#$%(L) '(M Q  (16) 
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To apply this formula, at variance with eqn (5), it is only required to know ��(F)
, ��(;)

 

and ��(G)
 values. Theory ensures that if one knows all eigenvalues ��(F)

 and 

eigenfunctions |ST of the Hamiltonian in zero-field, it is then possible to calculate ��(;)
 

and ��(G)
 through perturbation theory as 

 ��(;) = US|VWX|ST (17) 

 ��(G) = � US|VWX|STG
P��(F) − �Y(F)QYZ�

 (18) 

 

where VWX is the Zeeman operator, accounting for the interaction between the magnetic 

field and the electronic angular momenta, and is expressed as 

 VWX = β � ([� + *\]�)��  (19) 

 

where [� and ]�are the orbital angular and spin momentum of electron i, repectively. β is 

the Bohr magneton and *\ is the gyromagnetic factor of the free electron. It is worth 

pointing out again that Van Vleck formula is only applicable for magnetic field ranges 

in which a linear dependence of ���� vs ���� is ensured. 

1.2.4. Curie and Curie-Weiss Law. 

Before the introduction of quantum mechanics, Curie proposed in 1914 a 

phenomenological expression relating the molar magnetic susceptibility to the 

temperature. It is characterized by a horizontal straight line for the <� vs � plots. 

Keeping in mind the previous discussion, this particular behaviour can be understood as 

an expression of certain characteristics in a given set of experimental conditions. 

Consider the simplest example in molecular magnetism, which is an isolated 

magnetic centre with a ΓG0_;  ground state displaying no first-order angular momentum 

and a large energetic separation from any excited state, so coupling with excited states 

can be neglected. Assume that the ΓG0_;  energy is the origin. The application of an 

external field ���� splits the 2� + 1 sublevels, according to Zeeman as 

 �� = �0*β� (20) 
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�0 varies from −� to +�. g is isotropic and takes the value of an independent electron 

*\ = 2.0023 due to the large energetic gap with any excited state. Thus, provided that 

� )�⁄  is small, which is precisely the condition for Curie law to hold, one can use Van 

Vleck formula, obtaining the expression for Curie Law 

 < = �*GβG�(� + 1)3) ∙ 1� = b� (21) 

 

Naturally, this is a limiting case but it is useful for explanatory purposes. The majority 

of situations found experimentally correspond to more complex cases, where the ground 

state is not so well isolated from the excited states, and a diversity of couplings occur 

either due to crystal field effects, zero-field splitting or interaction of magnetic centres. 

In these situations, the dependence of <� vs � plots is more complicated, but arises 

from different considerations on the exposed arguments. 

So far, it has been assumed that the macroscopic magnetic response arises solely 

from isolated centres with unpaired electrons where no first-order orbital momentum 

occurs. A step further towards the description of magnetic properties concerns 

considering interaction among the different magnetic centres, which in the case of being 

strong enough, might result in a macroscopic magnetic ordering over a range of 

temperature. From a theoretical perspective, it is relatively easy to modify Curie law to 

account for weak intermolecular interactions, by introducing a perturbation to the 

Zeeman term. Thus, the resulting Hamiltonian takes the form 

 V = *β��� − @�〈��〉	� (22) 

 

where the 〈��〉 is the mean value of the 	� component of the spin operator. J is the 

exchange coupling constant between two nearest neighbouring centres, and z the 

number of those nearest neighbours. In Chapter 3 the J value receives large attention, 

and here it will be enough to say that positive values are associated with a ferromagnetic 

interaction of the spins (parallel alignment is more stable) whereas negative values 

correspond to antiferromagnetic interactions (antiparallel alignment is more stable). The 

inclusion of this perturbation term allows rewriting the molar magnetic susceptibility, 

which under the same assumptions as in Curie expression, writes 

 < = �*GβG�(� + 1)3)� − @��(� + 1) = b� − c (23) 
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with c = ��(� + 1) 3)⁄  is the Weiss constant. A system obeying Curie-Weiss law gives 

a straight line with slope b#; when plotting <#; = d(�). Note that such plot yields both 

the sign and value of c. Weiss interpreted the behaviour of ferromagnets as arising from 

an averaged interaction of localized non-interacting spin centres, under the influence of 

a molecular field. This model applies for � ≫ �f, and describes relatively well 

ferromagnetic compounds. �f is the temperature at which ferromagnetic materials lose 

their permanent magnetic properties, to be replaced by induced magnetism. On the other 

hand, the description of antiferrro and ferrimagnetism based on a local molecular field 

was provided by Néel.
15

 As compared to the Curie temperature, Néel temperature �g is 

the temperature above which an antiferromagnetic material behaves as a paramagnet, 

since the thermal energy provides enough energy to suppress the macroscopic magnetic 

ordering within the material. The applicability of this model is also restricted to � ≫
�g. These models fail to describe magnetic susceptibility in regions where � < �f  9i �g 

since in these situations the magnetic centres cannot be considered independent 

anymore and an explicit interaction among the centres need to be considered. This is 

because the magnitude of the interaction and the crystal structure define the magnetic 

topology, which in turn defines the magnetic behaviour of the system. When these 

interactions were modelled by spin model Hamiltonians, such as Heisenberg or Ising the 

energy expressions included in eqn (16) started to successfully describe magnetic 

susceptibilities of simple single crystals such as CuCl2
.
H20.

16
  

Figure 1 c) presents two cases of systems following the Curie-Weiss law, 

presenting alternatively antiferromagnetic (c < 0) and ferromagnetic interaction (c >
0). As illustrative examples, some magnetic orderings arising from these types of 

interactions in one and two dimensions are presented in Figure 1 a) and b). In these 

representations, the circles represent spin bearing units, which can range from single 

ions to large molecular entities and the dashed lines are associated to the nature of the 

coupling among them, i.e. either through-space or through-bond. Note that such 

coupling is crucial for defining the sign and strength of the magnetic interaction and the 

impact that structural features might have in both the building blocks and the resulting 

extended system. From now till the end of the chapter, the focus will be on compounds 

where the spin bearing centre is purely organic-based, showing both through-space and 

through-bond interactions, as exemplified in the forthcoming section where several 

reported organic magnetic systems are discussed. Yet, whichever the through-space or 
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through-bond coupling, it is key to ensure that the unpaired electrons remain coupled, 

and in the best of the cases, ferromagnetically coupled in a wide range of temperature. 

In that sense, one of the aims of this thesis is to show that the most promising approach 

relies on the use of π−conjugated polyradicals interacting through-bond. The coupling 

unit facilitating the through-bond path is then critical, and appropriate conditions must 

be fulfilled. These particularities are the structural arguments along this thesis, and are 

extensively treated in Chapter 4. 

 

Figure 1. Schematic representation of different magnetic orders in a) collinear chains showing 

ferromagnetic, antiferromagnetic and ferrimagnetic order. b) Two-dimensional lattice showing 

ferromagnetic order. Dashed lines indicate that the interaction might transmit either through-space or 

through-bond. c) is a k#l vs T plot of two assemblies of molecules obeying Curie-Weiss law, with 

different type of interaction. 

 

Now that the underlying common features for magnetic properties to appear in all 

molecules discussed throughout the thesis have been presented, next section provides a 

brief summary of how these magnetic properties manifest in organic compounds. 

 

1.3. Molecular Magnetism. 

Historically, magnetism has been devoted to inorganic compounds, mostly ionic 

solids with paramagnetic metallic centres (Fe, Co, Ni, Cu, Mn), responsible for their 

macroscopic magnetic properties. However, in the past decades, the field of magnetism 

has spread towards molecule-based approaches, getting to cover diverse areas such as 
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organometallic compounds or purely organic radical systems. The variety of systems is 

boosted by the possibilities offered by synthetic chemistry.
17,18

 

The principal goal of this section is to present the main families of different organic 

radicals showing magnetic interaction (section 3.2), and on the basis of promoting 

robust ferromagnetism, the arguments for choosing one family over the others are 

discussed. This family is through-bond interacting odd alternant π−conjugated 

hydrocarbons, which are extensively treated in chapter 4 and appear as the best 

candidates for achieving the desired magnetic properties. However, for completeness, a 

brief discussion on metal-based compounds, including ionic solids and organometallic 

systems is also presented in this section. The comparison between the units bearing the 

unpaired electrons, i.e. organic molecules or metal-based complexes, allows introducing 

a crucial aspect that contributes to define how robust the magnetic interactions of the 

system are: the structural flexibility. It is reasonable to think that the magnetic 

interaction among spin-bearing centres depends on the relative arrangement of the units, 

which is essentially different for purely organic- and metal-based systems. 

A feature that structures the forthcoming discussion is the nature of the bond 

between magnetic units, which in turn defines the through-space or through-bond 

character of the magnetic interaction. Thus, if the bond is ionic, the force acting 

between units is electrostatic (strong) and very isotropic, as is the case in ionic solids. 

Covalent bonds, which define the molecular skeleton, are strong and very directional. 

The bond between the metal and the ligand in coordination compounds is weaker than 

the covalent bond, but also directional. Finally, dispersion interactions are the weakest 

of all mentioned forces, and are crucial for keeping together the crystal structure. In 

coordination compounds covalent bonds define the ligands and coordination forces link 

the metal atoms to the ligands. Depending on the nature of the ligand, there might be 

large dispersion forces resulting in an ordered crystal of coordination units. In purely 

organic compounds, covalent and dispersive forces define the spatial arrangement of the 

molecular units. 

1.3.1.  Metal-Based Compounds. 

1.3.1.1. Ionic Solids. 

The origin of magnetic properties in metal-based compounds is associated with the 

appearance of unpaired electrons over the metallic centres. A limiting case in terms of 
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structural flexibility is the family of ionic solids. Despite not being representative of 

molecule-based approaches, they serve as a good illustration of a system where 

magnetic properties occur in a fixed crystalline structure. Roughly speaking, the 

unpaired electrons responsible for the macroscopic magnetic properties appear from a 

variety of metallic ions tightly packed in a solid lattice, experiencing an orbital splitting 

induced by the ligand field. Structural freedom in these compounds is rather limited, as 

a consequence of the electrostatic potential that holds together the atoms through ionic 

bonds. This results in well-defined magnetic properties that do not vary over a wide 

range of temperature.  

1.3.1.2. Coordination Compounds. 

Coordination compounds represent a molecule-based approach, where an enormous 

amount of work has been reported in the last decades.
17–19

 In these compounds, 

magnetic properties arise mostly from the molecular unit, although interaction among 

different molecular units is also important. The spin moments appear from d and/or f 

orbitals, where other kinds of perturbations, such as zero-field splitting or first-order 

angular momentum become important. In this situation, the magnetic interaction is 

rationalized in terms of superexchange.
4,20

 Interestingly, the magnetic properties are no 

longer due to single atoms packed in a solid lattice where electrostatic forces spread 

equally in three directions of space, but rather from molecules that are forming a crystal. 

The forces that keep together the molecular entity (covalent bonds) are different in 

nature from the forces constituting the order in the solid (long-range interactions). The 

role of the bridging ligand is also paramount, presenting a large variability and 

introducing different distances and π−conjugations among the metallic centres. In 

general, the ligands are closed-shell molecules, although currently stable organic 

radicals, like carbenes, are also used. 

The study of magnetic properties in coordination compounds has been mainly 

related to the study of Single Molecule Magnets (SMMs)
21,22

 and Single Ion Magnets 

(SIMs).
23

 The main idea is that magnetic properties arise from the individual molecular 

unit, rather than from collective phenomena. SMMs contain several metallic centres per 

molecular unit, while SIMs only presents one metallic centre per molecular unit. The 

most characteristic experimental signature of these compounds is a dependence of the 

imaginary (out-of-phase) contribution to the magnetic susceptibility on the angular 
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frequency with which the magnetic field oscillates in alternating current (ac) 

susceptibility measurements.
24

 The main interest lies in the potential application for 

information storage, due to the existence of an energetic barrier to the re-orientation of 

the molecule’s magnetisation. Thus, a particular orientation of the magnetisation can be 

associated to a state. The origin of the barrier resides in the magnetic anisotropy, which 

relates to the zero-field splitting (ZFS). ZFS may arise in molecules with � > 1 2⁄  

ground state and symmetry lower than the cubic. The Hamiltonian associated with ZFS 

can be expressed as 

 �� = mn���G − �(� + 1) 3⁄ o + ����pG − ��qG� (24) 

 

where m = m�� − ;
G �mpp + mqq� and � = ;

G �mpp − mqq� are the axial and rhombic ZFS 

parameter, respectively, and �� is the spin projection along a given axis. The effect of 

ZFS in the electronic levels of a molecule with a S ground state, when no external 

magnetic field is applied is depicted in Figure 2.  

 

Figure 2. Representation of the double-well generated as a consequence of the zero-field splitting in a molecule with 

S multiplicity, in the absence of an applied external magnetic field. 

 

The energetic barrier that the molecule would have to overcome to reverse its 

magnetisation can be expressed as
24

 

 rstt = |m| ∙ �G (25) 

 

In view of eqn (25), synthetic routes have aimed at obtaining each time larger D and S 

values.
24–26

 However, Neese and Pantazis
27

 pointed out the relationship between the two 

D and S parameters, which prevents using polynuclear compounds as an effective 

strategy to increase rstt. Instead, they propose using mononuclear species with a large 
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number of centres. Other theoretical investigations, as for instance the work by Maurice, 

de Graaf and Guihéry
28

 have brought very important insights into the theoretical 

determination of anisotropic magnetic parameters that might help the experimentalist in 

the design of new SMMs. Finally, a recent review by Malrieu et al.
29

 constitutes an 

excellent source for understanding the theoretical description of magnetic interactions in 

a vast collection of highly-correlated materials. 

In order to close this section, it is worth mentioning that the success in describing 

magnetic properties in this sort of coordination compounds lies in the capacity for 

establishing magneto-structural relationships. The forthcoming section deals with 

compounds with an extra difficulty arising from a more delocalized character of the 

unpaired electrons over a π−conjugated system and an inherent structural flexibility that 

needs to be addressed for the correct description of magnetic properties.  

1.3.2.  Organic Radicals. 

Magnetism in purely organic compounds represents a totally different approach. 

For these systems, all phenomena arise from s and p orbitals, and the absence of heavy 

atoms implies that significant spin-orbit coupling is not expected. Moreover, the spin 

density is delocalized to a larger extent, generally over a set of atoms participating in a 

π−conjugated system, as compared to the well-defined metallic centres in ionic solids or 

coordination compounds. The most commonly encountered systems of this kind can be 

divided, in a first approximation, depending on whether the interaction between the 

magnetic centres is through-space
9,10,30,31

 (e.g. nitronyl nitroxides and charge transfer 

compounds) or through-bond
32–34

 (e.g. π−conjugated molecules).  

There is an important difference derived from these different mechanisms: in 

through-space interacting radicals, the radical centres are found in each of the molecular 

entities forming a crystal, which is held together by means of long-range interactions. 

The critical parameter affecting the magnetic properties is the distance between those 

units, which is largely dependent on the temperature. However, in through-bond 

interacting radicals, the magnetic interaction occurs within a covalently bonded 

molecular unit with a variable number of radical centres, which might be structurally 

flexible. This introduces some implicit difficulties that cannot be overlooked, as for 

instance low energetic cost molecular deformations, which affect the interaction path in 

a much more complex way than in molecular crystals. Ultimately, structural flexibility 
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might be responsible for the appearance of secondary structures, which is a degree of 

order that needs to be addressed for a proper description of the possible occurring 

magnetic interactions. 

1.3.2.1. Remarks on the Stability of Organic Radical Centres. 

Apart from purely fundamental interest, organic magnetism presents some 

attractive advantages, such as the capacity, by means of carbon chemistry, to tune the 

desired shapes and sizes of the final products, as an effective manner to modulate the 

macroscopic properties, together with the low cost of the raw materials. But, for any 

interaction to occur, the existence of unpaired electrons is required. In metal-based 

compounds, the unpaired electrons arise from the valence of a stable metallic centre in a 

given complex. However, in purely organic molecules, the situation is not as obvious. In 

fact the term free radical has a connotation of reactive intermediate species in chemical 

reactions. It is then appropriate to address few words on how to increase the stability of 

the unpaired electrons as a previous requirement for studying their magnetic interaction. 

There are two main strategies to stabilize unpaired electrons in organic molecules. 

The first one relies on a steric protection of the radical centre, known as kinetic 

stabilization. Its representative example is the increase in stability when going from the 

Gomberg radical
35

 to its perchlorinated derivative, the PTM.
36

 The second strategy is 

based on the introduction of a π−conjugated system that enables an effective 

delocalization of the unpaired electron, promoting participation on several resonant 

forms, which results in a net energetic stabilization.
37–40

 A representative example of 

this kind are molecules with a strong electronic acceptor or donor character enabling 

redox processes, which result in charged radicals, as for instance the tetracyanoethenide 

(TCNE)
41

 and tetracyanoquinodimethane (TCNQ).
42

 Here, the unpaired electron 

appears as a consequence of a charge-transfer process. However, the focus of this thesis 

is on neutral organic radicals presenting an even number of electrons. The reasons 

behind why these systems present unpaired electrons are given in chapter 4. 

Overall, the stabilization of unpaired electrons in organic compounds is 

complicated because it involves a subtle interplay between stability and functionality. If 

the property of interest is magnetism, as it is the case in this thesis, the spins need to be 

exposed in a way that they can interact. However, too much of exposure also means 

possibilities of dimerization and consequent loss of any magnetic property. Similarly, 
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the incorporation of bulky substituents to prevent dimerization might turn into an 

effective isolation of the spins, suppressing any magnetic interaction. 

1.3.2.2. Through-Space vs Through-Bond Interaction. 

Once the stability of the unpaired electrons in ensured, the main goal is to promote 

a robust ferromagnetic ordering over a wide range of temperatures, aiming at ultimately 

achieving a device with controllable properties. As previously stated, magnetism in 

purely organic compounds occurs as a consequence of unpaired electrons interacting 

either through-space
30,31

 or through-bond.
32–34

 

In order for the through-bond compounds to show ferromagnetic interaction 

between the radical centres, one has to ensure that the orbitals associated with the 

unpaired electrons are orthogonal and share large regions of space. Topological 

arguments (as explained in chapter 4) are very useful to define the specific molecular 

architectures that promote such characteristics. Particularly, odd alternant polycyclic 

hydrocarbons with non-disjoint singly occupied molecular orbitals (SOMOs) are the 

most widely used structures. An example of this kind of molecules, relevant because of 

its ubiquity in this thesis, is the 1,3-phenylene unit, which is used as a strong 

ferromagnetic coupler between two unpaired electrons.
32,33,43

 For through-space 

interacting organic radicals compounds to show ferromagnetic interaction, the 

mechanism is not so clear, and the most widely used model is the so-called McConnell 

mechanism, explained in the next section. By comparing through-space and through-

bond scenarios and introducing the comparative advantages, as exemplified in a set of 

selected experimentally reported cases, it is intended to justify the choice of 

π−conjugated through-bond interacting systems as the most promising approach 

towards purely organic magnetic ordering. Additionally, this discussion allows putting 

in perspective the contribution to the literature found in chapter 4. 

• The McConnell Mechanism. 

Up to date, a grounded microscopic theoretical treatment able to correlate the 

intermolecular geometry of a pair of radicals with the resulting net magnetic response is 

still missing, presumably due to the complexity and diversity of molecular 

conformations in organic radicals. Despite that, this section presents the most widely 

used mechanism to explain the occurrence of magnetic interaction in through-space 
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interacting compounds. i.e. the McConnell mechanism,
44

 given that through-bond 

interacting mechanisms are treated in chapter 4. The present discussion on McConnell 

mechanism is reduced only to the most important conclusions. For an extended 

discussion on the foundations of the mechanism and application to real case examples, 

as nitronyl nitroxides, see chapter 1 and 3 of Miller and Drillon’s books
9,10

 respectively, 

and the references they include. Particularly enlightening are the theoretical works by 

Novoa et al. (chapter 3 in
10

 and chapter 2 in
11

) on the validity of this mechanism. Here, 

only the most important conclusions are provided. 

 

Figure 3. a) Depiction of a given radical unit with an unpaired electron in the singly occupied molecular 

orbital (SOMO). b) Possible magnetic states resulting from the interaction of two radical units. c) Some 

single excitations leading to different charge transfer states. HOMO and LUMO stand for highest 

occupied and lowest unoccupied molecular orbital, repectively. 

 

Originally, McConnell made two proposals for explaining intermolecular magnetic 

interactions. The first one (mechanism I)
44

 was prposed for hydrocarbon radicals units 

held together by π−π interactions and relies on the sign of the atomic spin polarization 

between the atoms making the shortest contacts within the interacting molecules. If the 

packing of the crystals favours a π-orbital overlap between atoms with spin density of 

opposing sign via π−stacking, a ferromagnetic interaction is predicted. On the contrary, 
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if the overlap occurs among moieties with the same spin density sign, the interaction is 

said to be antiferromagnetic. The second mechanism (mechanism II)
45

 implies charge-

transfer between different molecular units displaying ground states of different spin 

multiplicities, which results in a stabilization of the triplet state. 

Comparatively, mechanism II has deserved much less attention since Kollmar and 

Kahn
46

 proved it wrong for bulk ferromagnet Fe(III)(C5Me5)2
+ 

(TCNE)
−·

. They showed 

that higher-order charge-transfer mixing terms result in a stabilization of the singlet 

state, rather than the triplet, and that spin polarization effects need to be included.
47

 As 

an illustration, the low-order mixings that can be expected in a charge-transfer 

compound are depicted in Figure 3. Note that the introduced charge-transfer states arise 

only from single-excitations from the highest occupied molecular orbital (HOMO) and 

SOMO orbitals only, but in organic systems with a large π conjugation this restriction 

does not necessarily hold and one could think of excitations involving other doubly 

occupied and virtual orbitals. The stabilization of ferromagnetic interaction implies that 

�; states must be close in energy from the ground state, which requires a strong overlap 

between the HOMO
1
-SOMO

2
. However, this also decreases the excitation energy to 

access various singlet excited states, which promote antiferromagnetism. A fine tune of 

the molecular orbital levels allows enhancing one state at the expense of the other, but 

ultimately magnetic interaction is subject to the crystal packing, which in turn depends 

on external factors such as temperature or pressure. Thus, it appears that a reliable 

control of the parameters affecting magnetism in these charge-transfer compounds is 

hard to achieve. 

On the other hand, the experimental validation of mechanism I was provided by 

Izuoka et al.
48,49

 in a series of [2.2]cyclophanes presenting two carbene (carbon atom 

with two unpaired electrons in two orthogonal orbitals) in ortho-, meta- and para- 

positions, as indicated in Scheme 1. According to McConnell mechanism I,
44

 only in the 

meta compound the overlap occurs between spin densities of the same sign, promoting 

antiferromagnetism. Experimentally, the EPR signal associated with the ortho and para 

diphenylcarbenes is indeed associated to a quintet ground state (the four unpaired 

electrons interacting ferromagnetically), whereas such signal was not present in the 
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Scheme 1. Representation of the meta- ortho- and para-cyclophanes and the associated superposition of 

spin densities, resulting either in ferro- or antiferromagnetic interactions. 

 

meta case. Despite this success, there are cases in which McConnell mechanism does 

not successfully account for the experimentally available data (for a detailed discussion 

see chapter 3 in
10

). The reason for that has been assigned to the specific molecular 

requirements that must be fulfilled for the assumptions of the model to hold. 

Specifically, this mechanism is valid if 

 u�vu�w ≡ y��0 − y��(  (26) 

 

where u�v is the atomic spin population of atom i in frangent A and y��0  (y��() is the 

exchange density matrix of the singlet (triplet). This is true in cases of high symmetry, 

as the mentioned cyclophanes, but it is not for more general cases, like nitronyl 

nitroxides crystals.
50

 Nevertheless, McConnell I mechanism remains to be the most 

widely used model to explain magnetic behaviour in through-space interacting radicals. 

• Radicals with Unpaired Electron on: 

This section introduces a selection of the most relevant examples reported so far in 

organic magnetism, arising from the interactions between stable radicals.
51

 The 

underlying reasoning in the discussion aims at qualitatively compare the spatial 

arrangement of the radical centres that resuls from either a through-space or through-

bond interaction, and how this can affect the magnetic coupling, mostly through 

structural parameters. On the basis of promoting robust ferromagnetism in purely 

organic compounds, this comparison allows choosing one set of molecules over the 

others. 

Figure 4 presents some representative organic molecules in which magnetism has 

been studied. They are the basic units bearing the magnetic moments, which, when 
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extended and arranged in space, give rise to the magnetic properties. In Figure 4 the 

molecules are classified as follows: Each row corresponds to the different atoms bearing 

the unpaired electron, including carbon, nitrogen, oxygen and sulfur-containing 

heterocycles, classified in a), b), c) and d) respectively. Each column represents how the 

unpaired electrons interact. The leftmost column stands for through-space interacting 

compounds, resulting in a molecular crystal packing when extended in space. The 

crystal packing is crucial for the observed magnetic properties, since it determines the 

relative position of the molecular units and consequently the SOMO-SOMO overlap. 

The rightmost column stands for through-bond interacting species, which generally 

results in disordered oligomeric and conjugated polymeric structures when going to 

extended systems. Here, the magnetic properties arise from intramolecular interactions 

between the unpaired electrons along the covalent π-conjugated backbone of the 

molecule. As mentioned, to promote ferromagnetic interaction among the unpaired 

electrons, a widely used scheme consists of using 1,3-phenylene as coupling units, as 

evidenced by the abundance of reported cases.
32,33

 Finally, the column in the middle 

corresponds to the so-called radical polymers, which are polymers bearing organic 

robust radicals as pendant groups per repeating unit. When polymerized, this strategy 

results in one dimensional-like (1D) structures, referred to the z-skeleton. In a sense, 

this approach represents an intermediate between the two other cases, since the 

interaction between the radical centres is mostly through-space, dictated by how the 

pendant radicals are distributed with respect to each other, but also shares a 

characteristic of through-bond interacting compounds since the interaction happens 

within the same molecular unit. For radical polymers there is an important correlation 

between the adopted conformation and the associated magnetic properties. 

Interestingly, the spatial distribution of the unpaired electrons depends on which of 

the three strategies is adopted, which in turn results in a total different response of 

magnetic properties to thermally induced vibrations or chemical and structural defects 

in the compound. In fact, the inherent structural flexibility of the constituent building 

blocks in purely organic magnetic compounds is the main feature affecting the resulting 

properties, which expresses differently in compounds where the interaction is through-

space or through-bond. Figure 5 is an oversimplified illustration to exemplify such 

problematic for specific cases in through-space interacting compounds, radical polymers 

and through-bond interacting compounds, in a), b) and c) respectively. 
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Figure 4. Molecular structure of some experimentally reported organic radical compounds. Each row 

corresponds to the different atom bearing the unpaired electron. a), b) and c) represent carbon, nitrogen, 

and oxygen respectively. d) present sulfur-based compounds. Each column represents the type of 

interaction between the unpaired electrons.  
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Figure 5. (From left to right). Schematic representation of the radical building block, possible resulting 

arrangements in space and impact of external perturbations on the magnetic interactions. a) discrete 

molecular radicals leading to a molecular crystal. It corresponds to the Through-space column in Figure 4 

b) radical polymers leading to 1D-like structures. This corresponds to the Radical polymer column in 

Figure 4c) π−conjugated polyradicals extended in either 2D- or 1D-fashion. This corresponds to the 

Through-bond column in Figure 4. Blue (red) circles indicate spin-up (spin-down) spins. 
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For instance, consider Figure 5 a). It represents a given molecular crystal, in which each 

molecule bears an unpaired electron, as for instance nitronyl nitroxides does. In this sort 

of compounds, magnetic properties arise from the through-space interaction in the 

crystal and a change in the distance relating the magnetic units affects entirely the 

magnetic interaction. As a consequence, the obtained Curie or Néel temperature (�f, 

�g) are often very low. Figure 5 b) introduces the idea of radical polymers, and 

exemplifies the dependence of the magnetic interaction on the adopted conformation. 

This is an early indication about the importance that secondary structure might have in 

organic magnetism. Finally, Figure 5 c) exemplifies a strategy in which the radical 

centres belong to the covalent π-conjugated backbone of a polymeric unit, resulting in a 

through-bond mediated interaction of the unpaired electrons. The conjugated polymeric 

unit offers the possibility of achieving extended polyradicals systems in one and two 

dimensions. 

The above qualitative discussion was introduced as guidance for the next sections, 

in which some of the reported organic examples showing magnetic properties are 

presented. The classification is based on the nature of the radical-bearing centre, and the 

order of the discussion follows the reasoning in Figure 4. Since the extent of the section 

might make it hard to follow, it may be useful to keep in mind the correspondence 

between the columns of Figure 4 and rows in Figure 5, in order to facilitate the line of 

thought. Therefore, when, for instance, discussing the crystal structure of p-NPNN 

(Figure 4, through-space column, c)) and how the magnetic interaction are affected by 

the distances between the molecular units, one can use the schematic representation in 

Figure 5 a) as example. In the same manner, when the discussion concerns radical 

polymers and how the adopted conformation determines the interaction between the 

magnetic centres, a pictorial representation is shown by Figure 5 b).  

Finally, the common goal for all discussed strategies (through-space, through-bond, 

and radical polymer) is the achievement of purely organic systems that are stable at 

ambient conditions, with many magnetic centres strongly coupled in order to present 

magnetic ordering at room temperature (i.e. polyradicals with large S values). 

a) Radicals with Unpaired Electrons on Carbon Atoms. 

The molecular structures discussed in this section are depicted in Figure 4 a). The 

amount of works concerning purely carbon-bearing radicals interacting through-space is 
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limited when compared to other organic radical-bearing atoms, as for instance nitrogen 

and oxygen. The reason behind it might be that for obtaining a molecular crystal it is 

necessary to have large dipole moments to promote interaction between the units, which 

is not present in purely hydrocarbon compounds. Related examples are found in 

buckminsterfullerene C60 and derivatives, as reported in the seminal work by Allemand 

et al.
52

 Here, a mixture of TDAE-C60 promoting acceptor-donor dyad resulted in 

ferromagnetism at 16 K. However, successive experiments demonstrated that the 

magnetic properties were dependent on the sample preparation.
30

 An extensive review 

on this topic can be found in chapter four of the book.
9
 Another type of carbon-based 

molecular radicals is based on π−conjugated hydrocarbons. Phenalenyl (Figure 4), an 

odd-alternant hydrocarbon resulting from the triangular fusion of three benzene rings, is 

a representative example of stable radicals.
51

 It constitutes one of the most basic 

elements of graphene and it is consider as a case study of the so called synthetic organic 

spin chemistry.
53

 In the crystalline phase, phenalenyl-derivatives form π−dimer units. 

The study of magnetic properties of π−dimer resulting from neutral tri-t-butyl 

substituted phenalenyl radical (TBPLY),
54

 indicated a very strong antiferromagnetic 

interaction between the two unpaired electrons located in each of the π−dimer units 

(2� {w⁄ > 2000 K). Theoretical studies indicated that the origin of such interaction is 

due to a large singly occupied molecular orbital (SOMO-SOMO) overlap.
55

 Similarly, 

spiro-biphenalenyl (SBP) boron radicals represents a family of phenalenyl-derivatives 

showing interesting magnetic and optical properties.
56

 Of particular interest are ethyl- 

and butyl-SBPs, since they show a spin transition connecting a low-temperature 

diamagnetic phase and a high-temperature paramagnetic phase. Theoretical studies on 

the ethyl-SBP have disentangled the factors dominating the spin transition,
57

 

recognizing the fine interplay between SOMO−SOMO overlap, which stabilizes the 

singlet states of the π-dimers, and the electrostatic interactions between radicals, which 

stabilizes the triplet states. In line with TBPLY, ethyl- and butyl-SBPs dimers show a 

strong antiferromagnetic interaction between the unpaired electrons in the high-

temperature phase.
57,58

 As previously mentioned, another crucial factor that allows an 

improvement of the material’s properties concerns the stability of the radical centres. 

The synthesis of remarkable stable phenalenyl-derivatives radicals has been reported.
59

 

This behaviour has been assigned to an electronic stabilization promoted by the 

introduction of heteroatoms. Additionally, the crystal structures of the parent cations 
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were also reported. Despite that, no magnetic interaction among the stable centres is 

mentioned in this work.
59

 Taken together, it seems reasonable to conclude that 

phenalenyl-derivatives offer great opportunities for achieving functional organic 

materials, but robust ferromagnetism is not among them.  

Attempts for achieving radical polymers where the robust pendant radical is 

carbon-based have also been reported. Especially relevant is the work by Itoh et al,
60

 

where a persistent triplet carbene is used as spin source. However, despite successful 

generation of the carbene centres by photolysis of the diazo precursors, the synthesized 

polycarbenes presented low multiplicities, which was ascribed to an intramolecular 

antiferromagnetic interaction among the carbene centres. 

Finally, through-bond interacting radical compounds with a carbon as the radical-

bearing centre represent the most important conceptual approach for this thesis. In fact, 

chapter 4 is entirely devoted to this class of molecules and for that reason here only the 

most relevant works are highlighted. It is reasonable to think that if the magnetic 

interaction is through-bond, the nature of the coupling unit plays a crucial role in 

defining the magnetic interaction. As a matter of fact, it is well accepted that meta-

phenylene units promote ferromagnetic interactions; π−conjugation helps in the 

delocalization of the unpaired electrons increasing their interaction, and 1,3- connection 

through a six-membered ring does not allow closed-shell resonant forms to pair the 

unpaired electrons. For that reason, most of the though-bond interacting compounds 

discussed in this section present this topology. This field of research has experienced 

two major contributions. One was introduced by Rajca
61

 using spin clusters, as an 

effective manner to avoid the suppression of magnetic interaction between the unpaired 

electrons. Such interruption often appears due to the experimental route required to 

generate the radical centres (the carbanion method, involving the oxidation of polyether 

precursors, Figure 6) and to the inherent structural flexibility of the compounds, which 

might result in a complete disruption of the π−conjugated system (Figure 5 c) upper 

part). Following this approach, first magnetic ordering in a purely organic polymer was 

reported.
61

 The other contribution was based on C60, but it is not free of controversy. 

The first work setting the precedent on the field
62

 was retracted five years later, because 

the samples were found to have iron.
63

 Yet, independent research groups reported 

similar results
64,65

 before the retraction was announced. Additionally, ferromagnetic 

properties were also found in polymerized states of C60 with different structural defects 
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and light-element content (O, B, N).
66

 It is thought that the observed ferromagnetism 

arise as a combination of through-space and through-bond interactions between the C60 

units, although a model accounting for their magnetic properties is still missing.  

 

Figure 6. Carbanion method for the preparation of polyarylmethyl polyradicals. 

 

b) Radicals with Unpaired Electrons on Nitrogen Atoms. 

The molecular structures discussed in this section are in Figure 4 b). As done for 

the carbon atom case, we first discuss examples in the leftmost column. Through-space 

interacting compounds displaying a nitrogen atom as radical-bearing centre have 

received large attention. Among them, verdazyl molecules and derivatives
67,68

 constitute 

representative examples. They offer a large variability because there are several 

positions subject to chemical substitutions (R1 and R2 in Figure 4 b)). However, most of 

the reported examples show a very small and negative Weiss constant, indicating 

antiferromagnetic interaction. Other type of compounds belonging to this class is the 

benzotriazinyl family, which proved to be good candidates to promote ferromagnetic 

interactions even at room temperature.
69,70

 The versatility introduced by the different 

substituents at several positions of the benzo rings has facilitated a large variability in 

the crystal packing and the subsequent magnetic properties associated. In fact, the 

benzotriazinyl derivative with R1 = Phenyl and R2 = CF3 (see Figure 4 b)), shows a 

sharp spin transitions between low temperature diamagnetic and high temperature 

paramagnetic phases.
71

 The origin of this phase transition has been computationally 

revealed,
72

 which allowed the authors to propose, based on structural and electronic 

features, modifications on the molecule to increase and/or enable spin transitions in 

related compounds. These investigations point to benzotriazinyl as candidates for 

interesting switching materials, but in general, due to inherent dependence of magnetic 

interactions on the crystal packing, they are not good candidates to promote robust 

ferromagnetic properties in a material. 
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Within the radical polymer strategy, there are several reported examples based on 

different approaches. For instance, verdazyl has also been used as a robust pendant 

radical attached to a non-conjugated polymeric unit,
67

 obtaining weak antiferromagnetic 

exchange couplings between the verdazyls. Alternatively, attempts using a sterically 

protected polyaminium salt (aminium is a cation formed protonation of an amine 

R3NH
+
) the pending from a polyacetylene as π−conjugated polymeric unit, as indicated 

in Figure 4, were pursued.
73

 The choice of monosubstituted acetylene is important in 

order to promote stereoregular polyacetylene, aiming at obtaining optically active 

polymers, i.e. chiral and helical. This strategy proved successful for obtaining high-spin 

ground states at room temperature, as well as demonstrating the importance of 

secondary structure for defining the magnetic properties. Nevertheless, the maximum 

multiplicities obtained reached only 4 unpaired electrons, even if the spin concentration 

is almost one, interacting antiferromagnetically with a very small and negative Weiss 

constant.
73

 

As far as the through-bond interacting species are concerned, the success is more 

evident. Verdazyl units have also been employed within this approach, linked to phenyl 

or thiophene rings mostly.
67

 However, one cannot reach further than three verdazyl units 

linked together through a phenyl ring, and thus, it is a poor approach for extended 

polyradicals. Another strategy that allows a higher concentration of radical centres is 

based on ammonium radical cations, as reported in meta- and para- aniline cation 

radicals derivatives, which proved successful for coupling ferromagnetically three 

unpaired electrons.
74

 However, there is strong evidence for discarding this route as an 

effective manner for achieving polyradicals systems.
75

 An alternative approach relies on 

polyaniline (PANI) polymer, which is well-known for its conductive properties. Doping 

of the neutral polymer alters its electronic structure and affords the open-shell states. 

The protonated form of the polymer results in a metallic state with a temperature-

independent magnetic susceptibility
76

 and the introduction of tetracyanoquinodimethane 

(TCNQ, see Figure 4 a)) promotes charge-transfer states responsible for the appearance 

of the radical centres, which yield a room temperature magnetic order.
77

 However, 

within this approach, it is very difficult to control structural parameters, and the 

disordered nature of the product prevents any magneto-structural relationship. There is 

recent evidence that neutral PANI (not doped) presents a helical-induced magnetization, 

although its value is extremely low.
78

 This is an indication of the role that secondary 
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structure has in defining magnetic properties in these structurally flexible molecules. 

Following a different reasoning, Rajca et al.
79–82

 have devoted a large amount of work 

to the synthesis, stabilization, isolation and characterization of the so-called family of 

aminyls, which stands for nitrogen-centred radicals. It is worth noting that in order to 

avoid disruption of magnetic interaction, the molecular design adopted imposes 

planarity of the π−conjugated system. Within this approach it has been possible to 

obtain a series of diradicals of increasing stability. Those include a molecule with a 

persistent triplet state showing a half-life of 30 minutes at −70ºC,
79

 an aza-derivative of 

m-xylylene (MBQDM in Figure 4 a)) persistent in solution with a half-life of 10 

minutes at room temperature and a triplet-singlet gap of 10 Kcal/mol,
80

 and another 

room temperature persistent triplet radical that was isolated.
81

 Additionally, and aiming 

at achieving high-spin ground state polyradicals, a room temperature persistent quintet 

ground state tetraradical was also synthesized and characterized.
82

 Currently, large 

attention is being devoted to achieve aminyl polyradical polymers with very large 

magnetic moment.
43

 

c) Radicals with Unpaired Electrons on Oxygen Atoms. 

The molecular structures discussed in this section are in Figure 4 c). Molecular 

crystals of oxygen-centred radicals are very abundant in the literature, and exemplify 

very well how, if the radical unit is stable but the crystal packing is not favourable to 

appropriate interactions, magnetic interactions might not occur, leading to paramagnetic 

systems with very low TC. This generally manifests at different temperatures, as a 

consequence of a change in the crystal packing, as depicted in Figure 5 a). One of the 

first examples demonstrating ferromagnetic interactions between organic molecules was 

based on galvinoxyl.
83

 Magnetic susceptibility measurements resulted in a positive 

Weiss constant (11 K). Interestingly, the crystal structure undergoes a phase transition 

at 85 K to a low temperature phase. Thus, the recorded susceptibility at high 

temperature fits with a one dimensional ferromagnetic model showing a � )w⁄ = 13 K, 

while the one at low temperature is consistent with a singlet-triplet model showing 

strong antiferromagnetic interaction (� )w⁄ = −230 K). The transition is a first-order 

phase transition with a hysteresis of 5 K.
84

 Another representative example of 

ferromagnetic interaction in an organic crystal is found in the nitronyl nitroxides family. 

Particularly, p-nitrophenyl nitronyl nitroxide (p-NPNN) became a milestone after the 

discovery of long-range ferromagnetic interaction in one of its crystal phases (| phase), 
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although the transition temperature was 0.65 K.
85

 p-NPNN presents four polymorphic 

structures and, fortunately, the most thermodynamically stable is the | phase, which 

happens to be the one showing ferromagnetic ordering. A deeper account on the broad 

literature in these compounds can be found elsewhere.
9,10,30

 Again, as discussed for the 

previous carbon- and nitrogen-centred through-space interacting radicals, this indicates 

the subtle interplay between crystal packing and magnetic properties and suggests that 

looking for robust magnetic properties within molecular crystals might not be the best 

strategy, due to the lack of control over the structural parameters influencing magnetic 

coupling. 

Following the ongoing discussion, now the radical polymer strategy will be 

commented. It appears evident that oxygen-bearing radical molecules present a 

remarkable stability as derived from the large number of reported examples. Such 

stability is related to the degree of localization of the unpaired electron over the oxygen 

atom, which shows a large electronegativity. Thus, these compounds are good 

candidates as robust pendant radicals that can be attached to a variable number of 

polymeric units, which results in the several reported radical polymers. In fact, one can 

find various polymeric units, including thiophene,
86

 1,3-phenyleneethynylene
87–89

 (see 

Figure 4) and polyacetylene
90

 together with different pendant radicals, such as 

galvinoxyl,
86,88,89

 TEMPO
87

 and nitroxide.
90

 For the purpose of this thesis, the most 

important consideration derived from these works is the crucial impact that secondary 

structure, generally in the form of a helical form, has in defining the interaction among 

the unpaired electrons and consequently the resulting magnetic properties.
87,88

 

As it was similarly done with the previous radical-bearing centres discussed, a 

possible manner of reducing the impact of the adopted conformation on the magnetic 

properties is to include the radical centres in the backbone of the polymeric unit, as 

comparatively depicted in Figure 5 b) and c). This results in through-bond interacting 

compounds. As far as the oxygen-bearing radical is concerned, several works deal with 

this strategy, mostly using a 1,3-phenylene as a coupling unit. One of the first examples 

consists of a dinitroxide.
91

 The observed magnetic behaviour is interpreted in terms of a 

triplet ground state with best fit parameters of c = −7.8 K and 2� )⁄ ≫ 500 K.
92

 

However, it is not a persistent triplet and it transforms into an isomeric aminoquinone 

imine N-oxide in a few hours in solution, which prevents its use as a building block. 

Aiming at improving the stability of related nitroxides, synthesis of a sterically 
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protected trinitroxide was successful in providing a quartet ground state with best fit 

parameters of c = −19 K and 2� )⁄ ≫ 240 K,
92

 but was discarded by the same authors 

as a strategy to keep extending the polyradical to polymeric system. Following a 

different approach, another manner of increasing stability is by means of conformational 

restriction, avoiding torsion of the π−conjugated system connecting the nitroxide units. 

This strategy afforded the first isolated nitroxide diradical with two diarylnitroxide 

moieties presenting a persistent triplet state ground state, even at room temperature.
93

 

Additionally, the annelated nitroxide diradical is stable at ambient conditions, in the 

solid state and in solution.
93

 At variance with all previously discussed through-space 

interacting cases where the molecular unit bears only one unpaired electron, the stability 

of triplet dinitroxides permits obtaining crystal packings between units presenting high-

spin ground states. Unfortunately, even if the local triplet remains within the molecule, 

the interaction among molecules is antiferromagnetic.
94

 Finally, a strategy combining 

both through-space and through-bond interactions has also been investigated by Rajca et 

al. by means of stable calix[4]arene tetraradicals (see Figure 4).
95

 The macrostructure of 

the calix[4]arene can be either alternate or conical, and there is a correlation between 

the exchange coupling constant and the adopted conformation. Particularly, through-

bond interaction is ferro- and antiferromagnetic in the conical and alternate 

conformation, respectively; through-space interaction is always antiferromagnetic. 

However, the magnetic coupling constant between the unpaired electrons is very low, of 

the order of ±1 K. 

d) Radicals with Unpaired Electrons on Sulfur-containing Heterocycles. 

The molecular structures discussed in this section can be found in Figure 4 d). This 

last group of molecules does not necessarily present an unpaired electron localized on 

sulfur centres, but their common characteristic is the presence of sulfur-containing 

heterocycles. Additionally, most of the reported examples are cation radicals, as 

compared to the majority of neutral molecules discussed in the previous sections. One 

of the results that boosted this field of research was the discovery of a spontaneous 

magnetization in p-NC(C6F4)(CNSSN) dithiadiazolyl | crystal phase below 35 K,
96

 

which is well above the typical values reported for nitroxides counterparts. A review by 

Rawson
97

 presents the latest achievements in different thiazyl radicals and provides an 

insightful discussion on structure-property relationships. Very recent studies have 
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showed that external pressure can modify the magnetic and transport properties of 

neutral bisdithiazolyl radicals.
98

 

To the best of my knowledge, regarding the radical polymer strategy, there are no 

reported examples with pendant radicals constituted by sulfur-containing heterocycles. 

Finally, through-bond interacting sulfur-based compounds showing 

paramagnetic/ferromagnetic interactions are almost entirely referred to thiophene 

derivatives. Tiophene can be found in a variety of sizes (oligomers) and with different 

substituents. However, in this brief discussion, only thiophene polymers, also known as 

polythiophenes, are of interest. When it is partially oxidized (p-doped), it is considered 

as a suitable species for optoelectronic materials due to its electrical conducting 

properties. Doping has also proved a good strategy for promoting magnetic properties, 

resulting even in ferromagnetism at room temperature.
99,100

 As an example of other 

successful kind of doping, room temperature ferromagnetism arises from charge transfer 

states in a crystalline blend film of poly(3-hexylthiophene) (P3HT) mixed with phenyl-

C61-butyric acid methyl ester (PCBM).
101

 However, magnetic properties are not limited 

to doped systems, either chemical or electrochemically, of this kind of conjugated 

polymers. As a matter of fact, remarkable interest has been devoted to study the impact 

of different structural parameters on the magnetic properties of undoped 

polythiophenes- particularly, the effect of the substituent (R1 and R2 in Figure 4 d), 

including alkyl, alkoxy, thioalkyl), the substitution pattern (head-to-tail vs head-to-

head−tail-to-tail) and the regioregularity of the polymer.
102

 Interestingly, all investigated 

polymers showed a magnetic hysteresis loop resulting from spin densities, which were 

found to be determined by the nature of the substituent. Additionally, the interaction 

among the spin moments seemed to depend on the supramolecular structure of the 

conjugated polymers. In a more recent study by the same authors, this hypothesis was 

further investigated in a variety of different molar mass head-to-tail coupled poly(3-

alkylthiophene)s (P3AT).
103

 The purpose of varying the molar mass is to promote a 

differential π−stacking as an effective way to control supramolecular organization and 

study its effect on the magnetic properties. It is concluded that the magnitude of the 

saturation magnetization is mainly governed by the fraction of planar polymer chains, 

and the coercivity is influenced by the molecular structure, which relates to the 

π−interactions between different polymer chains. As it has been intentionally 
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highlighted during the previous discussion, this is another example of the critical role 

that supramolecular, or secondary structure has in defining the magnetic properties of 

extended conjugated systems. 

In view of the previous discussion, and keeping in mind that the objective is to 

promote robust ferromagnetic interactions in organic radicals, we choose π−conjugated 

through-bond interacting radicals as building blocks. Particularly, through-space 

interacting radicals are not good candidates because the magnetic interaction depends 

critically on the crystal packing, which is subject to large variations depending on 

external factors such as temperature or pressure (see Figure 5 a)). On the other hand, the 

magnetic interaction in the radical polymers strategy is largely dependent on the 

secondary structure adopted by the polymer (see Figure 5 b)), which is difficult to 

control. Hence, similarly to the through-space case, radical polymers are not good 

candidates to promote robust ferromagnetic interactions. Finally, π−conjugated through-

bond interacting radicals provide the radical centres within the backbone of the 

polymeric unit, offering the possibility for extending the system in different 

dimensionalities, introducing steric protection of the radical centres and reducing the 

impact of structural flexibility (see Figure 5 c)). Altogether, this constitutes efficient 

manners of designing high-spin ground state polyradical systems with robust 

ferromagnetic properties and chemical stability, as it will be explained in chapter 4. 

1.4. Motivation and objectives of the thesis. 

In view of all discussed evidences, one can conclude that up to date, a purely 

organic system showing strong ferromagnetic properties in a wide enough range of 

temperature does not exist. In general, through-space interacting compounds present too 

low TC and magnetic coupling constants, whereas through-bond interacting systems, 

although showing larger coupling constant values, suffer from lack of stability due to 

the reactivity of the radical-bearing centres. 

Particularly, we choose π−conjugated through-bond interacting neutral radicals as 

building blocks for achieving robust ferromagnetic properties in an organic material. 

The appearance of ferromagnetism in a neutral purely carbon-based compound with an 

even number of electrons does not only represent a fundamental challenge, but it also 

appears as a very promising approach for obtaining technologically relevant, low cost, 

materials. This relies on the possibilities offered by the organic synthetic route for 
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controlling shapes and sizes of the final products, as an effective manner to modulate 

the macroscopic shapes and properties. 

Therefore, this thesis aims at reaching two particular goals: 

• To propose and exploit an accurate manner for extracting magnetic 

coupling constants in a variety of compounds of increasing complexity, including 

coordination compounds and organic radicals. The proposal is based on an 

alternative formulation of the mapping approach following previous studies carried 

out in the group, and exploits the relation between pure spin states and energy 

expectation values using broken symmetry solutions. This is presented and applied 

in chapter 3 to extract the relevant magnetic coupling constants in complex magnetic 

topologies. This approach is validated by comparison to experiment and by means 

of effective Hamiltonian theory for model and real systems with three unpaired 

electrons in three centres. 

 

• To provide new arguments for obtaining stable, high-spin ground 

state, π−conjugated polyradicals interacting through-bond with large ferromagnetic 

coupling constants, profiting from the inherent structural flexibility of these 

compounds, which in fact has been generally overlooked in previous theoretical 

studies. Therefore, several structural (i.e. derived from σ-bond covalent structure) 

and magnetic (i.e. arising from magnetic interactions) topologies offered by 

different combinations of the 1,3-phenylene coupling unit are investigated, 

including discrete molecular units and extended systems in one and two dimensions. 

The impact of a secondary structure, as a consequence of the structural flexibility, 

on the electronic structure and stability of the investigated compounds is expected to 

play a relevant role. These results are presented in chapter 4. 

 

To conclude, this thesis aims to contribute to the accurate extraction of magnetic 

exchange interaction in complex systems, by means of the mapping approach, and to 

establish reliable criteria to define purely organic systems, showing high-spin ground 

state, chemical stability and robust ferromagnetic properties. 
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The aim of this chapter is to introduce the basic concepts that allow using quantum 

theory to calculate the electronic structure of a given ensemble of particles, i.e. a 

molecule, as an accurate manner to describe its properties. Among the vast amount of 

properties that can be calculated within the current methods, magnetic properties are 

central in this thesis, which orientates the discussion towards some specific 

formulations capable of accounting for it.  

 

2.1. Wave Function-Based Methods. 

2.1.1. The Electronic Problem. 

For a given system of N electrons and M nuclei interacting described by position 

vectors �� and �� respectively, the stationary quantum states defining the system are 

obtained by solving the non-relativistic, time-independent Schrodinger equation: 

 ��� = 	� (1) 

 

where �� is the Hamiltonian operator associated to the system, E is the energy of a given 

stationary state and Ψ the wave function describing it. In atomic units,
1
 the Hamiltonian 

is written as 

 � = − � 12
�

��� ∇�� − � 12�� ∇��
�

��� + � � �������
�

���
�

��� + � � 1���
�

���
�

��� − � � �����
�

���
�

���  (2) 

 

In this equation, �� is the ratio of the mass of nucleus A to the mass of an electron, ZA is 

the atomic number of nucleus A, ∇�� and ∇�� are the Laplacian operators involving 

differentiation with respect to the coordinates of the A
th

 nucleus and i
th

 electron 

respectively, ��� = |�̅� − �̅�| is the distance between the i
th

 electron and the A
th

 nucleus 

and ��� = ��̅� − �̅�� is the distance between the i
th

 and j
th

 electron and ��� = |��� − ���| is 

distance between the A
th 

and B
th

 nuclei. This equation can be expressed in a more 

compact way as 

 �� =  !� +  !" + #� + #" + #�" (3) 

 

The first and second terms are the nuclear and electronic kinetic energy operators, 

respectively. Third and fourth terms stand for the nucleus-nucleus and electron-electron 
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repulsion, respectively. The last term represents the coulomb attraction between 

electrons and nuclei.  

2.1.1.1. The Born-Oppenheimer Approximation. 

Equation (1) is a second-order differential equation in 3(N+M) variables that needs 

to be simplified in order to be solved. Such simplification can be achieved by means of 

Born-Oppenheimer approximation.
2
 Given the different mass between electrons and 

nuclei, the description of the electronic motion can be assumed to accommodate almost 

instantaneously any change in the position of the nuclei. Thus, the description of their 

motion can be separated; the electrons experience the nuclei as fixed force centres and 

follow adiabatically any change in the nuclear positions. Conversely, the nuclei 

experience an average potential created by the electrons. This allows assuming that the 

kinetic energy of the nuclei  !� can be neglected and that the repulsion between the 

nuclei #� is constant. Within this approximation, the total Hamiltonian of the system 

becomes  

 �� =  !� + ��"$"% + #� → ��"$"% + #� (4) 

 

where the electronic Hamiltonian operator is given by 

 ��"$"% =  !" + #" + #�" (5) 

 

Since  

 '��"$"%, �) = 0 (6) 

 

The eigenvalues of the electronic Hamiltonian may be determined for a particular value 

of the nuclear position vectors R. Thus, the Schrödinger equation can be rewritten as 

 +��"$"% + #�,|Φ.(�; �)2 = 	.(�; �)|Φ.(�; �)2 (7) 

 

Here, r and R denote an implicit and parametric dependence on the electronic and 

nuclear coordinates respectively. The term arising from repulsions between the nuclei 

may be treated as an additive constant.  

Because the electronic wave functions |Φ.(�; �)2 form a complete orthonormal 

set, they can be used to expand the total molecular wave function with the expansion 

coefficients being functions of the nuclear coordinates: 
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 Ψ(��, ��, ⋯ , �� , �) = � 5.(�)Φ.(��, ��, ⋯ , ��; �).  (8) 

 

This will be useful for the description of the nuclear motion. By introducing eqn (8) into 

eqn (1), the Schródinger equation can be rewritten as 

 �65.	.(�)Φ. +  !�(5.Φ.) − 	(5.Φ.)7. = 0 (9) 

 

Multiplying eqn (9) from the left by Φ8∗ , integrating over the coordinates of all electrons 

and expanding the expression,
3
 it is obtained an expression of the nuclear kinetic 

operator  !� where the electronic and nuclear contributions have been separated 

 �:Φ8� !��5.Φ.;. =  !�5. + � <.8(�, ∇)5.(�).  (10) 

 

Note that the first term  !�5. the electronic terms have been removed. The second term 

contains 

 <.8 = − � 1�� =>Φ8|∇�|Φ.2∇� + 12 >Φ8|∇��|Φ.2?�  (11) 

 

which mixes the electronic wave functions through the first and second derivatives of 

nuclear positions, also called first and second non-adiabatic coupling elements. Finally, 

substituting eqn (10,11) in eqn (9),
3
 it is obtained 

 + !� + 	�8(�) − 	,58 + � <.85..@8 = 0 (12) 

 

where  

 	�8(�) = 	8(�) − � 1��
12 >Φ8|∇��|Φ.2�  (13) 

 

is an effective potential for the nuclei. 

In the adiabatic approximation, the form of the total wave function is restricted to 

one electronic surface. This means that all non-adiabatic coupling elements are 

neglected, except those involving A = B. Except for spatially degenerate wave 

functions, the diagonal first order non-adiabatic coupling element is zero, leading to 
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 <.8 = − � 12�� (>Φ.|∇��|Φ.2)�  (14) 

also known as the diagonal correction.
4
 If this is also set to zero, one gets 

 C !� + 	�8(�)D 58(�) = 	858(�) (15) 

 

which is the nuclear eigenvalue equation. A further approximation, the Born-

Oppenheimer approximation,
2
 it is assumed that the effective potential for the nuclei is 

equal to the electronic energy function, i.e. 	�8(�) = 	8(�). 

 C !� + 	8(�)D 58(�) = 	858(�) (16) 

 

In the Born-Oppenheimer picture, the nuclei move on a potential energy surface 

(PES) which is a solution to the electronic Schrödinger equation. Solving eqn(16) for 

the nuclear wave functions at each nuclear configuration leads to energy levels for the 

molecular vibrations and rotations. By doing so till a minimum in the surface is found, 

offers a way of optimizing the geometry of the problem investigated. 

So far, in the electronic Hamiltonian, only the coordinates of the electrons have 

been considered. However, to fulfil the requirements of quantum mechanics, another 

intrinsic variable of the electrons must be considered: the spin, which happens to be the 

ultimate reason for the existence of magnetism. In order to do so, two spin functions α 

and β corresponding to spin up and down respectively, can be introduced. They 

represent a complete and orthonormal basis set. Then, the variables defining the i
th

 

electron are represented by xi and include the Cartesian coordinates and spin. 

Given that the non-relativistic electronic Hamiltonian does not explicitly refer to 

the spin property of the electrons, it has to be imposed ad hoc, which is achieved by 

constructing a wave function that not only satisfies the Schrödinger equation but also 

the antisymmetry principle, also known as Pauli principle. Such additional requirement 

makes the wave function antisymmetrical with respect to the interchange of the spin 

coordinates x of any two electrons. It is achieved by means of Slater determinants, 

which for a N-electron system writes as 

 Ψ(E�, E�, ⋯ E�) = (F!)H� �⁄ JJ 5�(E�)5�(E�) 5�(E�)5�(E�) ⋯⋯ 5K(E�)5K(E�)⋮5�(E�) ⋮5�(E�) ⋱⋯ ⋮5K(E�)JJ (17) 
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This Slater determinant describes N electrons in N spin orbitals +5� , 5� , ⋯ , 5K, without 

specifying which electron is in which orbital and where (F!)H� �⁄  is a normalization 

factor. It fulfils the antisymmetry principle because exchanging the coordinates of two 

electrons imply the exchange of two rows, which changes the sign of the determinant. 

More details on the definition of the spin orbitals are given below. 

2.1.1.2. Molecular orbitals. 

An orbital is defined as a wave function for a single electron. The wave function 

describing i
th

 electron consists of a spatial and spin part. The former spatial orbital N�(�) is a function of the position vector r and its square, |N�(�)|�O� describes the 

probability of finding the electron in the differential volume element dr around r. The 

latter accounts for the spin part, which can be spin up or down. From each spatial 

orbital, two different possibilities for the spin part can be written 

 5(E) = PN(�)Q(R)S�N(�)T(R) (18) 

 

the resulting function is 5(E), the so called spin orbital, accounts for both spatial r and 

spin R part. Ideally, the set of spatial orbital would form a complete basis set where to 

expand the wave function, but this requires an infinite set. Instead, one expands a finite 

set of K spatial orbitals UN�|V = 1,2, ⋯ , WX which imply 2K spin orbitals U5�|V =1,2, ⋯ ,2WX. The solutions are exact within the subspace spanned by the finite set of 

orbitals. In general, the convergence in energy is checked by improving the quality of 

the basis set, which is explained in forthcoming sections. Also, if the spatial part N(�) 

for the spin up and down is assumed to be equal, it is a restricted formalism, whereas if 

one allows different spatial orbitals, it is an unrestricted formalism. This is further 

explained in next sections. 

A molecule is an ensemble of atoms held together by covalent bonds. The 

theoretical description of a molecule with N electrons is therefore based on 2N atomic 

orbitals, which can be combined to define the molecular orbitals (MOs). Each of these 

orbitals are constructed following the linear combination of atomic orbitals (LCAO), 

which simply consists of  
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 Y� = � <Z�NZ
��
Z  (19) 

 

Of particular interest are the alternant hydrocarbons, for which topological arguments 

provide useful insights on the properties of MOs and consequently on the electronic 

structure of the ground state. An alternant hydrocarbon is a compound consisting of 

carbon and hydrogen atoms only, presenting a conjugated system of [ electrons where 

all carbon atoms can be divided into two sets (starred, not-starred) so that no atom of 

one set is directly linked to other atom of the same set. Generally, those compounds are 

assumed to be planar, which is not always true but provides a simplification for drawing 

some very important conclusions. For instance, it allows a strict separation of \ and [ 

electrons because symmetric arguments do not allow their mixing. The first works 

dealing with these compounds were based on the simple Hückel model, which led to the 

Coulson and Rushbrooke pairing theorem
5
 stating that for any alternant hydrocarbon: 

(1) the π-electron energy levels are symmetrically distributed about the zero energy 

level; (2) the LCAO-MO associated with the energy level ]� is the same as that 

belonging to the energy level −]� except for a difference of sign (only) in every other 

atomic orbital coefficient; (3) the total π-electron charge density at any carbon atom in 

the molecule equals unity. This theorem is important because it is at the basis of the 

topological arguments discussed in chapter 4, which allow rationalizing the appearance 

of unpaired electrons in neutral molecules with an even number of electrons. 

There is a large amount of theoretical works dealing with alternant hydrocarbons, 

which cover very diverse areas such as graph theory and topology. A sound explanation 

on the mathematical concepts behind these arguments can be found in the book by 

Gutman and Polanksy.
6
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2.1.1.3. Spin-Adapted Configurations. 

The computational investigation of magnetic properties requires working with 

energies of solutions that have been calculated taking into proper account the quantum 

mechanical nature of spin. Therefore, it is necessary to briefly define the spin. 

For a single electron, its spin angular momentum is defined as 

 _̂ = ^`a_ + ^bc_ + ^def_ (20) 

 

The squared magnitude of the vector _̂ is a scalar operator 

 ^� = _̂ ∙ _̂ = ^�̀ + ^b� + ^d� (21) 

 

where each of the components satisfy the commutation relations 

 '^`, ^b) = V^d '^b, ^d) = V^` h^d , ^`i = V^b (22) 

 

It is generally more convenient to work with the ladder operators, expressed as 

 ^j = ^` + V^b ^j = ^` − V^b (23) 

 

which allows rewriting the squared spin operator as 

 ^� = ^j^H − ^d + ^d� ^� = ^H^j + ^d + ^d� (24) 

 

In a given many-electron system, the total spin angular momentum operator is the 

vector sum of the spin vectors of each electron  

 k_ = � _̂(V)�
���  (25) 

 

From here it follows that the total squared-magnitude, total spin components and ladder 

operators are, respectively: 

k� = k_ ∙ k_ = � � _̂(V) ∙ _̂(l)�
���

�
���  km = � ^m(V)�

m��     o = p, q, r k± = � ^±(V)F
V=1  (26) 

 

The action of these spin operators on specific functions is exemplified in section 2 of 

chapter 3. 



60  Chapter 2. 

 

 

Now, the spin of a system is defined by the complete set of states |k, �t2 which are 

simultaneously eigenfunctions of the squared total spin ku� and its z component kud 

operators.  

 k�|k, �t2 = k(k + 1)|k, �t2 (27) 

 kd|k, �t2 = �t|k, �t2 (28) 

 

where k is a quantum number defining the total spin and multiplicity (2k + 1) and �t is 

another quantum number describing the z component of the total spin. 

Within the time-independent non-relativistic formulation, the electronic 

Hamiltonian used (eqn (3)) does not contain any spin coordinates. This implies that the 

operators k� and kd commute with the electronic Hamiltonian h�, k�i = 0 = h�, kdi, 
and consequently the exact electronic eigenfunctions are also eigenfunctions of the spin 

operators.  

 k�|Φ2 = k(k + 1)|Φ2 (29) 

 kd|Φ2 = �t|Φ2 (30) 

 

This correspondence and its extension to some spin Hamiltonians is at the core of the 

mapping approach discussed in next chapter. Any single determinant is an 

eigenfunction of kd, but not necessarily of k�. However, by combining certain 

determinants it is possible to construct a wave function that is eigenfunctions of k�, 

resulting in a spin-adapted configuration 

 |Φ2 = � v�
�
� �Y�Y� ⋯ YK; (31) 

 

An exhaustive review on how to obtain the v� coefficients and construct the spin 

eigenfunctions can be found in the book by Pauncz.
7
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2.1.2.  Single Determinant Approach: Hartree-Fock Approximation. 

For a N-electron system, the simplest antisymmetric wave function describing its 

ground state is a single Slater determinant  

 |Ψw2 = �5�5� ⋯ 5�; (32) 

 

Within the approximations discussed, the variational principle allows obtaining the 

optimum set of spin orbitals U5�X that minimize the electronic energy and is the best 

approximation to the ground state of the N-electron system 

 	w = :Ψw���"$"%�Ψw; = �>V|ℎ|V2� + 12 �>Vl‖Vl2��  (33) 

 

An additional constrain to the spin orbitals is that they remain orthonormal :5��5�; =z��. The equation for the best spin orbitals is the Hartree-Fock integro-differential 

equation 

ℎ(1)5�(1) + � {| OE��5�(2)�����H�} 5�(1)�@� − � {| OE�5�∗(2)5�(2)���H�} 5�(1)�@�= ]�5�(1) 

(34) 

 

where  

 ℎ(1) = − 12 ∇�� − � ������  (35) 

 

is a one-electron operator describing the kinetic energy and potential energy for 

attraction to the nuclei of a single electron. The two other terms in the left-hand side 

represent two electron operators, named the Coulomb ~� and Exchange W� operators, 

respectively. The orbital energy of spin orbital 5� is ]�. The integrals associated with 

these operators are 

 ℎ�� = :5V(1)�ℎ�5V(1); (36) 

 ~�� = :5V(1)5l(2)����H��5V(1)5l(2); (37) 

 W�� = :5V(1)5l(2)����H��5l(1)5V(2); (38) 

 

The Coulomb integral (~��) represents the repulsion that electron i causes to the electron 

j, while the exchange integral (W��) does not have a classical physical meaning, since its 

origin is set in the antisymmetry principle. It accounts for the correlation of electrons 



62  Chapter 2. 

 

 

with the same spin. A deeper insight is given in chapter 4, when discussing different 

strategies to increase the value of the W�� integral as a manner to stabilize open-shell 

states in purely organic compounds. 

It is possible to define an operator including the three operators, which results in the 

Fock operator 

 �(1) = ℎ(1) + � ~�� (1) − W�(1) (39) 

 

or alternatively �(1) = ℎ(1) + ���(1). ���(1) stands for the average potential 

experienced by the electron-1 due to the presence of the other electrons. Thus, the 

Hartree-Fock equation can be rewritten as an eigenvalue problem 

 �(E�)5�(E�) = ]V5�(E�) (40) 

 

Within the HF formalism, the whole problematic reduces to which set of orbitals are 

used to solve eqn (40); either restricted spatial orbitals, resulting in the Roothaan 

equation, or unrestricted spin orbitals leading to Pople-Nesbet equations. 

2.1.2.1. Restricted Closed-Shell Hartree-Fock: Roothaan Equations. 

For the description of closed-shell systems, where all spin orbitals are doubly 

occupied such as standard neutral molecules, a further simplification can be introduced, 

by assuming that the spatial part for α and β in each spin orbital is the same 

 5�(E) = �Y�(�)Q(R)S�Y�(�)T(R) (41) 

 

This fact allows integration over the spin part, thus leaving only the spatial part of each 

monoelectronic function. Thus, the closed-shell restricted Hartree-Fock (RHF) ground 

state is |Ψw2 = |5�5� ⋯ 5�2 = �Y�Y��Y�Y�� ⋯ Y� �⁄ Y�� �⁄ ; and the expression for the 

associated energy is 

 	w = :Ψw���"$"%�Ψw; = 2 � ℎ��� + � �+2~�� − W��,��  (42) 

 

where ~�� and W�� are the two-electron integrals associated with the Coulomb and 

Exchange operators.  
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The introduction of a basis, like the one in eqn (19), allowed Roothaan to redefine 

the RHF equations, leading to Roothaan equations.
8
 

 �� = ��� (43) 

 

where F is the Fock matrix, the elements of which write as �Z� = � O�� NZ∗ (1)�(1)N�(1), S is the overlap matrix with elements kZ� =� O�� NZ∗ (1)N�(1), C is the matrix of expansion coefficients <Z� and � is a diagonal 

matrix of the orbital energies ]�. Through iteratively solving this equation with a given 

initial guess of atomic orbitals as starting point, by means of the Self Consistent Field 

(SC) approach, one gets the best set of spatial orbitals that approximate the ground state 

of the N-electron system and their corresponding energies. 

2.1.2.2. Unrestricted Open-Shell Hartree-Fock: Pople-Nesbet Equations. 

The electronic structure of a given molecule, or N-electron system, cannot always 

be described by means of doubly occupied orbitals. The existence of unpaired electrons 

ultimately explains the appearance of magnetic properties in matter, which is a fact. 

Therefore, it is necessary to count with methodologies capable of describing the 

electronic structure of compounds with a marked open-shell character. The two more 

common approaches are the restricted open-shell (ROHF) and the unrestricted open-

shell (UHF) formalisms. Comparatively, in the former all electrons except the unpaired 

ones occupy closed-shell orbitals, whereas the latter does not impose this restriction to 

any electron. Additionally, at variance with ROHF, UHF wave functions are not 

eigenfunctions of the k� operator. 

While for the Roothaan equations one works with a set of restricted spatial orbitals, 

for deriving Pople-Nesbet equations one uses a set of unrestricted spin orbitals 

 5�(E) = �Y��(�)Q(R)S�Y��(�)T(R) (44) 

 

meaning that electrons with Q spin are described by a set of spatial orbitals 6Y��|l =
1,2, ⋯ , W7 which is different from the set of spatial orbitals �Y��|l = 1,2, ⋯ , W� used to 

describe T electrons. Introducing this set in eqn (40) and deriving the expressions for 

the Fock operator, the total energy can be expressed as a sum of all contributions 
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	w = � ℎ���
��

� + � ℎ���
��

� + 12 � �+~���� − W����,��
�

��
� − 12 � � C~���� − W����D��

�
��

�
+ � � ~������

�
��

�  

(45) 

 

As done for the restricted case, the introduction of a basis function to expand the 

molecular orbitals leads to the Pople-Nesbet equations, defined for each of the Q and T 

orbitals 

 ���� = ����� (46) 

 ���� = ����� (47) 

 

where the different terms hold the same meaning as in eqn (43). As mentioned, the 

wave functions obtained are not eigenfunctions of k� operator. 

To summarize, HF method represents a good first approximation to the electronic 

electronic problem and provides a reasonably accurate description of the ground state of 

a N-electron system. However, it lacks a correct description of electron correlation, 

because the electron-electron interaction is replaced by an average interaction (���(1) 

eqn (39)). Electron correlation can be defined as the difference in energy between the 

HF and the exact energy in a given basis set within the Born-Oppenheimer 

approximation, and is of crucial importance in molecules with open-shell states and 

multi reference character, as is the case for the investigated molecules in this thesis. For 

magnetic properties, one usually uses calculated energies of electronic states with 

different multiplicities, for which the effect of correlation might be very different. 

Therefore it is necessary to count with methodologies capable of addressing electron 

correlation. Those normally start with a HF wave function and include electron 

correlation either via configuration interaction (CI), perturbation theory (PT) or Coupled 

Clusted (CC). The first two will be outlined in the forthcoming section. 

2.1.2.3. Full Configuration Interaction (CI): Electron Correlation. 

Consider a determinant as a result of promoting one electron occupying the 5� spin 

orbital of the HF ground state to a virtual spin orbital 5�. The obtained singly excited 

determinant has the form will be referred to as |Ψ��2. Similarly, a doubly excited 

determinant would be |Ψ���� 2. All C2WF D determinant can thus be classified as either HF 
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ground state or singly, doubly, ⋯, N-tuply excited determinants, which are used to 

expand the exact ground state wave function |Φw2 of the system 

 
|Φw2 = vw|Ψw2 + � v��|Ψ��2�� + � v���� |Ψ���� 2������

+ � v��%��� |Ψ��%��� 2����%�����
+ ⋯ 

(48) 

 

This is the form of the full CI. The summation over � < � means summing over all a 

and over all b greater than a. The exact solutions are the eigenvalues of the Hamiltonian 

matrix with elements >Ψ�|�|Ψ�2 formed by the complete set U|Ψ�2X, where each |Ψ�2 is 

called a configuration interaction (CI). However, the introduction of a set of spin 

orbitals U5�|V = 1,2, ⋯ ,2WX implies that the C2WF D determinants formed from them do 

not constitute a complete N-electron basis. Still, by diagonalizing the finite Hamiltonian 

matrix spanned in the complete set of determinants would lead to the exact energy 

within this basis. 

Correlation energy is then defined, as stated by Löwdin in 1959, as: 

“The correlation energy for a certain state with respect to a specified 

Hamiltonian is the difference between the exact eigenvalue of the Hamiltonian 

and its expectation value in the HF approximation for the state under 

consideration.” 

• Truncated CI. 

Despite the fact of being able of accessing the exact energy of the ground state by 

means of full CI, it is practically impossible to perform a full CI calculation on a system 

of interest, further than H2 dimers. With a one-electron basis of moderate size, there are 

so many possible spin-adapted configurations that the full CI matrix becomes 

impossibly large. 

A manner of reducing the complexity of the full CI matrix, is by truncating the CI 

expansion for the wave function in eqn (48). The most used truncations consist of 

neglecting all N-tuply excited determinants except those associated with single and 

double excitations. The resulting energy is no longer the exact one, but due to the 

variational principle, it constitutes an upper-bound for the energy. However, truncating 

the CI presents the size-consistency problem. 
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• Rayleigh-Schrödinger Perturbation Theory and Møller-Plesset Partitioning. 

Another widely used way of including electronic correlation is by means of 

perturbation theory (PT), as originally developed by Rayleigh and Schrödinger. Before 

commenting on Møller-Plesset, approach, some conclusions and expressions of PT are 

highlighted An extensive review on the foundations and applications of perturbation 

theory can be found elsewhere.
9
 

The main idea is to split the Hamiltonian in two terms: a zero
th

 order unperturbed 

Hamiltonian ��w, the energies and eigenvalues of which are known (for instance through 

HF equations), and a perturbation term #!  assumed to be small when compared to ��w. 

 �� = ��w + �#!  (49) 

 

where � ∈ h0,1i is the perturbation parameter. If � = 0 or � = 1, the system is not 

perturbed of fully perturbed, respectively. Thus, the eigenvalue problem to solve is 

expressed as 

 ��|Φ�2 = +��w + �#!,|Φ�2 = ]�|Φ�2 (50) 

 

where ��w�Ψ�w; = 	�w�Ψ�w;, or written more compactly, ��w|V2 = 	�w|V2. Then, expanding 

the eigenfunctions and eigenvalues of the perturbed system in a Taylor series in �, gives 

 ]� = 	�w + �	�� + ��	�� + ⋯ (51) 

 |Φ�2 = |V2 + ��Ψ��; + ���Ψ��; + ⋯ (52) 

 

where 	�8 is the n th-order energy. Assuming the wave functions of ��w as normalized 

(>V|V2 = 1), the normalization for |Φ�2 is the intermediate normalization >V|Φ�2 = 1. 

Substituting eqn (51 and 52) into eqn (50), one gets 

 

+��w + �#!,+|V2 + ��Ψ��; + ���Ψ��; + ⋯ ,= (	�w + �	�� + ��	�� + ⋯ )|V2 + ��Ψ��; + ���Ψ��;+ ⋯ 

(53) 

 

And equating coefficients on �8, the following expressions are obtained 

 ��w|V2 = 	�w|V2 A = 0 (54.1) 

 ��w�Ψ��; + #!|V2 = 	�w�Ψ��; + 	��|V2 A = 1 (54.2) 

 ��w�Ψ��; + #!�Ψ��; = 	�w�Ψ��; + 	���Ψ��; + 	��|V2 A = 1 (54.3) 

 ⋯  
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Now, multiplying each of the equations by >V| and using the intermediate normalization, 

the expressions for the nth-order energies are 

 	�w = :V���w�V; (55.1) 

 	�� = :V�#!�V; (55.2) 

 	�� = :V�#!�Ψ��; (55.2) 

 ⋯  

 

Then, solving eqns (54) for |Ψ�82 one can obtain the nth order energies from eqns (55). 

Since ��w is hermitian and thus has a set of non-degenerate eigenfunctions that are 

orthogonal and form a complete space, each |Ψ�82 correction can be expressed as a 

linear combination of ��w eigenfunctions |A2. For instance, for the first-order wave 

function can be expressed as 

 �Ψ��; = � v8�8 |A2 with :A�Ψ��; = v8� (56) 

 

and from eqn (54.2), rewritten in the form 

 +	�w − ��w,�Ψ��; = +#! − 	��,|V2 = +#! − :V�#!�V;,|V2 (57) 

 

multiplied by >A|, and using the orthogonality of the zero
th 

order wave functions, we 

obtain 

 (	�w − 	8w):A�Ψ��; = :A�#!�V; (58) 

 

Using the expansion in eqn (56) in the expression for the second order energy eqn 

(55.2), we have 

 	�� = :V�#!�Ψ��; = � ′:V�#!�A;:A�Ψ��;8  (59) 

 

where the prime in the summation indicates that the term A = V is excluded. Finally, 

using eqn (58), we obtain 

 	�� = � ′ :V�#!�A;:A�#!�V;	�w − 	8w8 = � ′ �:V�#!�A;��
	�w − 	8w8  (60) 

 

which is the expression for the second order energy, expressed in terms of the zero
th

 

order energies and the perturbation elements between the eigenfunctions of the ��w. 
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Møller-Plesset (MP), based on the Rayleigh-Schrödinger perturbation theory, 

published in 1934 an approach to introduce electron correlation in atomic and molecular 

systems
10

 starting from the HF wavefunction as its zero
th

 order wavefunction. 

By analogy with the Rayleigh-Schrödinger PT, here the zero
th

 order Hamiltonian is 

the sum of fock operators (see eqn (39)) and is expressed as 

 ��w = � �u� (V) = � �ℎ!(V) + � ~u�(V) − W��(V)�  �  (61) 

 

while the perturbed Hamiltonian is defined as  

 #! = � � 1������� − � � ~u�(V) − W��(V)��  (62) 

 

Now, from eqns (55.1 and 55.2) we can obtain the first order correction to the 

energy, which is precisely the closed-shell HF energy,  

 	�w + 	�� = :V���w�V; + :V�#!�V; = 2 � ]�� + � �+2~�� − W��,�� = 	¡�� (63) 

 

meaning that for obtaining any correction, it is necessary to go to second order terms. 

From eqn (55.2) and using Condon-Slater rules and Brillouin’s theorem, which states 

that only double excitations bring non-zero contributions to the energy, the second order 

energy correction is expressed as 

 	�� = � � �:V�#!�Ψ���� ;��]�+]� − ]� − ]�������  (64) 

 

Where Ψ����  is the doubly-excited Slater determinant and ] are the orbital energies of the 

corresponding occupied (]�, ]�) and unoccupied (]� , ]�) canonical orbitals. The sum of 

the HF energy and the second order energy correction, yields the total MP2 energy 

 	�¢� = 	�� + � � �:V�#!�Ψ���� ;��]�+]� − ]� − ]�������  (65) 

 

Higher order terms can be similarly obtained, but MP2 provides already a good 

description, provided that the ground state can be approached with a single determinant. 

At variance with variational methods like CI, perturbation theory does not present an 
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upper bound to energy, which implies that moving to a higher order correction does not 

guarantee a better description. 

2.1.3.  Multi Reference Approaches. 

The previous section has dealt with single determinant approaches, meaning that 

the ground state is described with only one Slater determinant. However, open-shell 

systems normally are multi-configurational in nature, due to the low-lying states, and 

more than one Slater determinant is required for their description. Those are the multi 

reference approaches, among which multi-configurational self-consitent fielf (MSCSF) 

and multi-reference perturbation theory (MRPT) are widely used throughout this thesis. 

2.1.3.1.Multi-Configuration Self- Consistent Field Method. 

Consider a multideterminantal wave function that is expressed as a linear 

combination of configuration state functions (CSF), which are symmetry-adapted linear 

combinations of Slater determinant (see section 2.1.13). 

 |Ψ�£t£�2 = � vm|Ψm2m  (66) 

 

The multi configurational self-consistent field (MCSCF) wave function represents a 

truncation of the CI expansion. The key point is that in this approach, both the 

coefficients of the determinants (vm) and the coefficients of the orbitals used to expand 

the determinants are variationally optimized within the SCF procedure. For a closed-

shell system, if only one determinant is included in the expansion of eqn (66), MCSCF 

and HF methods become identical. 

A significant problem is the choice of configurations to be included in eqn (66). 

The most commonly used approach is defining a complete active space (CAS), which 

divides the initial set of orbitals into three subsets: inactive, active, and external orbital 

spaces. The first consists of a set of orbitals that remain doubly occupied in all CSF. 

The active orbital space allows all possible CSF combination among the number of 

electrons chosen and the orbitals of this subset. Finally, all external orbitals remain 

unoccupied in all CSF. Within the CAS, all excitations of any order are allowed, trying 

to capture the most relevant terms to describe the molecular properties of interest. For 

instance, in a benzene molecule, a reasonable CAS space would be six electrons in six 
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centres, since this defines the delocalization of the π−system. This would be denoted as 

CAS(6,6). Within the CAS subset, the accounted energy is normally referred to as static 

correlation energy, while the obtained from excitation of the CAS space with the rest of 

configurations is called dynamic correlation. If the coefficients of the orbitals are not 

optimized, the corresponding approach is denoted as CASCI, and within the CAS space 

it would correspond to a full CI. CASCI is a particular case of multi reference CI 

approach. 

What makes MCSCF approaches so appealing is their capacity for optimizing the 

orbital coefficients. A self-consistent formulation was given by Roos and Taylor,
11

 

leading to the complete active space self-consistent field (CASSCF) approach. A 

schematic representation of the previous discussion and a comparison to HF method and 

to the multi reference perturbation theory approach (which is discusses in firthcoming 

sections) is presented in Figure 1. 

 

Figure 1. a) Comparison of the orbital distribution in HF methods and multi reference approaches, which 

introduce correlation either through variation (MCSCF) or perturbation (MRPT). In MCSCF (and in 

MRCI) the electronic correlation is accounted within a CAS space. In MRPT, on top of the CAS space, 

excitations coming from outside are accounted for. b) Scheme indicating that the common goal of all 

methods is describing properly the electronic correlation. Sizes do not indicate proportionality. 
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2.1.3.2. Difference Dedicated Configuration Interaction. 

In a similar manner as for the single determinant formulation one can expand the 

wave function in terms of excited Slater determinants (eqn (48)) referred to a zero
th

 

order HF wave function, in multi reference approaches the wave function can be 

expanded in terms of excited CSF where the zero
th

 order function is no longer a single 

determinant, but a MCSCF function. 

As in the case of eqn (48), the excitations to the zero
th

 order function are normally 

truncated to the second order, leading to the singles-doubles MRCI. These excitations 

might be classified according to what they generate;
12

 either a hole or a particle, as 

indicated in Figure 2. These singles and doubles excitations are performed on top of the 

all-orders excitations inside the CAS, and account for the so-called dynamic correlation. 

 

Figure 2. Classes of excitations to be added (from left to right) to the CAS space to generate the various 

multireference CI spaces according to singles-doubles CI (MR-SDCI) following the number of holes (h) 

and particles (p) created in the inactive and virtual orbitals, respectively. This figure comes from Figure 

10 in
12

. 

 

An exhaustive explanation of the physical contributions brought by each of the 

excitations is provided in the review by Malrieu et al., from which Figure 2 is extracted. 

Normally, a calculation with a large enough CAS plus simples and doubles is 

considered as a reference calculation. 

However, to account for dynamic correlation, one can make use of some 

simplifications that allow neglecting particular excitations, because they bring the same 

energetic correction to the magnetic states of interests that are being studied, and 
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therefore when compared, the correction is cancelled. This is precisely the idea behind 

the difference dedicated configuration interaction (DDCI) method,
12,13

 based on the 

early observation that many terms in the n
th

-order correction to the wave function and 

energy are the same for ground and excited states.
14

 The computational application of 

this method implies working with the same set of orbitals for all magnetic states, 

because otherwise the energetic cancellations do not occur. 

2.1.3.3. Multi-Reference Perturbation Theory. 

By analogy to the MP2 discussion, one can introduce corrections to the zero
th 

order 

wave function by means of perturbation theory, being the reference function a multi 

configurational one, as for instance a CASSCF wave function. 

There are two main schemes on multi-references perturbation theory, depending on 

whether it is a contracted or uncontracted scheme. Contracted stands for situations in 

which the perturbation vectors are linear combinations of single determinants, the ratio 

of which is imposed by the variational solution of the reference wave function. Among 

them are the CASPT2
15–17

 and NEVPT2
18–21

 methods. On the other hand, in 

uncontracted methods such as multi reference Møller-Plesset (MRMP),
22–24

 all singly 

and doubly excited determinants obtained from each of the determinants in the reference 

wave function are considered. 

 

2.2. Density Functional-Based Methods. 

2.2.1. Density Functional Theory. 

Density functional theory (DFT) is an alternative approach for the description of the 

electronic structure of a N-electron system. The foundations of this theory lay in the 

Hohenberg and Kohn
25

 theorems, stating that the ground-state electronic energy is 

entirely determined by the first-order electron density, which is the square of the wave 

function integrated over N-1 electron coordinates. This is a quantity that depends only 

on three coordinates, independently of the number of electrons. 

The first theorem has its origins in the Thomas-Fermi electron gas model.
26,27

 This 

model states that for a system consisting of uniformly distributed electrons under the 

influence of a nuclear field, the properties of the ground state are expressed as a 
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function of electron density. Further improvements where brought by Dirac
28,29

 and 

Bloch,
30

 resulting in the Thomas-Fermi-Dirac model. Based on these early works, the 

first theorem of Hohenberg and Kohn states that “The external potential #"`�(�) of a 

nondegenerate electronic state is (to within a constant) a unique functional of the 

electron density; since, in turn #"`�(�) fixes the Hamiltonian, we see that the full many 

particle ground state is a unique functional of ¤(�).” Therefore, ¤(�) determines both 

the Hamiltonian and the wave function of the system which translates into knowing 

every expectation value of any observable of the ground sate. Defining the Hamiltonian 

as: 

 �� = �!�¥ + #!"`� (67) 

 

the energy is expressed as a functional of the electron density 

 	�h¤i = ��¥h¤i + | ¤(�)#!"`�(�)O� (68) 

 

where ��¥h¤i =  h¤i + #""h¤i is the Hohenberg-Kohn functional (also known as 

universal functional) and represents the sum of the potential-independent electronic 

terms constituted by the kinetic energy  h¤i and electron-electron repulsion #""h¤i. 
The second theorem takes advantage of the variational principle establishing a 

lower bond for 	�h¤i which indeed is the energy of the ground state 	w. It states that 

“for a trial density ¤(�) such that ¤(�) ≥ 0 and � ¤(�)O� ≥ F: 

 	w ≤ 	�h¤i (69) 

 
where 	�h¤i is the energy functional” 

Stated in a reversed manner, if the trial density is the one corresponding to the ground 

state ¤w(�), the obtained energy is also the energy of the ground state. Thus, to obtain 

the exact ground state density, it is necessary to minimize the density with respect to the 

energy z	�h¤i z¤⁄ = 0. 

The two Hohenberg and Kohn theorems served as the foundation of modern density 

functional theory (DFT). However, they do not provide the expression for ��¥h¤i 
universal functional. Kohn and Sham proposed a similar strategy to HF method, based 

on a systems of non-interacting electrons.
31

 The ansatz proposed by Kohn and Sham 

assumes that the ground state of the original interacting system is that of some chosen 
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virtual non-interacting system, which can be exactly soluble (by numerical means) and 

with all the many-body terms incorporated into an exchange-correlation functional of 

the density. By solving the equations one can find the ground state density and energy 

of the original interacting system with the accuracy limited by the approximations in the 

exchange-correlation functional.  

Within this approximation, the ground state is assumed to be a single Slater 

determinant �¥t = O¨©Uª�X where ª� are the eigenfunctions of the non-interacting 

Hamiltonian containing only single electron terms: 

 ℎ!¥t(�) = − 12 ∇� + �¥t(�) (70) 

 

Where �¥t(�) is the external potential. Thus, the energy can be expressed as  

 	h¤i = ��¥h¤i + #�"h¤i (71) 

 

where #�"h¤i is the electron-nuclei potential interaction and ��¥h¤i is the Hohenberg-

Kohn functional, expressed as: 

 ��¥h¤i =  «h¤i + ~«h¤i + 	`%h¤i (72) 

 

In this expression,  «h¤i is is the kinetic energy of a non-interacting gas of density, ~«h¤i is the classical coulombic energy and 	`%h¤i is the exchange-correlation energy, 

which expression is: 

 	`%h¤i = + h¤i −  «h¤i, + (#""h¤i − ~h¤i) (73) 

 	`%h¤i accounts for the difference between the interacting description and the non-

interacting description of a many-electron system. The first term is the difference 

between the kinetic energies of the interacting and non-interacting systems, while the 

second term is the correction on the total electron interaction energy and the coulombic 

electron-electron repulsion. Given that the 	`%h¤i is known, the exact ground state 

energy and density of the many-body electron problem could be calculated exactly. 

However, the exact expression of the correlation-exchange functional is not known, and 

therefore has to be approximated. Usually, 	`%h¤i is also expressed as a sum of the 

exchange and correlation functionals 	`%h¤i = 	£h¤i + 	¬h¤i. Several modifications 

and improvements can be added to each of the two terms, which explains the amount of 
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different functionals available in the literature. Currently, DFT has become a 

widespread tool.
32

 

2.2.2. Exchange-Correlation Functionals. 

There are several strategies to approximate 	`%h¤i. The most common ones are the 

local density approximation (LDA), the generalized gradient approximation (GGA), the 

hybrid functionals and the range-separated functionals. 

LDA is based on the homogeneous electrons gas density, thus assuming that in 

every point of the space, 	`%h¤i depends only on the local density ¤ 

 	`%­®�h¤i = | ]­®�(¤)O� (74) 

 

where ]­®�(¤) is given by the Dirac Formula.  

GGA introduces an additional dependence referred to the gradient of the density, 

resulting in the following expression of the 	`%h¤i 
 	`%̄̄ �h¤i = | ]¯¯�(¤, ∇¤)O� (75) 

 

The gradient-dependant corrections can affect both the correlation and/or the exchange 

terms, leading to numerous functionals which generally attempt to reproduce 

experimental results. The most common one for molecular systems within this approach 

is the PBE functional.
33

 An important improvement was brought by the inclusion of an 

additional dependence of the 	`%h¤i on the Laplacian of the density, leading to the 

meta-GGA approaches. Therefore, the expression for the 	`%h¤i is 

 	`%.¯¯�h¤i = | ].¯¯�(¤, ∇¤, ∇�¤)O� (76) 

 

The definition of m-GGA functionals may also include semi-empirical parameters and 

the dependence on the Laplacian can be introduced either in the exchange term, the 

correlation term, or to both. This results in a variety of functionals, as for instance the 

M06L.
34

 

Hybrid functionals: This strategy incorporates a given amount of exact exchange, as 

defined within HF theory (eqn(38)) with exchange and correlation obtained by 

empirically or by ab initio calculations. The most popular hybrid functional, which is 
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also the most commonly used along this thesis, is the three-parameter B3LYP 

functional.
35

 It is defined as follows: for the exchange part, a mixture of 80% of LDA 

exchange with 20% of HF exchange (with an amount of Becke’s correction ∆	�̀±± for 

the exchange part); for the correlation part, the mixing involves 19% of the Vosko-

Wilk-Nusair functional with 81% of Lee-Yang-Par correlation, resulting in 

 	`%�²­³¢ = 0.8	­̀®� + 0.2	�̀� + 0.8∆	�̀±± + 0.19	%·¸� + 0.81	%­³¢ (77) 

 

Another important hybrid functional is the PBE0, which mixes 25% of exact (HF) 

exchange with 75% of PBE exchange, while describing the correlation solely with PBE 

 	`%¢�¹w = 0.25	�̀� + 0.75	¢̀�¹ + 	%¢�¹ (78) 

 

The analysis of how short- and long-range interactions decay,
36,37

 unveiled two major 

deficiencies of hybrid functionals with uniform mixing of Fock exchange when applied 

to solids and molecules. For the former case, the nonlocal exchange interaction has an 

unphysical and extremely slow spatial decay in metallic systems. For molecules, the 

asymptotic decay of the exchange potential is incorrectly described since the exact 

exchange potential decays asymptotically as − 1 �⁄  while that of a hybrid functional 

with a fraction v of nonlocal exchange decays as a − v �⁄ , which might affect the 

description of properties such as Rydberg excitations and polarizabilities of long chains. 

For magnetic properties, it is known that B3LYP tends to overestimate the calculated 

values of the exchange coupling constants. 

Range separated functionals: The main idea behind this strategy is smoothing out 

the inconvenient physical/numerical behavior of the exact exchange in a given range by 

defining a way to switch on/off Fock exchange (in the exchange functional) through a 

given radius used to discriminate the short- and long-range electron-electron 

interactions. In order to do so, one can define a Gauss-type smooth partitioning function 

that depends on the value ¼ = |�� − ��|  
 erf(R¼) = 2√[ | ¨H�ÁO©Â|�ÃH�Á|

w  (79) 

 

and its complementary error function 

 erfc(R¼) = 1 − erf(R¼) = 2√[ | ¨H�ÁO©Å
Â|�ÃH�Á|  (80) 
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By defining 

 
1¼ = erfc(R¼)¼ + erf(R¼)¼  (81) 

 

it is possible to switch on a given percent of the Fock exchange in one or the other 

domain of u values. Heyd et al.
38,39

 proposed a short-range corrected hybrid functional 

(HSE) by modifying the hybrid PBE functional as follows 

 	`%�t¹(R) = �	t̀¡H��(R) + (1 − �)	t̀¡H¢�¹(R) + 	­̀¡H¢�¹(R) + 	%¢�¹(R) (82) 

 

where the hybrid functional is switched on at short electron-electron distances only, 

whereas the PBE GGA functional is used at long electron-electron distances. A long-

range separated hybrid functional of special interest for the purpose of this thesis, since 

it aims to restore the proper asymptotic limit in molecules, was proposed by Vydrov and 

Scuseria.
40

 It is the so-called LC−ωPBE functional and is defined as: 

 	`%ÆÇHÂÈÉÊ(R) = 	­̀¡H��(R) + 	t̀¡H¢�¹(R) + 	%¢�¹ (83) 

 

The performance of HSE and LC−ωPBE functionals for the prediction of magnetic 

interactions in a variety of compounds, ranging from localized binuclear Cu(II) 

complexes to organic diradicals was investigated.
41

 It was found that range-separated 

functionals performed better than B3LYP hybrid functional. 

 

2.2.3. Long-Range Interactions: Empirical Dispersion Correction. 

The performance of standard density functional methods, where no special 

corrections for dispersion effects are included, in describing long range interactions is 

known to be poor.
42–45

 Long range interactions are of importance in large systems, as 

for instance biomolecules and nanoparticles, where several different regions are 

susceptible to distinct London dispersion interactions.
46

  

Particularly, in π−conjugated interacting systems the inclusion of dispersion 

corrections is crucial to obtain an accurate description. As a matter of fact, for a benzene 

dimer sandwiched face-to-face with D6h symmetry, CCSD(T) calculations describe a 

minimum in the potential energy at a distance of ~3.9 Å showing a stabilization due to 

interaction energy of ~1.65 Kcal/mol;
47

 however, both B3LYP and PBE provide 
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repulsive interaction energies along the same potential energy surface.
48

 This makes 

mandatory the addition of extra terms accounting for dispersion corrections when using 

standard DFT methods. 

Following this reasoning, and based on an idea previously proposed for Hartree-

Fock calculations,
49,50

 Grimme proposed a general empirical dispersion correction for 

density functional calculations
51

 which was further extended to more chemical elements 

and functionals.
52

 The dispersion correction is simply add to the Kohn-Sham energy, 

resulting in an expression for the total energy 

 	®�ÌH® = 	¥tH®�Ì + 	Í��Î (84) 

 

where 	¥tH®�Ì is the usual self-consistent Kohn–Sham energy as obtained from the 

chosen functional and 	Í��Î is an empirical dispersion correction with an expression 

 	Í��Î = −^Ï � � <Ï�����Ï �Í.Î(���)�ÐÑ
���j�

�ÐÑH�
���  (85) 

 F�� stands for the number of atoms, <Ï��
 is the dispersion coefficient for atom pair ij, ^Ï 

refers to a global scaling factor that depends on the density functional used and ���Ï  

denotes the interatomic distance. It is worth noting that it is to the sixth power, as is 

characteristic of the long range interactions. In order to avoid near-singularities for 

small R, a damping function �Í.Î is necessary, which is defined as 

 �Í.Î(���) = 11 + ¨HÍ+¡ÒÓ ¡ÔH�⁄ , (86) 

 

where �� is the sum of atomic van der Waals radii. A O = 20 value is employed in the 

original paper.
52

 Finally, the interatomic parameters <Ï��
 are calculated as the geometric 

mean of the individual atomic values <Ï� , which are empirically obtained
52

  

 <Ï�� = Õ<Ï� ∙ <Ï�  (87) 

 

For the particular purposes of this thesis, especially for the results presented in Chapter 

4, the inclusion of dispersion correction terms has proved to be critical for the correct 

description of structures in extended systems. 
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2.3. Remarks on the Theoretical Description of Magnetism in Periodic Systems. 

2.3.1.  General Considerations. 

A crystal (periodic system in general) is characterized by an ordered repetition of a 

structural element or motif, which may be either a single atom or a group of atoms. This 

repetition can be described through a symmetry operator, which allows treating the 

whole system considering only the irreducible structural element, also known as the unit 

cell. The infinite array in which the repeated units of the crystal are arranged is specified 

by the Bravais lattice.
53

 This lattice consists of all points with position vectors R of the 

form  

 � = A�Ö� + A�Ö� + A²Ö² (88) 

 

where Ö�, Ö� and Ö² are the primitive vectors and span the lattice, and A�, A� and A² 

correspond to the elemental translations, which range through all integer values. Thus, 

the position of the infinite number of translationally symmetric atoms in the lattice is 

given by ∑ p�,���²���  where p�,� are the atomic fractional coordinates 

Consider a set of points R constituting a Bravais lattice and a plane wave ¨�ØH�. 

The set of all wave vectors K that yield planes waves with the periodicity of a given 

Bravais lattice is its reciprocal lattice, also known as momentum space or k-space. 

Analitically, K belongs to the reciprocal lattice of a Bravais lattice of points R provided 

that the relations 

 ¨�Ù∙(Új�) = ¨�Ù∙� ¨�Ù∙(�) = 1 (89) 

 

hold for any r and all R in the Bravais lattice. 

The reciprocal lattice is mathematical construction that simplifies the description of 

the properties of periodic crystalline lattices, and its use is very convenient for 

performing analytic studies of periodic systems. Each crystalline lattice Û = UÖ�, Ö�, Ö²X 

has its corresponding reciprocal lattice Ü = UÝ�, Ý�, Ý²X satisfying 

 Ý� = 2[ Ö� × ÖKÖ� ∙ (Ö� × ÖK) ∀�,�,K∈ U1,2,3X and Ö� ∙ Ý� = 2[z�,� (90) 

 

This allows writing any vector k as a linear combination of the Ý� 
 Ø = e�Ý� + e�Ý� + e²Ý² (91) 



80  Chapter 2. 

 

 

 

From here it follows that 

 Ø ∙ � = 2[(e�A� + e�A� + e²A²) (92) 

 

For ¨�Ù∙(�) = 1 to hold (eqn(89)), Ø ∙ � must be 2π times an integer for any choices of 

the integers A� what implies that e� have to be integers. These particularities on the set 

of k vectors indicate the possibility of describing periodic systems using plane waves 

and the reciprocal space, as stated by Bloch. 

The description of the wave function of a N-electron system subject to periodic 

conditions is based on the Bloch theorem.
30

 This theorem has helped establishing the 

theoretical framework for the analysis of periodic systems using the reciprocal space. It 

takes advantage of the periodicity of the potential throughout the crystal, which permits 

ensuring that, for a given position in the lattice, the properties therein defined will be the 

same as in any other equivalent position throughout the whole lattice. In other words, it 

is enough to consider only the first Brillouin zone to reproduce the properties of the 

entire lattice. 

Given that the ions in a perfect crystal are arranged in a regular periodic way, the 

associated potential ä(�) must also have the periodicity of the underlying Bravais 

lattice 

 ä(� + �) = ä(�) (93) 

 

Thus, the Schrödinger equation that must be solved involves a single electron 

Hamiltonian 

 �Y = å− ℎ�2B ∇� + ä(�)æ Y = ]Y (94) 

 

In this situation, Bloch’s theorem states that the eigenstates Y of the one-electron 

Hamiltonian (as defined in eqn(94) with the condition in eqn(93)) for all R in a Bravais 

lattice, can be chosen to have the form of a plane wave times a function with the 

preriodicity of the Bravais lattice 

 Y8Ø(�) = ¨�Ø∙�¼8Ø(�) (95) 
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where ¼8Ø(� + �) = ¼8Ø(�) for all R in Bravail lattice. Alternatively, Bloch’s theorem 

can be stated as: the eigenstates of H can be chosen so that associated with each Y is a 

wave vector k such that  

 Y(� + �) = ¨�Ø∙�Y(�) (96) 

 

for every Bravais lattice. The energy of the periodic system is then calculated as the 

average of the energy of all k-points considered. Because there is an infinite number of 

k points in the Brillouin zone, the wave function is calculated for only a grid of points 

that is sufficiently dense to ensure that accurate enough averages are obtained 

Bloch functions are those for which the Bloch theorem is valid and are described as 

eigenfunctions of the translation operators of the lattice. Bloch functions are 

eigenfunctions of the Hamiltonian of a periodic system because the wave function must 

have the same symmetry properties as the lattice (�� must commute with the translation 

operators of the lattice). Therefore, the periodicity of the lattice determines the 

properties of the crystal. 

2.3.2. Crystal Program. 

All periodic calculation performed in this thesis have been carried out using 

CRYSTAL09 program.
54,55

 The CRYSTAL program computes the electronic structure 

of periodic systems within Hartree Fock, density functional or various hybrid 

approximations, and expresses the Bloch functions of the periodic systems as linear 

combinations of atom centred Gaussian functions. These serve to define the crystalline 

orbitals, from which all one-electron properties are calculated, such as population 

analysis, band structure or density of states. 

All performed calculations are spin-unrestricted, where the number of unpaired 

electrons in the cell is fixed, through the keyword SPINLOCK. 

2.3.3. Extraction of Magnetic Interaction in Simple 1D and 2D Examples. 

This section aims to exemplify the extraction of the most relevant magnetic 

exchange interactions in two simple extended cases: a linear chain and a planar network 

of arranged spins.  
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The magnetic interactions are assumed to be isotropic, localized and well described 

with an Ising Hamiltonian,
56

 which is expressed as 

 ��m��8« = − � ~�� ∙��,�� ku�d ∙ ku�d (97) 

 

where ~�� is the exchange coupling constant between centres i and j and the 〈V, l〉 symbol 

indicates that the sum refers to nearest neighbour interactions only. ku�d is the z-

component of the spin operator. If this operator acts on a α spin (spin-up), the expected 

value is + 1 2⁄ . If the operator acts on a β spin (spin-down), the expected value is − 1 2⁄ . A deeper discussion about the model spin Hamiltonians is provided in Chapter 

3, so here the discussion is restricted to show how to apply the Ising Hamiltonian to 

periodic systems to extract the ~�� values. 

The number of exchange coupling constant relevant for defining the low-lying 

magnetic solutions depends on the system under study. One has to make sure to count 

with the necessary solutions that allow solving the system of equations for all important 

exchange coupling constants; that is, if there are N relevant exchange coupling constant, 

it is required to have (N+1) different solutions that yield a set of N linearly independent 

equations, at least. The parameter that allows defining the convenient amount of 

solutions is the magnetic cell. The unit cell is the most basic repeating structure needed 

to replicate the nuclear coordinates in an ordered crystal, but it might not be sufficient to 

replicate the magnetic order of interest. Then, by discarding some spatial symmetry 

operations, it is possible to define a larger cell containing the sufficient number of 

magnetic centres to describe the magnetic solutions of interest. Once the magnetic cell 

is defined, the different magnetic solutions are defined by considering successive spin-

reversals in each of the magnetic centres. Thus, the ferromagnetic solution (FM) 

displays all of the magnetic centres with the highest S value and the different 

antiferromagnetic solutions (AFM� V = 1, F − 1) represent combinations of all possible 

S values. Additionally, being able to define different magnetic cells allows checking 

whether the extracted exchange coupling values are consistent. 

Scheme 1 introduces two cases that serve as examples to extract the magnetic 

interactions in a periodic system. Before going into detail, it is convenient to address 

some common aspects. Since the magnetic interaction involves pairs of neighbours, 

those interacting inside the magnetic cell contribute with one exchange coupling 
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constant, while those interactions crossing the magnetic cell contribute with half the 

exchange coupling constant. If the interaction is between centres of the same spin, the 

sign of the exchange coupling constant is negative, while if different spin centres are 

involved, the sign becomes positive. In order to justify this consider two electrons (A 

and B) with spin-up interacting. According to eqn (97), their interaction is described as ��m��8« = −~ku�d ∙ ku�d = −~ ∙ 1 2⁄ ∙ 1 2⁄ = −~ 4⁄ . Similarly, if the A and B electrons have 

spin-down, their interaction is described as ��m��8« = −~ku�d ∙ ku�d = −~ ∙ (−1 2⁄ ) ∙(− 1 2⁄ ) = −~ 4⁄ . Finally, if electrons A and B have different spin, the sign of the 

interaction is reversed ��m��8« = −~ku�d ∙ ku�d = −~ ∙ (− 1 2⁄ ) ∙ 1 2⁄ = +~ 4⁄ . 

 1 dimensional 2 dimensional 

 

 

 
   

 Energy ∆EFM-AFM Energy ∆EFM-AFM 

FM −6 4î (~� + ~�)  −3(~� + ~�)  

AFM1 −1 2î (~� + ~�) −~� − ~� 0 −3(~� + ~�) 

AFM2 1 2î (−~� + ~�) −~� − 2~� ~� + ~� −4(~� + ~�) 

Scheme 1 

 

The leftmost case in Scheme 1 is a simple linear arrangement of equally distanced k = 1 2⁄  magnetic centres. By choice, the magnetic cell presents six magnetic centres, 

as indicated by the brackets. Assuming that the most relevant magnetic interactions are 

those involving nearest (~�) and second-nearest (~�) neighbours only, three magnetic 

solutions are required in order to have two energetic differences that provide enough 

equations. Those solutions are named FM, AFM1 and AFM2; FM corresponds to the 
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high-spin case (all magnetic centres are forced to have the same spin) and AFM1 and 

AFM2 present one and two spin-down respectively. As an example, the calculation of 

the energy expression for the FM case is inspected in more detail. Following these 

arguments, the rest of the expressions are easy to obtain. Thus, there are 5 nearest 

neighbours interactions inside the magnetic cell and two (one from the left and one from 

the right extremes, contributing half each) outside the cell. Since all the spins are up in 

the FM solution, it results in −6~� C��D�
. For the second neighbour’s interactions, there 

are 4 inside the magnetic cell and 4 more (which correspond to 2) outside the magnetic 

cell. Again, given that all centres have the same spin, it results in −6~� C��D�
. The sum of 

these two terms corresponds to −6 4î (~� + ~�). Following this reasoning, the expression 

for the AFM1 and AFM2 in Scheme 1 are easy to check. The only difference is that 

those interactions involving electrons of different spin imply a reversal of the magnetic 

coupling constant sign. One is left with two linearly independent energy differences 

expressions. Then, by computing these solutions within the CRYSTAL program, the 

actual energetic values can be obtained and the set of equations solved. 

For the two dimensional case, the situation is a bit more complex because there are 

more interactions involved, but the reasoning is the same. Here, and also by choice, 

inside the magnetic cell there are 4 k = 1 2⁄  magnetic centres. In total, there are 19 

nearest neighbours (~�) (5 inside and 14 outside) and 23 second-nearest neighbours (~�) 

(1 inside and 22 outside). Within this magnetic cell, there are three different magnetic 

solutions, which would be enough for obtaining two magnetic coupling constants. 

However, since in AFM1 all magnetic interactions vanish, the two energy differences 

are linearly dependent (Scheme 1) and cannot be used to extract both ~� and ~�. This 

illustrates an example where, if there are no arguments for neglecting ~� and simplifying 

the scheme, it would be required to define a different magnetic cell.  

This concludes the chapter devoted to present and discuss the theoretical 

background behind each of the computational method used. 
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3.1. Introduction. 

Molecular magnetism has experienced a remarkable success due to achievements in 

coordination chemistry, allowing for the creation of a vast library of magnetic 

compounds.1,2 The employed metallic centres expand throughout the whole periodic 

table, ranging from transition metal ions to lanthanides and actinides. For the ligands, 

the same variability on the number and nature of the coordinating atoms is found. As a 

consequence of such large collection of compounds, diverse magnetic behaviours have 

been observed, as for instance bistability, single molecular magnets (SMMs), zero-field 

splitting, spin crossover and magnetic anisotropy among others.1,3 At the basis of this 

success lies the capacity of establishing magneto-structural relationships, which depend 

critically on the information obtained through single-crystal X-ray diffraction. 

Normally, the recorded magnetic data depend on the temperature at which the samples 

were measured and ideally this dependence can be tracked down by relating it to 

structural changes in the single crystal. Structural freedom in these compounds 

generally affects distances and angles between well-defined molecular units in the 

crystal packing. In a way, this lies between what is observed for ionic solids, which 

experience rather abrupt phase transitions affecting large areas of the solid as a whole, 

and purely organic compounds, where the impact of structural freedom might also affect 

each of the molecular entities individually. In this sense, and from a general perspective, 

coordination compounds offer important advantages for studying magnetic properties 

theoretically. They present an almost fixed molecular structure over a range of 

temperatures and magnetic orbitals largely localized in the metallic centres. As a result, 

the number of parameters that can affect the observed magnetic properties is reduced, 

which converts them in an appropriate framework to apply electronic structure methods. 

As an early indication, chapter 4 goes a step further and deals with organic polyradicals 

showing a higher degree of complexity, presenting larger delocalization of the magnetic 

orbitals over a π-conjugated system and inherent structural flexibility. 

An accurate theoretical description of the electronic structure in coordination 

magnetic compounds is prior to extracting the most relevant exchange coupling 

constants. Knowledge on these couplings values allows for establishing magneto-

structural relationships, which helps in the design of architectures with enhanced 

properties. Due to the nature of the low-lying energetic states in these sort of systems, 
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their theoretical description requires accounting for static and dynamic electronic 

correlation. Ideally, one would aim at treating the electronic structure with the high 

accuracy attained with multi-reference wave function-based methods, such as CASSCF, 

CASPT2 or MRCI methodologies, at the computational cost of single determinant 

approaches, as DFT-based methods. That is precisely the goal of the mapping approach. 

This chapter deals with the mapping approach and effective Hamiltonian theory for 

an accurate extraction of the relevant magnetic exchange interactions, in some 

coordination compounds of increasing complexity. The chapter is divided as follows: In 

section 3.2 the concept of mapping approach is revised, both when using spin adapted 

and broken symmetry (BS) solutions. The standard mapping approach, originally 

proposed by Noodleman,4–6 aims at bringing together both solutions, by recovering the 

energy and wave function of the spin adapted functions by means of broken symmetry 

solutions. This approach has proved to be a very efficient strategy,7 but it requires the 

use of a spin projector in order to relate the spin adapted and the BS solutions. As it will 

be discussed, the mapping approach presents two weak points, which will be 

respectively treated in papers #3.1 and #3.2. Paper #3.1 studies a family of 

heterodinuclear complexes with �� = 1; �� = 1 2⁄  localized moments in centres 1 and 

2, and paper #3.2 moves to a general three-centre three-electron case, where no 

symmetry operation relates the magnetic centres, which is exemplified by a trinuclear 

Cu(II) complex with �� = �� = �	 = 1 2⁄  localized moments. In section 3.3, effective 

Hamiltonian theory is briefly discussed and presented as the rigorous and accurate 

manner for extracting exchange coupling constants. Due to its complex mathematical 

structure and the need for a customized development for each particular situation, it 

cannot be applied as a routine computational strategy. However, it serves to validate the 

computationally cheaper approach proposed in paper #3.2. Finally, section 3.4 

introduces the mentioned papers and section 3.5 summarizes and discusses the 

presented results. 
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3.2. Mapping Approach. 

The mapping approach appears as an accurate and computationally efficient manner 

of extracting magnetic exchange interactions in transition metal complexes, organic 

radicals and periodic systems.8 For a given magnetic problem, it consists of describing 

the energy and electronic distribution of the pure spin states by means of broken 

symmetry solutions using a spin projector. 

In a general sense, the mapping approach relies on a one-to-one correspondence 

between three energetic spectra, one being the exact and the other two being spin model 

Hamiltonians. This is schematically depicted in Scheme 1. First, it takes advantage of 

the fact that both the exact, non-relativistic, time independent Hamiltonian and the 

 

Scheme 1. Representation of the idea behind the mapping approach. 

Heisenberg-Dirac-van Vleck (HDVV) spin Hamiltonian, commute with the total spin 

operator (see section 2.1.1.3 of chapter 2). This means that there exists a set of functions 

which are eigenfunctions of both Hamiltonians. And second, it exploits the 

correspondence between the HDVV spectra and the eigenfunctions of the Ising 

Hamiltonian, which can be assigned to BS solutions, as originally developed by 

Noodleman4–6. Then, the main goal is to univocally match the three spectra, which will 

allow for an accurate theoretical extraction of the magnetic interaction based on ab-

initio methods. 

The following two sub-sections aim at explaining each of the mentioned 

correspondences, respectively. 
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3.2.1. Mapping Approach Based on spin Adapted Wave Functions. HDVV 

Hamiltonian. 

Spin adapted wave functions are eigenfunctions of the phenomenological (HDVV) 

spin Hamiltonian. This Hamiltonian9–11 describes the isotropic interaction between 

localized magnetic moments 
� and 
� as 

 
����� = − � ���
�� ∙ 
��
〈�,�〉

 (1) 

 
where ��� is the exchange coupling constant between the 
�� and 
�� localized spin 

moments and the 〈�, �〉 symbol indicates that the sum refers to nearest neighbour 

interactions only. According to the adopted definition in eqn (1), a positive value of the 

exchange coupling constant ��� corresponds to ferromagnetic interactions, while 

negative values describe an antiferromagnetic interaction (parallel and antiparallel spins 

alignments respectively). The number, sign and magnitude of the most relevant ��� 

determine the low-energy spectrum of the problem and consequently the magnetic 

ordering of the system. It is worth noting that spin adapted wave functions are also 

eigenfunctions of the total squared spin operator ��� = 
�� ∙ 
�� + 
�� ∙ 
�� + 
�� ∙ 
��, given 

that  
�����, ���! = 0. 

Before going into detail with the description of the mapping approach using spin 

adapted wave functions, and the corresponding energetic distribution of the magnetic 

states, it is worth addressing in few words how the different spin operators work. This 

will be helpful for the discussion of forthcoming sections. Consider |�, $% as the 

eigenfunctions of angular momentum operator with j and m as eigenvalues. Being &(̂ 

and &)̂ the associated ladder operators, expressed as a function of the Cartesian 

operators as 

 &(̂ = &�̂ + �&�̂ (2.1) 
 &)̂ = &�̂ − �&�̂ (2.2) 

 
the action on the spin functions writes as: 

 *�, $|&̂�|�+, $+% = �(� + 1).��/.00/ (2.3) 

 *�, $|&�̂|�+, $+% = $.��/.00/ (2.4) 

 1�, $2&±̂2�+, $+4 = 5�(� + 1) − $+($+ ± 1)6� �⁄ .��/.00/±� (2.5) 
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Now, for the simplest case of one unpaired electron, the possible spin functions are 

|1 2⁄ , 7% and |1 2⁄ , 8%. The different spin operators applied to these spin functions have 

the following effect: 

 ���|1 2⁄ , 7% = 3 4⁄ |1 2⁄ , 7% (2.6) 

 ���|1 2⁄ , 8% = 3 4⁄ |1 2⁄ , 8% (2.7) 
   
 ���|1 2⁄ , 7% = 1 2⁄ |1 2⁄ , 7% (2.8) 

 ���|1 2⁄ , 8% = −1 2⁄ |1 2⁄ , 8% (2.9) 
   
 ��(|1 2⁄ , 7% ≡ 0 (2.10) 

 ��(|1 2⁄ , 8% ≡ 51 2⁄ ∙ 3 2⁄ − (− 1 2⁄ ) ∙ 1 26⁄ � �⁄ |1 2⁄ , 7% = |1 2⁄ , 7% (2.11) 

 ��)|1 2⁄ , 8% ≡ 0 (2.12) 

 ��)|1 2⁄ , 7% ≡ 51 2⁄ ∙ 3 2⁄ − 1 2 ∙ (− 1 2⁄ )6⁄ � �⁄ |1 2⁄ , 8% = |1 2⁄ , 8% (2.13) 
 
Spin adapted functions are eigenfunctions of ��� and ��� operators, but not of the spin 

ladder operators, because in the latter case, the application of the operator over the 

functions does not yield a constant times the same function. These conclusions are valid 

for any system with given N magnetic centres bearing any S value. Now, after these 

considerations, HDVV Hamiltonian can be rewritten in the form 

 
����� = − � ���
�� ∙ 
��
〈�,�〉

  

               = − � �(1 2⁄  ���(���) + ���)���(! + ���� ∙ ����
〈�,�〉

 (3) 

 
In order to exemplify the strength of this approach for extracting exchange coupling 

constants, let’s consider two cases of increasing complexity. Those are systems with 

two magnetic centres (1 and 2) bearing localized spin moments in each centre ranging 

from �� = �� = 1 2⁄  to �� = �� = 1 and a general three centres case with �� = �� =
�	 = 1 2⁄ . Experimentally, access to magnetic information of related systems is granted 

by coordination chemistry, owing to the numerous Cu(II) and Ni(II) reported complexes 

that can be described within the mentioned model Hamiltonian.  

For these two centres cases, the HDVV Hamiltonian takes the form 

 
����� = −�
�� ∙ 
��  

               = −�=1 2⁄  ���(���) + ���)���(! + ���� ∙ ����> (4) 
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• �� = �� = 1 2⁄  Dimers 

The spin adapted states resulting from two interacting magnetic centres with 

� = 1 2⁄  each site in a 1-2 topology, are combinations of |78% and |87% basis functions. 

They are obtained after diagonalization of the �� = 0 subspace in the matrix 

representation of the HDVV Hamiltonian. However, for completeness the matrix 

elements arising from the �� = ±1 subspace are also shown, obtained following eqn 

(2.6-13). 

 1772
�����2774 = *77|?−�51 2⁄ (|0% + |0%) + 1 4⁄ |77%6@  

                                = *77|?−�51 4⁄ |77%6@ = 1882
�����2884 = −� 4A  (5) 

 

 1782
�����2784 = *78|?−�51 2⁄ (|0% + |87%) − 1 4⁄ |78%6@  

                                = *78|?− � 2⁄ ∙ |87% + 1 4⁄ |78%@ = � 4A  (6) 

 

 1872
�����2784 = *87|?−�51 2⁄ (|0% + |87%) − 1 4⁄ |78%6@  

                                = *87|?− � 2⁄ ∙ |87% + 1 4⁄ |78%@ = −� 2A  (7) 

 

 1782
�����2874 = *78|?−�51 2⁄ (|78% + |0%) − 1 4⁄ |87%6@  

                                = *78|?− � 2⁄ ∙ |78% + 1 4⁄ |87%@ = −� 2A  (8) 

 

 1872
�����2874 = *87|?−�51 2⁄ (|78% + |0%) − 1 4⁄ |87%6@  

                                = *87|?− � 2⁄ ∙ |78% + 1 4⁄ |87%@ = � 4A  (9) 

 
which results in the following symmetric matrix representation, 


����� |77% |78% |87% |88% 
*77| −� 4⁄  0 0 0 

*78|  � 4⁄  −� 2⁄  0 

*87|   � 4⁄  0 

*88|    −� 4⁄  
Table 1. Matrix elements corresponding to the HDVV Hamiltonian on the chosen basis set. The inner 

rectangle represents the 
B = C sub block. 
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By diagonalizing the �� = 0 sub block of the matrix, one gets the corresponding 

eigenvalues and eigenvectors |
, ��%, which are associated to the spin adapted wave 

functions. Thus, the singlet (� = 0) wave function is written as, 

 |0,0% = 1
√2 ?|78% − |87%@ (10) 

 
and the triplet (� = 1) takes the form 

 |1, +1% = |77% (11.1) 

 |1, −1% = |88% (11.2) 

 |1,0% = 1
√2 ?|78% + |87%@ (11.3) 

 
where |1, +1% and |1, −1% are the �� = 1 and �� = −1 components, repectively. Now, 

the corresponding eigenvalues can be obtained by simply applying the HDVV 

Hamiltonian to the spin adapted functions, first to the three components of the triplet 

state, 

 
�����|1,0% = −�=1 2⁄  ���(���) + ���)���(! + ���� ∙ ����> 1
√2 ?|78% + |87%@  

                        = −�
√2 51 2⁄ (|0% + |87% + |78% + |0%) − 1 4⁄ |78% − 1 4⁄ |87%6  

                      = −�
4

1
√2 ?|78% + |87%@ = −�

4 |1,0% (12) 

 

 
�����|1, +1% = −�=1 2⁄  ���(���) + ���)���(! + ���� ∙ ����>|77%  

                            = −�51 2⁄ (|0% + |0%) + 1 4⁄ |77%6 = −�
4 |77% (13) 

 

 
�����|1, −1% = −�=1 2⁄  ���(���) + ���)���(! + ���� ∙ ����>|88%  

                            = −�51 2⁄ (|0% + |0%) + 1 4⁄ |88%6 = −�
4 |88% (14) 

 
and then the singlet state. 

 
�����|0,0% = −�=1 2⁄  ���(���) + ���)���(! + ���� ∙ ����> 1
√2 ?|78% − |87%@  
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                        = −�
√2 51 2⁄ (|0% + |87% − |78% − |0%) − 1 4⁄ |78% + 1 4⁄ |87%6  

                      = 3�
4

1
√2 ?|78% − |87%@ = 3�

4 |0,0% (15) 

 
Thus, the eigenvalues for the triplet and singlet states are −� 4⁄  and 3� 4⁄  respectively. 

Their difference yield the well-known expression for singlet-triplet gap8,12 

 EF − EG = 3� 4⁄ − (−� 4⁄ ) = � (16) 
 

Wave function-based calculations on �� = �� = 1 2⁄  Cu(II) dinuclear complexes, 

where the magnetic interaction has been accurately extracted by experiment, have made 

possible the decomposition of the J value in its fundamental physical contributions.13,14 

These calculations will not be commented, and only the main conclusion will be 

highlighted here. Basically, the three main components are the ferromagnetic direct 

exchange between the magnetic orbitals, the antiferromagnetic kinetic exchange (or 

superexchange) provided by the intersite delocalization of the magnetic electrons, and 

the polarization of the nonmagnetic electrons in the doubly occupied orbitals. 

• �� = �� = 1 dimers. 

Now, one can apply the same procedure to the situation where �� = �� = 1 

interact. There are one quintet, one triplet and one singlet pure spin states. With an 

additional restriction about maintaining always the local triplet in each of the centres, 

and written in the basis set arising from the direct product of local triplet functions 

(|1, +1%, 1, −1% and 1,0%) pure spin states expressed as 

 |2,0% = 1
√6 ?|1,1; 1, −1% + 2|1,0; 1,0% + |1, −1; 1,1%@ (17.1) 

 |2,1% = 1
√2 ?|1,1; 1,0% + |1,0; 1,1%@ (17.2) 

 |2, −1% = 1
√2 ?|1, −1; 1,0% + |1,0; 1, −1%@ (17.3) 

 |2,2% = |1,1; 1,1% (17.4) 

 |2, −2% = |1, −1; 1, −1% (17.5) 

   

 |1,0% = 1
√2 ?|1,1; 1, −1% − |1, −1; 1,1%@ (17.6) 
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 |1,1% = 1
√2 ?|1,1; 1,0% − |1,0; 1,1%@ (17.7) 

 |1, −1% = 1
√2 ?|1, −1; 1,0% − |1,0; 1, −1%@ (17.8) 

   

 |0,0% = 1
√3 ?|1,1; 1, −1% − |1,0; 1,0% + |1, −1; 1,1%@ (17.9) 

 
The corresponding eigenvalues of the quintet, triples and singlet states are, respectively, 

−�, � and 2�,8 which result in the following energy differences:  

 EF − EI = 2� − (−�) = 3� (18.1) 

 EF − EG = 2� − (�) = � (18.2) 
 
 

At variance with the singlet-triplet case, the additional equation in the �� = �� = 1 case 

allows to check the consistency of the results, provided that the different states have 

been calculated with sufficient accuracy. 

• Homonuclear Dimers with any �. 

The generalization of the above discussion for any two centres case was provided 

by Landé. It is known as Landé rule and it states that for given any two identical 

particles with total spin ��, the energy difference between the different 2� + 1 

multiplets is: 

 E(� − 1) − E(�) = �� (19) 
 

The underlying problem is then to ensure an accurate calculation of the different low-

lying states of a given dinuclear complex as a strategy to correctly extract the magnetic 

interactions. This is a particularly delicate issue for large systems, and is specifically 

treated in paper #3.1, where a family of different heterodinuclear complexes is 

investigated using a variety of wave function-based methods. 

Despite the valuable theoretical efforts for generalizing the two centres problems, 

they only represent a reduced amount of the real reported cases. There are numerous 

examples of polynuclear coordination compounds with very interesting properties, as 

for instance the well-known Mn12-acetate. It is then desirable to go a step further from 

the two centres case in the description of magnetic interactions using pure spin states. 
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However, there is an evident flaw for the generalization of this approach, namely cases 

where the number of pure spin states is not enough to extract all relevant magnetic 

interactions. This issue has been investigated in paper #3.2 and is exemplified by a 

trinuclear Cu(II) complex with three interacting �� = 1 2⁄ ; �� = 1 2⁄ ; �	 = 1 2⁄  

localized moments where no symmetry operation relates the magnetic centres, resulting 

in one quartet and two doublet pure spin states. The lack of symmetry implies that all 

three two-body magnetic interactions are relevant to define the low-lying HDVV energy 

spectrum, but only two energy differences between the quartet and two doublet pure 

spin states are available. In order to solve that, one can make use of the correspondence 

between the diagonal elements of the HDVV and Ising matrix representations. In order 

to make a more precise point, a discussion on how to construct the spin adapted wave 

functions for such case is given. 

• �� = �� = �	 = 1 2⁄  Trimers. 

For a general three-electrons in three centres case arranged as depicted in Figure 1  

 

Figure 1. Schematic representation of a general three-electrons in three centres case. 

where no symmetry operation relates any of the centres, there are three different 

magnetic coupling constants and the HDVV Hamiltonian is written as 

 
����� = − � ���
�� ∙ 
��
〈�,�〉

  

               = −���
�� ∙ 
�� − ��	
�� ∙ 
�	 − ��	
�� ∙ 
�	 (20) 

 
In the same manner we used |78% and |87% functions in the dimer case, in this 

situation the pure spin wave functions are obtained as linear combinations of the |778%, 
|787% and |877% functions in a 1-2-3 topology. The number of spin adapted wave 

functions and the magnitude of the coefficients of the linear combination are obtained 

after diagonalizing the HDVV matrix representation on this basis. Again, the matrix 

elements are obtained following eqn (2.6-2.13). 



Consistent Mapping Approaches for Accurate Extraction of Magnetic Interactions 101 
 

 17772
�����27774 = *777|?−���51 2⁄ (|0% + |0%) + 1 4⁄ |777%6  

 −��	51 2⁄ (|0% + |0%) + 1 4⁄ |777%6 − ��	51 2⁄ (|0% + |0%) + 1 4⁄ |777%6@  

                               = *777|=J− �12 4⁄ − �23 4⁄ − �13 4⁄ K|777%>  

                                     = − 1 4A 5��� + ��	 + ��	6 (21) 

 
 17782
�����27774 = 17872
�����27774 = 18772
�����27774 = 0 (22) 

 

 17782
�����27784 = *778|?−���51 2⁄ (|0% + |0%) + 1 4⁄ |778%6  

 −��	51 2⁄ (|0% + |787%) − 1 4⁄ |778%6 − ��	51 2⁄ (|0% + |877%) − 1 4⁄ |778%6@  

 = *778|=− �23 2⁄ |787% − �13 2⁄ |877% − �12 4⁄ |778% + �23 4⁄ |778% + �13 4⁄ |778%>  

                                    = 1 4A 5−��� + ��	 + ��	6 (23) 

 

 17872
�����27784 = *787|?⋯ @  

 = *787|=− �23 2⁄ |787% − �13 2⁄ |877% − �12 4⁄ |778% + �23 4⁄ |778% + �13 4⁄ |778%>  

                                  = − ��	 2A  (24) 

 

 18772
�����27784 = *877|?⋯ @  

 = *877|=− �23 2⁄ |787% − �13 2⁄ |877% − �12 4⁄ |778% + �23 4⁄ |778% + �13 4⁄ |778%>  

                                     = − ��	 2A  (25) 

 

 17872
�����27874 = *787|?−���51 2⁄ (|0% + |877%) − 1 4⁄ |787%6  

 −��	51 2⁄ (|778% + |0%) − 1 4⁄ |787%6 − ��	51 2⁄ (|0% + |0%) + 1 4⁄ |787%6@  

 = *787|=− �12 2⁄ |877% − �23 2⁄ |778% + �12 4⁄ |787% + �23 4⁄ |787% − �13 4⁄ |787%>  

                                     = 1 4A 5��� + ��	 − ��	6 (26) 

 

 17782
�����27874 = *778|?⋯ @  

 = *778|=− �12 2⁄ |877% − �23 2⁄ |778% + �12 4⁄ |787% + �23 4⁄ |787% − �13 4⁄ |787%>  

                                     = − ��	 2A  (27) 
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 18772
�����27874 = *877|?⋯ @  

 = *877|=− �12 2⁄ |877% − �23 2⁄ |778% + �12 4⁄ |787% + �23 4⁄ |787% − �13 4⁄ |787%>  

                                     = − ��� 2A  (28) 

 

 18772
�����28774 = *877|?−���51 2⁄ (|787% + |0%) − 1 4⁄ |877%6  

 −��	51 2⁄ (|0% + |0%) + 1 4⁄ |877%6 − ��	51 2⁄ (|778% + |0%) − 1 4⁄ |877%6@  

 = *877|=− �12 2⁄ |787% − �13 2⁄ |778% + �12 4⁄ |877% − �23 4⁄ |877% + �13 4⁄ |877%>  

                                     = 1 4A 5��� − ��	 + ��	6 (29) 

 

 17782
�����28774 = *778|?⋯ @  

 = *778|=− �12 2⁄ |787% − �13 2⁄ |778% + �12 4⁄ |877% − �23 4⁄ |877% + �13 4⁄ |877%>  

                                     = − ��	 2A  (30) 

 

 17872
�����28774 = *787|?⋯ @  

 = *787|=− �12 2⁄ |787% − �13 2⁄ |778% + �12 4⁄ |877% − �23 4⁄ |877% + �13 4⁄ |877%>  

                                     = − ��� 2A  (31) 

 
which results in the following matrix representation 


�����
 |777〉 |778〉 |787〉 |877〉 

*777| − 1
4 (��� + ��	 + ��	) 0 0 0 

*778|  
1
4 (−��� + ��	 + ��	) − 1 2A ∙ ��	 − 1 2A ∙ ��	 

*787|   
1
4 (��� + ��	 − ��	) − 1 2A ∙ ��� 

*877|    
1
4 (��� − ��	 + ��	) 

Table 2. Matrix elements corresponding to the HDVV Hamiltonian on the chosen basis set. The inner 
rectangle represents the 
B = M N⁄  sub block 

After diagonalization of the low �� sub block, one obtains the three spin-adapted 

eigenfunctions (one quartet and two doublets) describing the low energy spectrum.15 
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 |O〉 = |3 2⁄ , 3 2⁄ 〉 = 3)� �A (|778〉 +|787〉 + |877〉) (32) 

 |P�〉 = |1 2⁄ , 1 2⁄ 〉 = 2)� �A (|778〉 −|787〉) (33) 

 |P�〉 = |1 2⁄ , 1 2⁄ 〉 = 6)� �A (|778〉 +|787〉 − 2 ∙ |877〉) (34) 

 
The corresponding eigenvalues are obtained by evaluating the wavefunction with 

HDVV Hamilonian, resulting in  

 

 EI =  −1/4 ∙ (��� + ��	 + ��	) (35) 

 E�R = 1/4 ∙ (��� + ��	 + ��	) − 1 2A ∙ S (36) 

 E�T = 1/4 ∙ (��� + ��	 + ��	) + 1 2A ∙ S (37) 

 S = (���� + ��	� + ��	� − ��� ∙ ��	 − ��� ∙ ��	 − ��	 ∙ ��	)� �A  (38) 

 
Here, the problem of the mapping using spin adapted functions, becomes evident since 

there are three different magnetic interactions, but only two energy differences to solve 

the spectrum. Normally, to simplify the spectrum, one can either neglect one of the 

coupling constants based on distances between the magnetic centres or make use of the 

symmetry of the problem (if any) to establish relationships among the coupling 

constants. Scheme 2 exemplifies these simplifications presenting the problem of three-

centres three-electrons arranged in an equidistant linear way and in an equilateral 

triangle. In the equilateral case, all three coupling constants become equal, the doublet 

states become degenerate, and the spectrum consists of only one energetic difference. In 

the linear case, assuming it is centre-symmetrical, the coupling constants between the 

two closest neighbours are equal and the external vanishes. In this case, there are two 

linearly independent equations as a function of the same parameter J which allows for 

checking the consistency of the spectrum, provided that the energy differences have 

been calculated with enough accuracy. 

Finally, paper #3.2 investigates this problem in a system where none of these 

assumptions can be made and proposes a solution which is further verified by 

comparison to the experiments and by means of effective Hamiltonian theory in section 

3.3 
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equilateral linear 

 

 

��� = ��	 = ��	 = � ��� = ��	 = �; ��	 = 0 

S = 0 S = � 

EI =  − 3
4 ∙ � EI =  − 1

2 ∙ � 

E�R = E�T = E� = 3
4 ∙ � E�R = 0 ; E�T = � 

EI − E� = − 3
2 ∙ � EI − E�R = − �

� ∙ � ; EI − E�T = − 	
� ∙ � 

Scheme 2. Equilateral and linear arrangement of three electrons in three centres and the resulting 
simplified energy expressions. 

3.2.2. Mapping Approach Based on Broken Symmetry Solutions. Ising 

Hamiltonian. 

Broken symmetry (BS) solutions, within the spin polarized formalism, are single 

Slater determinant solutions to the non-relativistic, time independent Schrodinger 

equation constructed with two sets of spin orbitals, one for α and another for 

β electrons. Within the Hartree Fock (UHF) methods, BS determinants are used to 

approach the N-electron wave function. Similarly, in the Kohn–Sham implementation of 

DFT, BS solutions are used to describe the density of the N non-interacting electrons. 

As a consequence of the single determinant nature, the broken symmetry functions used 

to approach the low-spin electronic states are not eigenfunctions of the square total spin 

operator. A schematic representation on the shape of a BS solution is given in Scheme 

3. 
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Scheme 3. Comparative representation of the high-spin and broken symmetry solutions in a two-centres 
two-electrons problem. Note that the unrestricted formulation implies different energies for α and β 

orbitals. 

Section 3.2.2 deals with the second type of mapping approach discussed in the 

introduction of section 3.2, i.e., the mapping between spin adapted wavefunctions and 

broken symmetry solutions, or in other words, HDVV and Ising spectra. It has already 

been shown (section 3.2.1) how to construct the pure spin functions of a system by 

means of the HDVV Hamiltonian. The Ising Hamiltonian16 results from neglecting the 

ladder operator terms in eqn (3) and retaining the z-component of 
 (i.e. the diagonal 

term of HDVV). Therefore, for a given system, it is given by 

 
�UV�WX = − � �����������
〈�,�〉

 (39) 

 
The forthcoming sections are divided as follows: First, (section 3.2.2.1) briefly 

discusses the method employed by Noodleman,4–6 which can be considered as the 

standard mapping approach. Due to the inherent spin contamination problems derived 

from the use of BS solutions, section 3.2.2.2. will introduce strategies to alleviate this 

issue. Finally, section 3.2.2.3. will present an alternative mapping approach to the one 

used by Noodleman, as a proposal for avoiding spin projectors. 

3.2.2.1. Noodleman’s Method. 

The use of BS solutions applied to the extraction of magnetic coupling constants 

was first proposed by Noodleman.4–6 However, this approximation had been employed 

previously by Bagus and Benett17 and by Ziegler, Rauk and Baerends18 for studying 

open-shell singlets within the the SCF-Xα and DFT-Xα theories, respectively. Later on 
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Yamaguchi et al. carried out an extensive analysis of magnetic coupling based on the 

UHF approximation.19,20  

Noodleman’s method applies to the study of magnetic interaction using BS 

solutions. It is based on expressing both the energy and the wavefunction of the spin 

adapted solutions by means of broken symmetry solutions. The advantage of this 

technique is that it allows one to extract the magnetic exchange interactions from single 

determinant calculations as if pure spin solutions were computed instead. In order to do 

so, it is required to define a spin projector. One starts with an unrestricted single 

determinant self-consistent field (SCF) solution to approach the high-pin solution. From 

these orbitals and density, the solution with the lowest �� of the system is calculated, 

forcing a rupture in spatial and spin symmetry of the magnetic orbitals. This results in 

solutions in which the spin densities are localized antiparallel in each of the magnetic 

centres. The associated wave function is not an eigenfunction of the square spin 

operator of the system, but it can be related to the pure low-spin function by means of 

spin projector. 

Consider again the illustrative example of two magnetic centres with two unpaired 

electrons in magnetic orbitals 1 and 2. The high-spin function is well defined, and takes 

the form |77% as in eqns (11.1, 11.2). The corresponding BS functions |78% and |87% 
are the same that have been used in eqn (6-9) and are depicted in Scheme 3. For a 

�� = �� = 1 2⁄  dimer case, Noodleman obtained an expression for the magnetic 

coupling constant the same using BS, through the spin projection 

 � = 2(EYF − EZ[)
1 + �\]�  (40) 

 
where �\]�  is the overlap integral between the magnetic orbitals in the BS solution and 

EZ[ and EYF are the energies of the high-spin  and broken symmetry state, respectively. 

The spin projector appears obvious when comparing eqn (16) and eqn (40) [� = EF −
EG ≡ 2(EYF − EZ[) (1 + �\]� )⁄ ]. However, such concept is exposed to at least two 

problematics. The first concerns the univocal existence of a spin projector, which is 

investigated in paper #3.1 for a family of heterodinuclear complexes. The second one is 

the implicit assumption that the magnetic coupling constant of the HDVV and Ising 

models is the same, which is not necessarily true. As an alternative to the use of spin 

projection, one could map the expectation energy values of the Ising eigenfunctions as 
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evaluated with the HDDV Hamiltonian,7 given that the diagonal elements of their 

matrix representations are the same. This is investigated in paper #3.2 and explained in 

more detail in section 3.2.2.3. But before that, let’s consider another implicit problem to 

the use of BS solutions, the spin contamination. 

3.2.2.2. Spin Contamination in Broken Symmetry Approach. 

An additional problem related to the use of broken symmetry solutions arises from 

spin contamination. Again, it is because the single determinants used to approximate the 

low spin states are not eigenfunctions of the �� spin operator, and a mixing with higher 

states occurs. For instance, when calculating a triplet state by means of a BS solution, it 

is possible that higher order spin states mix, like a quintet (�� = 1 component). A well-

known approach to that problem was a decontamination scheme proposed by 

Yamaguchi et al.19,20 For the two-electrons two-centres case and assuming a strong 

localized character of the unpaired electrons (�\]� = 0 in eqn (40)), one has 

 � = EF − EG = 2(EYF − EG)
〈��〉G − 〈��〉YF

 (41) 

 
This approach has been extensively applied with successful results to a variety of 

situations. The computed 〈��〉G is expected to be around 2, and 〈��〉YF around 1. Thus, 

if no spin contamination occurs, i.e. there is no relevant mixing with higher order spin 

states, eqn (41) converts into eqn (40). However, it is clear that if the assumption on the 

orbital overlap �\]� = 0 does not hold, the applicability of eqn (41) is no longer ensured. 

In fact, for considerably delocalized systems where the magnetic orbitals share large 

regions of space, as for instance organic diradicals, it is known that eqn (40) leads to 

inaccurate results. This is due to large deviations from 1 of the computed 〈��〉YF.  

Looking for an improvement to Yamaguchi’s formula, several works have aimed to 

differentiate and assess the contributions of direct exchange, kinetic exchange and core 

polarization to the magnetic coupling, which are accurately extracted by wave function-

based methods,13,14 by means of BS density functional theory approach. Particularly, 

Coulaud et al.
21

 proposed a decomposition scheme leading to additive contributions of 

the mentioned direct and kinetic exchange and core polarization. They access the terms 

independently. Thus, the direct exchange is obtained from restricted DFT calculations; 

the extraction of the kinetic exchange requires starting from the restricted orbital set and 
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relaxing only the magnetic orbitals (singly occupied); finally, the spin polarization is 

achieved by relaxing only the core orbitals (doubly occupied). In here, “relax” means 

that only certain orbitals (either singly or doubly occupied) are optimized, keeping 

constant the coefficients of the other set of orbitals. However, a year later, some of the 

original authors identified a deficiency of the decomposition scheme previously 

commented and proposed a more general scheme. 22 The problem with the original 

proposal is that for cases in which the core polarization contribution to the coupling 

constant value is large, the decomposition scheme can no longer be considered as 

additive. The latter approach, based on similar partially relaxed/partially frozen DFT 

calculations, constitutes an almost additive decomposition scheme which provides an 

unambiguous manner to distinguish the contributions of the different effects, and to 

evaluate their relative amplitudes on defining the magnetic coupling constant, arising 

from single determinant BS solutions. More recently, Ferré, Guihéry and Malrieu23 used 

this decomposition scheme to prove that whenever the spin polarization of the core 

orbitals is large, Yamaguchi’s formula does not hold. Moreover, they provide a spin-

decontamination method to properly account for this situation when describing the 

triplet-singlet gap on a two-centre two-electron problem. It is based on using a BS 

solution calculated with the appropriate relaxation of the core orbitals. 

3.2.2.3.Mapping Without Spin Projector: Expectation Values. 

As mentioned, using the standard mapping approach based on Noodleman method 

is exposed to two sources of problems. The first one is that there is no reason why the 

spin projector is always definable, and the second is that it assumes that the magnetic 

coupling constants of the HDVV and Ising models are the same.  

The argument for the first concern is exemplified in cases where the pure spin wave 

functions of low �� are expressed as linear combinations of single determinants that 

cannot be described by BS solutions. In other words, cases where no combination of BS 

solutions can recover the pure spin states. Particularly, heterodinuclear complexes with 

�� = 1; �� = 1 2⁄  localized moments represent examples of this kind. It is worth saying 

that centre 1 always presents a local triplet, because the energetic cost to produce a 

singlet is well above magnetic energy range. Consider the spin adapted and BS wave 

functions resulting from the mentioned case, as indicated in Scheme 4. 
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 Spin adapted BS 

 

  
2O, 1 2A 4 = 1

√3A J2^�^�_̀�4 + |^�^̀�_�% + |^̀�^�_�%K |^�^�_�% 

2P, 1 2A 4 = 2
√3A 2^�^�_̀�4 − 1

√6A (|^�^̀�_�% + |^̀�^�_�%) 2^�^�_̀�4;  
|^̀�^̀�_�% 

 

Scheme 4. Schematic representation of a heterodinuclear case with a local triplet and a doublet on centre 
a and b respectively. The spin adapted and broken symmetry solutions are also shown. 

 
We restrict the discussion to the �� = + 1 2⁄  components for the spin adapted wave 

functions. Note that the pure doublet state 2P, 1 2A 4 is expressed as a linear combination 

of three single determinants, two of which break the local triplet in centre A. However, 

the BS solutions must respect the local triplet in A. Thus, it is not possible to express the 

pure doublet state 2P, 1 2A 4 as a combination of BS solutions, which implies that there is 

not a univocal way of defining the spin projector. Alternatively, and to overcome this 

problem, one could make use of the expectation value of the square total spin operator 

to know which BS solution should be used to define the appropriate exchange coupling 

constant. This issue is more deeply investigated in paper #3.1. 

Now, consider the second weak point of the standard mapping approach, which is 

assuming equal the J values given by the HDVV and Ising model Hamiltonians. Taken 

together with the fact that it is not always possible to define a spin projector, the 

proposal of an alternative mapping approach becomes desirable. This proposal is based 

on the fact that the diagonal elements of the HDVV and Ising Hamiltonians are the 

same, thus allowing for a direct mapping between the energy of the BS solutions and 

the energy expectation values of the BS functions evaluated with the HDDV 

Hamiltonian. As a result, the J value from HDVV and Ising Hamiltonians are not 

assumed to be the same which makes unnecessary the use of a spin projector. The 

forthcoming discussion aims to clarify this point by using the examples developed in 

section 3.2.1, i.e., �� = �� = 1 2⁄  dimers and �� = �� = �	 = 1 2⁄  trimers.  

• �� = �� = 1 2⁄  Dimers. 

The broken symmetry solutions resulting from two interacting magnetic centres 

with � = 1 2⁄  on each site, are single determinants of the type |77% for the high-spin 

state and |78% and |87% for the low-spin state, whit a 1-2 topology. Combination of 
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these functions result in the spin adapted wavefunctions. Now, as done for the HDVV 

matrix, the Ising Hamiltonian is defined as 

 
�UV�WX = −��������� (42) 
 

which results in the following matrix elements. 

 1772
�UV�WX2774 = *77|?−�(1 4⁄ |77%)@ = −� 4A  (43) 

 1782
�UV�WX2784 = *78|?−�(−1 4⁄ |78%)@ = � 4A  (44) 

 1782
�UV�WX2874 = *78|?−�(−1 4⁄ |87%)@ = 0 (45) 

 1872
�UV�WX2784 = *87|?−�(−1 4⁄ |78%)@ = 0 (46) 

 1872
�UV�WX2874 = *87|?−�(−1 4⁄ |87%)@ = � 4A  (47) 

 
Finally, one obtains the corresponding matrix matrix representation, 


�UV�WX |77% |78% |87% |88% 
*77| −� 4⁄  0 0 0 

*78|  � 4⁄  0 0 

*87|   � 4⁄  0 

*88|    −� 4⁄  

Table 3. Matrix elements corresponding to the Ising spin Hamiltonian on the chosen basis set. The inner 
rectangle represents the 
B = C sub block. This respresentation is to be compared with Table 1. 

 
By comparing the matrix representation of Table 3 with the one obtained on the same 

basis for the HDVV Hamiltonian in Table 1, it becomes evident that the Ising 

representation is equivalent to HDVV, with the off-diagonal elements equal to zero. 

Also, note that from eqns (43-47), one can obtain: 

 � = 2(E|ab% − E|aa%) = 2(EYF − E|aa%) (48) 
 

which is eqn (40) in the limit where �\]� = 0. A schematic summary of the discussed 

results is presented in Figure 2. 
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Figure 2. Diagram of the mapping approach for two centres with 
 = M N⁄ , interacting 
antiferromagnetically (c d C). 

 

• �� = �� = �	 = 1 2⁄  trimers. 

The Ising Hamiltonian for this case in a 1-2-3 topology is expressed as: 

 
�UV�WX = − � �����������
〈�,�〉

= −����������� − ��	������	� − ��	������	� (49) 

 
Which, written in the same basis set as the corresponding HDVV Hamiltonian, results 

in the following matrix elements. 

 17772
�UV�WX27774 = *777|?−���(1 4⁄ |777%) − ��	(1 4⁄ |777%) − ��	(1 4⁄ |777%)  

                                     = − 1 4A 5��� + ��	 + ��	6 (50) 

 
 17782
�UV�WX27774 = 17872
�UV�WX27774 = 18772
�UV�WX27774 = 0 (51) 

 

 17782
�UV�WX27784 = *778|?−���(1 4⁄ |778%) − ��	(− 1 4⁄ |778%) − ��	(− 1 4⁄ |778%)  

                                     = 1 4A 5−��� + ��	 + ��	6 (52) 

 

 17872
�UV�WX27784 = *787|?−���(1 4⁄ |778%) − ��	(− 1 4⁄ |778%) − ��	(− 1 4⁄ |778%)  

                                     = 0 (53) 
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 18772
�UV�WX27784 = *877|?−���(1 4⁄ |778%) − ��	(− 1 4⁄ |778%) − ��	(− 1 4⁄ |778%)  

                                     = 0 (54) 

 

 17872
�UV�WX27874 = *787|?−���(− 1 4⁄ |787%) − ��	(− 1 4⁄ |787%) − ��	(1 4⁄ |787%)  

                                     = 1 4A 5��� + ��	 − ��	6 (55) 

 

 18772
�UV�WX27874 = *877|?−���(− 1 4⁄ |787%) − ��	(− 1 4⁄ |787%) − ��	(1 4⁄ |787%)  

                                     = 0 (56) 

 

 18772
�UV�WX28774 = *877|?−���(− 1 4⁄ |877%) − ��	(1 4⁄ |877%) − ��	(1 4⁄ |877%)  

                                     = 1 4A 5��� − ��	 + ��	6 (57) 

 
what leads to the following matrix representation 


�UV�WX
 |777〉 |778〉 |787〉 |877〉 

*777| − 1
4 (��� + ��	 + ��	) 0 0 0 

*778|  
1
4 (−��� + ��	 + ��	) 0 0 

*787|   
1
4 (��� + ��	 − ��	) 0 

*877|    
1
4 (��� − ��	 + ��	) 

Table 4. Matrix elements corresponding to the Ising Hamiltonian on the chosen basis set. The inner 
rectangle represents the 
B = M N⁄  sub block. This representation is to be compared with Table 2. 

 
A comparison of the matrix elements included in Table 2 and Table 4 demonstrates the 

equivalence between the diagonal terms of HDVV and Ising Hamiltonian, as in the 

dimer case previously discussed. This correspondence allows proposing a different 

mapping approach that does not require using a spin projector, based on the expectation 

values of Ising eigenfunctions evaluated with the HDVV Hamiltonian. The application 

of this approach is, however, limited to cases where the off-diagonal terms do not 

deviate too much from zero, or in other words, there is not a significant mixing of states. 

Nevertheless, if that is the case, it implies that the HDVV is not an appropriate model 

for the problem, since the magnetic centres cannot be associated to localized moments. 
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A summary of the discussed results is presented in Figure 3. 

 

Figure 3. Diagram of the mapping approach for three centres with 
 = M N⁄ , interacting 
antiferromagnetically (c d C). 

In summary, this section has presented some weak point of the standard mapping 

approach originally developed by Noodleman,4–6 and proposed, based on previous 

works on the group,8 an extension of an alternative formulation. This alternative 

approach proposes to directly map the energy of the BS solutions into the energy 

expectation values of BS functions of the HDVV Hamiltonian. The difference with the 

standard mapping approach is that it does not require using a spin projector, because it 

does not aim to describe the wave function of the pure spin solutions by means of BS 

solutions. This is advantageous because as it has been demonstrated (see section 3.2.2.3 

and Scheme 4), the spin projector cannot always be defined. 

In paper #3.2 this proposal is applied to a general three-centre three-electron 

problem, from which experimental data is available, and it is therefore possible to check 

the validity of the approach. However, not always there is experimental data available to 

compare with, which makes necessary the validation of the proposal by other means. 

This is the purpose of the next section, where effective Hamiltonian theory is 

exemplified on very simple model systems based on helium and hydrogen atoms, and 

further applied to the trinuclear case of paper #3.2 and to a purely organic triradical, of 

relevance for chapter 4. 
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3.3. Effective Hamiltonian Theory Applied to the 3 Electrons 3 Centres 

Problem. 

In order to extract the three relevant magnetic coupling constants in the general 3 

electrons in 3 centres case from ab initio wave function approaches, we need to provide 

and additional equation to complement the two energy differences derived from the 

spectrum of the magnetic states. A useful theoretical tool to extract this additional 

information from the wave functions of the magnetic states is provided by the effective 

Hamiltonian theory. This theory offers a rigorous mathematical scheme to reduce the 

electronic Hamiltonian to a spin Hamiltonian of the HDVV type by means of projection 

techniques. The utility of the effective Hamiltonians relies in their interpretative power 

of a very complex problem (the full electronic problem) by means of a projection in a 

suitable reduced subspace that provides the essential interpretative VB forms. However, 

the effective Hamiltonian theory also provides a tool to extract additional information 

from the wave function that is not directly accessible from the energy spectrum. Here, 

we extend the previous applications developed in our group to construct an effective 

spin Hamiltonian to describe the general 3 electrons in 3 centres case. Effective 

Hamiltonians can be seen as a particular case of model Hamiltonians that can be 

constructed by well-defined mathematical techniques to reduce the information included 

in the electronic wave function by projection on a suitable VB model space. This 

reduction has been shown to be useful to treat spin systems. Here we have constructed 

an effective spin Hamiltonian following Durand and Malrieu24 and previous 

applications in our group.25  

To this end, we have considered a simple magnetic system that provides a suitable 

model to construct this interpretative tool. In particular, we have considered the linear 

symmetrical H--He--H--He--H system (d(H--He)= 2.0 Å) and the distorted linear H-He-

H--He--H system (d(H-He)short= 1.625 Å, d(H--He)long=2.0 Å) at this fixed geometry. In 

both cases we use a localised set of molecular orbitals obtained by the Pipek-Mezey 

localization of the ROHF orbitals of the quartet state and 6-31G**26 basis set for H and 

6-31G for He. The exact energies of the magnetic states have been calculated at the FCI 

level using the determinant approach implemented in GAMESS12.27 We have also 

considered two larger systems of interest for this thesis: a) a Cu(II) asymmetric 

trinuclear complex (the same complex as the one described in paper #3.2) and b) a 

prototypic odd alternant organic triradical derived from m-xylylene (see paper #4.1 in 
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chapter 4 for the m-xylylene and the discussion after paper #4.3 in chapter 4 for the 

prototypic triradical). For the Cu(II) asymmetric trinuclear molecular complex, 

construction of the effective Hamiltonian has been performed at the same geometry and 

with the same computational parameters for the DDCI28 calculation (basis set, frozen 

and deleted orbitals), as explained in paper #3.2. For the organic triradical, the effective 

Hamiltonian has been constructed at the molecular geometry denoted as 1 in Table 

4.3.3, to be found in the discussion after paper #4.3 in chapter 4. DDCI calculations at 

this geometry are performed using the 6-311G**26 standard basis set for both carbon 

and hydrogen atoms, the localization scheme from the CASDI program,29 freezing 21 

and deleting 150 orbitals (which results in ~87 million determinants) 

The calculations on the trinuclear Cu(II) complex and the triradical PAH were 

carried out using to the MOLCAS7.6 package30 which was also interfaced with the 

CASDI code29 for the DDCI calculations.28 

It is evident from the expression of the wave functions that in all cases the model 

space is defined by the neutral VB forms of the CAS(3,3) using the open shell localised 

orbitals which are the most important contributions of the three lowest energy magnetic 

states of the systems.  

Now, let us now consider the construction of the effective Hamiltonian targeting 

the spin space determining the low-lying energy spectrum, which is the model space. 

There are two main ways of constructing an effective Hamiltonian; the one developed 

Bloch31 which leads to a non-Hermitian representation, and the one proposed by des 

Cloizeaux32 that solves this problem and for our purposes is the most convenient one. 

Basically, the construction of the effective Hamiltonian implies the projection of the 

exact non-relativistic electronic Hamiltonian onto a N-dimensional model space S 

containing the information that interests us. This theory ensures that there exists a 

correspondence between the eigenvalues of the exact Hamiltonian and the effective 

Hamiltonian ones, and that the eigenfunctions of the exact Hamiltonian coincide with 

their projection onto the model space. The validity and robustness of this theory when 

applied to molecular magnetism and highly correlated materials has been recently 

reviewed by Malrieu et al.
12 Let Em and φm be the energy and the corresponding 

eigenfunction of state m. Then: 

 
�e0 = E0e0 (58) 
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We can then define a projector targeting the model space S as: 

 fgF = � |h%*h|
i

UjF
 (59) 

 
where {|h%} is an orthonormal basis of the space of dimension N. In our case, it is 

constituted by the determinants that span the Heisenberg Hamiltonian 

|778〉, |787〉 and |877〉. Thus, it can be defined an Effective Hamiltonian such that: 

 
�nooeF,0 = E0eF,0 (60) 
 

being: 

 eF,0 = fgFe0 (61) 
 

The basis set in which eF,0 is written is not necessarily orthonormal. Hence, the overlap 

matrix between the states in this basis set, S 

 �0,p = 1eF,02eF,p4 (62) 
 

should be taken into account for the transformations. An orthonormalization procedure 

is used to simplify the expression of the effective Hamiltonian and, for instance, the 

Löwdin procedure  

 èF,0 = �0,p
)�/�eF,0 (63) 

 
provides a convenient symmetric orthogonalization, as suggested by des Cloizeaux. 

Thus, making use of the spectral decomposition of the Hamiltonian, it is possible to 

construct its matrix representation in the space of neutral determinants; its elements are 

expressed as: 

 
U,q
noo = � 1h2èF,04E01èF,02�4

i

0r�
 (64) 

 
The elements of this matrix can now be directly compared to the elements of the 

Heisenberg Hamiltonian, given that they are written in the same basis. Moreover, this 

also represents a rigorous manner to validate the strategy for recovering the mapping 

procedure in systems with three electrons in three centers. 
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Now, let us turn to the application of the effective Hamiltonian theory described to 

the particular systems considered above. For the linear symmetrical H2--He--H1--He--H3 

model system (d(H-He)= 2.0 Å) the FCI magnetic states projected on the neutral 

determinants of the CAS(3,3) in local orbitals have the following energies and 

components: 

 P� P� O 

∆E(t$)�) -80.898 -26.979 0.0 

*778| -0.406208 0.703842 -0.574795 

*787| -0.406208 -0.703842 -0.574795 

*877| 0.812416 0.000000 -0.574795 

� tU�U∈vwF
 0.99112 0.99115 0.99117 

� tU�U∈i
 0.99002 0.99079 0.99117 

Table 5  

From these values, the matrix elements (in cm-1) of the effective Hamiltonian 

obtained using eqn (64) and orthonormalized projections of the magnetic states on the 

model VB space is as follows: 


�noo |778〉 |787〉 |877〉 
*778| -26.972 0.006 26.966 

*787| 0.006 -26.972 26.966 

*877| 26.966 26.966 -53.932 

Table 6 

Comparison of the matrix elements of the effective Hamiltonian thus constructed 

and the expression of the representation of the Heisenberg Hamiltonian shown in Table 

2 provides the expected values for this (2)--(1)--(3) symmetric system ��� = ��	 = −2 ∙
(
noo)�,	 = −2 ∙ (
noo)�,	 = −53.932 t$)� and ��	 = −2 ∙ (
noo)�,� =
−0.012 t$)�. These values are almost identical to those that can be extracted directly 

from the energy differences obtained from the magnetic spectrum. In this symmetric 

case we have enough equations to extract the relevant ��� = ��	 = � and ��	 = �+ values. 
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Now we turn to the asymmetric case where this procedure will provide the additional 

equation to extract the three ��� ≠ ��	 ≠ ��	 coupling constants. 

The results for the linear asymmetrical H2-He-H1--He--H3 asymmetric (d(H-

He)short= 1.625 Å, d(H--He)long=2.0 Å) the FCI magnetic states projected on the neutral 

determinants of the CAS(3,3) in local orbitals have the following energies and 

components: 

 P� P� O 

∆E(t$)�) -529.168 -41.959 0.0 

*778| -0.041316 0.811441 -0.574696 

*787| -0.679604 -0.441623 -0.574696 

*877| 0.720920 -0.369817 -0.574696 

� tU�U∈vwF
 0.99045 0.99080 0.99083 

� tU�U∈i
 0.98329 0.99023 0.99083 

Table 7 

From these values, the matrix elements (in cm-1) of the effective Hamiltonian 

obtained using eqn (64) and orthonormalized projections of the magnetic states on the 

model VB space is as follows:   


�noo |778〉 |787〉 |877〉 
*778| -28.818 0.074 28.745 

*787| 0.074 -256.819 256.745 

*877| 28.745 256.745 -285.490 

Table 8 

In this case, comparison of the matrix elements of the effective Hamiltonian thus 

constructed and the expression of the representation of the Heisenberg Hamiltonian 

shown in Table 2 provides an additional equation to extract ��	 for this (2)-(1)--(3) 

asymmetric system: ��� = −2 ∙ (
noo)�,	 = −513.490 t$)�, ��	 = −2 ∙ (
noo)�,	 =
−57.489 t$)� and ��	 = −2 ∙ (
noo)�,� = −0.147 t$)�. In this case, if the 

assumption of symmetry is used to extract an average J value from the energy spectrum, 
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the large difference between ��� and ��	 values leads to an unphysical ��	 value. This 

example shows how important is the utility of the effective Hamiltonian in this case. 

In the case of the trinuclear Cu(II) complex, HAKKEJ, the DDCI magnetic states 

projected on the neutral determinants of the CAS(3,3) in localised orbitals in the (1)-(2)-

(3) topology have the following energies and components: 

 P� P� O 

∆E(t$)�) -317.773 -105.919 0.000 

*778| -0.041316 0.811441 -0.574696 

*787| -0.679604 -0.441623 -0.574696 

*877| 0.720920 -0.369817 -0.574696 

� tU�U∈vwF
 0.86010 0.86248 0.86397 

� tU�U∈i
 0.81888 0.84840 0.86397 

Table 9 

From these values, the matrix elements (in cm-1) of the effective Hamiltonian 

obtained using eqn (64) on the model VB space is as follows:   


�noo |778〉 |787〉 |877〉 
*778| -113.734 113.204 0.511 

*787| 113.204 -211.300 98.108 

*877| 0.511 98.108 -98.613 

Table 10 

Again, a comparison of the matrix elements of the effective Hamiltonian thus 

constructed and the expression of the representation of the Heisenberg Hamiltonian 

shown in Table 2 provides all the J values for the (1)-(2)-(3) topology: ��� = −2 ∙
(
noo)�,	 = −196.217 t$)�, ��	 = −2 ∙ (
noo)�,	 = −1.022 t$)� and ��	 = −2 ∙
(
noo)�,� = −226.409 t$)�. These values are in line with the observed Cu-Cu 

distances in the molecule. Moreover, these ab initio estimates of the relevant magnetic 

coupling constants provide a value of ��� ��	⁄ = 0.867 that is in good agreement with 

the corresponding hybrid DFT values around 0.90 (see Table 2 of paper #3.2).  
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However, if the assumption of symmetry is used to extract an average � value from 

the energy spectrum as used in the experimental fitting of the magnetic susceptibility vs. 

T curves, the large difference between ��� and ��	 values may lead to an unphysical ��	 

value. 

Finally, let us turn our attention to the organic triradical. For this system the DDCI 

magnetic states projected on the neutral determinants of the CAS(3,3) constructed with 

localised p orbitals on the radical centres in the (1)-(2)-(3) topology have the following 

energies and components: 

 P� P� O 

∆E(t$)�) 2431.46004493 788.80209430 0.00000000 

*778| -0.6508127 -0.4457024 0.5580807 

*787| 0.0617992 -0.7876415 -0.558082 

*877| 0.7125919 -0.341919 0.5580924 

� tU�U∈vwF
 0.93531 0.93638 0.93438 

� tU�U∈i
 0.93516 0.93594 0.93437 

Table 11 

The matrix elements (in cm-1) of the effective Hamiltonian obtained using eqn (64) 

on this model VB space is as follows:   


�noo |778〉 |787〉 |877〉 
*778| 874.528 -879.065 4.539 

*787| -879.065 1614.680 -735.603 

*877| 4.539 -735.603 731.050 

Table 12 

In this case, the extracted � values for the (1)-(2)-(3) topology are as follows: 

��� = −2 ∙ (
noo)�,	 = −1471.206 t$)� (182.41 meV), ��	 = −2 ∙ (
noo)�,	 =
−9.079 t$)� (-1.13 meV) and ��	 = −2 ∙ (
noo)�,� = −1758.130 t$)� (217.98 

meV). These values are in line with the reported values obtained using BS approach as 

reported in Table 4.3.3, to be found in the discussion after paper #4.3 in chapter 4. 
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However, as compared with the trinuclear Cu(II) case, these ab initio estimates of the 

relevant magnetic coupling constants provide a value of J12/J23=0.837 that is 

significantly larger than the corresponding hybrid DFT value around 0.70 suggesting 

that some larger delocalisation is present in some BS solutions (the asymmetric |ααβ〉 
solution). This effect has a larger effect on the value of J13 which is overestimated by 

almost one order of magnitude. The precise numerical relation between the different 

magnetic coupling constants in complex magnetic systems is important since the subtle 

interplay between the dominant and the less intense but more frequent (i.e.: larger 

number of pairs) is responsible of magnetic structure and properties of the system. 
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3.4. Publications. 

This section presents the work developed during this thesis concerning the accurate 

theoretical extraction of magnetic exchange interactions in complex systems. The 

contribution is presented in two works that have been partially explained throughout the 

previous discussion. Both are published. 

The two papers use the crystal structure of coordination compounds to extract the 

relevant magnetic interactions by means of the mapping approach, although each of 

them deals with different aspects of the formulation. Paper #3.1 focuses the attention on 

a family of heterodinuclear complexes and finds that in some cases the spin projector, 

which links the Heisenberg and Ising energetic spectra, cannot be defined. Paper #3.2 

studies a general trinuclear Cu(II) complex, where no symmetry operator relates the 

magnetic centres. Here, the problem with the mapping approach is not on the definition 

of the spin projector, but rather on the Heisenberg spectrum itself, since it does not offer 

enough energy differences to extract all relevant magnetic interactions. Both works 

served to identify some deficiencies of the mapping approach proposed by 

Nooddleman,4–6 which, following previous studies on our group,8 led to the proposal of 

an alternative mapping approach, and to its application and validation on three electrons 

three centres problem. 
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3.4.1. Paper #3.1. 

 

Spin Adapted versus Broken Symmetry Approaches in the 

Description of Magnetic Coupling in Heterodinuclear 

Complexes. 
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3.4.2. Paper #3.2. 

 

Handling Magnetic Coupling in Trinuclear Cu(II) 

Complexes. 
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3.5. Summary and Discussion of Results. 

The work here presented has dealt with the accurate calculation of magnetic 

interactions in coordination complexes, ranging from heterodinuclear to homotrinuclear 

compounds. The availability of crystal structures reduces the problem to only the 

electronic structure and the metallic nature of magnetic centres fulfils the assumption 

about local spins made by the spin Hamiltonians employed. This makes these systems 

ideal to develop and define robust approaches for the extraction of magnetic 

interactions. Additionally, these approaches can be further applied to organic interacting 

radicals where the magnetic centres are much more delocalized and on top of the 

electronic problem there is the structural flexibility, as investigated in chapter 4, which 

constitutes another test to check their validity. 

The structure of the chapter has aimed to present the ideas behind the mapping 

approach, by specifying each of the aspects with which it deals. In a general sense, the 

mapping approach relies on a one-to-one correspondence between three energetic 

spectra, one arising from the exact, non-relativistic, time-independent Hamiltonian and 

two from the spin model HDVV and Ising Hamiltonians. In the standard formulation it 

requires a spin projector that relates the energy and electronic distribution of the pure 

spin states by means of broken symmetry solutions. From the energy differences of 

these states, one can extract the magnetic coupling constants. Therefore, implicit in the 

mapping approach there are two requirements- first, the possibility of defining a spin 

projector, and second, counting with a sufficient number of energy differences to extract 

all relevant magnetic interactions. However, these requirements are not always fulfilled, 

and therefore alternative formulations of the mapping approach are needed. Thus, 

section 3.2.1. focuses on the description of pure spin states and introduces the three-

electron three-centre problem, where the HDVV Hamiltonian does not provide enough 

equations to extract the three coupling constants (see eqns(32-38)). Section 3.2.2 

concentrates on broken symmetry solutions, which corresponds to the Ising 

representation, and by developing the same examples as in section 3.2.1. manifests a 

relation between the diagonal elements of the HDVV and Ising matrix elements 

(compare Table 1 with Table 3 and Table 2 with Table 4). This is at the basis of an 

alternative formulation to the mapping approach, originally proposed in previous work 

on the group for dimer cases,8 and extended here to a general three-centre three electron 
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case. Finally, in section 3.3 the basic ideas of effective Hamiltonian theory are 

presented, and used to validate our proposal. 

Paper #3.1 studies a family of heterodinuclear coordination compounds that include 

copper vanadium (Cu-V), nickel vanadium (Ni-V) and copper nickel (Cu-Ni) dimer 

complexes with a variety of computational methods, ranging from wave function to 

density functional (including spin-flip techniques) based methods. All of them represent 

a a step further in the homodinuclear standard models used to describe magnetic 

interaction.8,12–14 For the Cu-V case, which is a two-centre two-electron problem, the 

performance of the various computational techniques yields magnetic coupling 

constants that are in good agreement with experiment, although generally 

underestimated and with a noticeable dependence on the density functional used. This is 

also seen for the simpler case of dinuclear Cu(II) complexes, which indicates that the 

different nature of the d electrons (d9 for Cu(II) and d1 for V) does not introduce major 

differences in the theoretical description of coupling constant values. The four 

compounds formed by the Ni-V and Cu-Ni couples are examples of a � = 1 (Ni(II)) and 

a � = 1 2⁄  (Cu(II) or V) interacting centres and represent a local triplet interacting with 

a local doublet. Interestingly, the standard mapping approach4–6 cannot be applied here 

because one cannot define a spin projector (see Scheme 4 and discussion therein). 

However, a mapping procedure using the expectation values of the Heisenberg 

Hamiltonian with an appropriate BS determinant provides a consistent relationship to 

derive the coupling constant value from BS solutions. 

Paper #3.2 studies a homotrinuclear Cu(II) compound where no symmetry 

operation relates the magnetic centres. At variance with paper #3.1, the problem on the 

mapping approach here arises because the system does not present enough pure spin 

states to extract all relevant magnetic interactions. Normally, a solution to this consists 

of neglecting one of the coupling constants or assuming certain symmetries that force 

equivalence between the magnetic centres, which simplifies the spectrum of the model 

Hamiltonian (see Scheme 2). However, as in the studied case in paper #3.2, these 

simplifications might not be applicable to the system, which demands alternative 

strategies that allow for an accurate extraction of all relevant coupling constants. Based 

on the equivalence of the diagonal elements of the HDVV and Ising matrix 

representations, one can use the energy of the corresponding broken symmetry solutions 

and map them into the expectation value of the energy of the corresponding broken 
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symmetry solutions of the HDVV Hamiltonian. This approach is validated by 

comparison of the calculated and experimentally obtained values. Whenever the system 

is of a Heisenberg type, this alternative formulation is expected to work well, because 

that would imply that there is no considerable mixing of the states, that the spin 

moments are local and interaction among pairs is isotropic. Moreover, despite the 

diverse values for the coupling constants obtained from different functionals, the 

relationship between the values remains almost constant. Additionally, paper #3.2 finds 

that by substituting one the magnetic centres by a total ion potential, which reduces the 

problem to two triplet-singlet energy differences8 to extract the two magnetic coupling 

constants. The calculated values are close to the extracted constants in the whole 

molecule. This might result in an effective strategy to study magnetic interaction in 

larger polynuclear complexes, by artificially reducing the system to simple units. The 

success of this oversimplified strategy is an indication of the locality of the magnetic 

interaction between magnetic centres. The fact of removing one of the magnetic centres 

(as long as the electrostatic potential left is well-treated) does not affect either the 

magnitude or the sign of the rest of magnetic interactions. This is further confirmed by 

effective Hamiltonian theory, since the relationship found for the magnetic coupling 

constants, as predicted by DFT-based calculations and the effective Hamiltonian, is 

similar. 

To conclude, this chapter uses the mapping approach as a general and accurate 

manner for extracting magnetic interactions in complex systems. By pointing out two 

main deficiencies that make the standard mapping approach4–6 not applicable to certain 

systems, and following previous work,8 we propose an alternative approach and apply it 

to three-centre three-electron problem. This approach is further verified by comparison 

to experiment and by means of effective Hamiltonian theory.
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4.1. Introduction. 

As shown in Chapter 1, magnetic properties in organic systems arise from a variety 

of different processes. However, a common feature is that the dominant exchange 

coupling between radical centres can always be classified either as a through-space or 

through-bond type interaction. One of the parameters that define the robustness of the 

magnetic properties in any material is the Curie temperature (TC). It is the temperature 

above which ferromagnetic behaviour is lost, leading to a paramagnetic response. In 

general, organic compounds showing through-space interacting radicals, such as 

nitroxides or charge transfer salts, present very low TC, as a result of the associated 

weak exchange interactions. On the contrary, π-conjugated neutral molecular 

compounds with a large number of radical centres interacting through-bond usually 

show stronger ferro- or antiferromagnetic interaction between the radical centres and are 

generally seen as good candidates for materials with relatively high TC, owing to the 

strong exchange coupling. That will be the case given that a particular set of conditions 

are fulfilled. 

Thus, this chapter aims at several goals. First, to present and justify those 

conditions, which translate into alternant non-Kekulé polycyclic hydrocarbons with 

non-disjoint singly occupied molecular orbitals (SOMOs). Second, to introduce and 

discuss different ways of assembling these molecular units for achieving extended 

polyradical systems, in order to promote chemical stability of the radical-bearing centres 

and robust ferromagnetic properties over a wide range of temperatures. To this end, a 

careful treatment of structural features (normally overlooked in the literature), derived 

from the inherent flexibility of the molecules, needs to be addressed. Finally, this 

chapter also serves to present and contextualize part of the work developed in this thesis 

as an attempt to move forward in this field of organic magnetism. 

Following this line of reasoning, the structure of this chapter is as follows: Section 

4.2 provides the arguments that justify why odd alternant hydrocarbons are considered 

the most promising molecular building blocks for obtaining very high-spin ground state 

π-conjugated polyradical systems. It will deal first with the theoretical works that 

rationalized the appearance of open-shell states in these neutral organic molecules with 

an even number of electrons (sections 4.2.1-4.2.3). Then, the validity of these 

topological rules is confirmed on a selection of experimentally characterized molecules. 
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This discussion also highlights the importance of providing effective manners to 

stabilize the radical centres when growing towards a polyradical, either promoting steric 

protection or introducing large delocalization of the unpaired electrons. Finally, this 

section ends with a discussion on the different coupling schemes to assemble the open-

shell building blocks. In particular, the experimental work developed by Rajca is 

ubiquitous along the discussion, since his research is the closest approach to a purely 

organic magnetism up to date. The interplay between topological arguments and 

connectivity of the building blocks is crucial to rationalize different observed 

phenomena and provide strategies to investigate new materials/molecules with 

improved magnetic properties. 

Section 4.3 presents the different works related to the subject of organic magnetism 

developed during the thesis. It consists of six works ranging from the most basic 

constituent in all discussed architectures, i.e. the m-xylylene (paper #4.1), to polymeric 

systems in one and two dimensions (papers #4.5 and #4.6 respectively). Paper #4.2 

investigates the role of 1,3-phenylene unit as a strong ferromagnetic coupler; paper #4.3 

studies the effect of structural flexibility on the ordering of electronic states of some 

organic diradicals; and paper #4.4 is a joint experimental and theoretical work dealing 

with the applicability of individual organic radicals as candidates for single molecule 

devices. In all cases, the discussion presents two sides. First, a proper treatment of the 

electronic structure for the description of magnetic properties, and second, a discussion 

on the structural features, which due to the inherent structural flexibility, play a 

significant role at variance with the systems presented in chapter 3. 

Section 4.4 presents a summary and a discussion on the the presented work. 

 

4.2. Ensuring High-Spin Ground States. Intramolecular Ferromagnetism. 

A typical organic molecule is always thought as a closed-shell system where all 

electrons are paired forming bonding molecular orbitals (MOs) and, therefore, no 

permanent magnetic moment is expected. Hence, the expected response of the system is 

diamagnetism. In general, the term radical (unpaired electron) in organic molecules is 

associated with an odd number of electrons, which implies an excess of one electron 

spin and the subsequent permanent magnetic moment. However, there exist molecules 
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which, even with an even number of electrons, unpaired electrons related to nearly 

degenerate non-bonding molecular orbitals (NBMOs) are present. Diradicals represent a 

very widely studied molecules.1,2 That sort of molecules has been central to the 

development of purely organic magnetism in the last decades, since they constitute 

some of the basic building block, and is at the heart of this thesis, structuring the 

discussion all along. Thus, this section aims to explain the reasons behind the 

appearance of open-shell states in these neutral radical species showing a significant 

chemical stability, which affords its use as building blocks in extended polyradical 

systems. Moreover, these arguments provide a set of rules to rationalize the problem, 

tentatively discarding possible molecular candidates together with a roadmap for 

moving forward in the development of purely organic magnetism. These rules rely on 

topological arguments to discuss the ground state spin preference of planar hydrocarbon 

molecules. 

4.2.1. Electronic Structure Considerations for Stabilizing Open-Shell States. 

In searching for organic ferromagnetism and the subsequent applications, the first 

element to consider is the basic molecular units to be used in constructing the desired 

material. Ideally, and as a rough approximation, the unit would promote a strong 

enough ferromagnetic coupling so as to ensure no crossing of states in a wide range of 

temperatures. Then, by covalently adding up basic units, the behaviour of the 

polyradical system would be expected to show similar characteristics, making it 

ferromagnetic in the same range of temperatures as the basic constituent. 

For a qualitative and conceptual explanation of the particular conditions that a 

system must fulfil to possess high-spin states preferentially stabilized, two electrons in 

two orbitals appear as an ideal case study. The discussion will serve, to a first 

approximation, to provide arguments on the preferential spin state of the system, based 

on two simple concepts: the orbital overlap and the exchange integral between the 

orbitals with unpaired electrons. What concerns us here is the electronic problem. In 

order to calculate the stationary quantum states of a given system of electrons and 

nuclei, it is necessary to solve the non-relativistic, time-independent Schrodinger 

equation: 

 ��� = �� (1) 
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where �� is the Hamiltonian operator associated to the system, E is the energy of a given 

stationary state and Ψ the wave function describing it. As a first approximation, we 

assume that, given the different mass between the electrons and nuclei, the description 

of their motion can be separated. This is the Born-Oppenheimer approximation,3 as 

explained in chapter 2, section 2.1.1. Since only light atoms of 1st and 2nd row are 

discussed, relativistic effects are discarded, except for the spin, which is introduced 

through the antisymmetry principle in the wave function. Then, the electronic 

Hamiltonian for a system formed by M nuclei and N electrons is written as 

 ����� = − 
 1
2
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 (2) 

 

where ZA is the atomic number of nucleus A, ∇�� is the Laplacian operator involving 

differentiation with respect to the coordinates of the i
th electron, riA is the distance 

between the ith electron and the Ath nucleus and rij is the distance between the ith and jth 

electron.  

Now, let two electrons be in two spin orbitals �� and ��, which represents the case 

of a diradical. There are six different manners of arranging the two electrons in the two 

spin orbitals. Two correspond to the closhed-shell singlet (the electrons have opposite 

spin being in the same orbital). The one with the two electrons in orbital �� is taken as 

the reference and will serve to construct the rest by mono and double excitations. 

 |�� > = ������ >=2 � �! "��#1$��#2$%#&#1$'#2$ − '#1$&#2$$ (3.a) 

   
 ����(��( > = |22� >=2 � �! "��#1$��#2$%#&#1$'#2$ − '#1$&#2$$ (3.b) 

 

The following two correspond to the Sz = ±1 component of the triplet state (the electrons 

have the same spin being each in different orbital); 

 ����( > = |2�1� > = −2 � �! "��#1$��#2$ − ��#1$��#2$%'#1$'#2$ (4.a) 

   
 ���(� > = |12 > = −2 � �! "��#1$��#2$ − ��#1$��#2$%&#1$&#2$ (4.b) 

 

and remaining two corresponding to the electrons having opposite spin being in 

different orbitals (open-shell singlet). 

 |��� >= |21� > (5.a) 
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 ���(�
( >= |12� > (5.b) 

 

These configurations are not eigenfunctions of the )� operator (see chapter 2) but, by 

taking the appropriate linear combinations, they can become spin-adapted. In particular, 

the singlet spin-adapted configuration is 

 � �� �� > = 2 � �! *���(�
( > +|��� >+  

                 = 1
2 "��#1$��#2$ + ��#2$��#1$%#&#1$'#2$ − '#1$&#2$$ (6) 

 

and the triplet spin-adapted configuration is  

 � �- �� > = 2 � �! *���(�
( > −|��� >+  

                 = 1
2 "��#1$��#2$ − ��#2$��#1$%#&#1$'#2$ + '#1$&#2$$ (7) 

 

By calculating the energy of these two spin-adapted configurations, expressed in terms 

of single electron operators (see chapter 2 section 2.1.2) it is obtained that, 

 . �� ����� �� ��/ = ℎ�� + ℎ�� + 1�� + 2�� (8) 
   
 . �- ����� �- ��/ = ℎ�� + ℎ�� + 1�� − 2�� (9) 

 

where h11 and h22 are the one-electron contributions, due to the kinetic energy and 

nuclear attraction for occupying orbital 1 and 2 respectively. J12 is a two-electron 

integral, normally referred to as coulomb integral, and represents the classical 

Coulombic repulsion between the charges of electron 1 and 2. It writes as 

 1�� = 3 45� 45�|��#5�$|���� �|��#5�$|� (10) 

 

K12 is also a two-electron integral, called exchange integral, and it does not have a 

classical interpretation. It writes as 

 2�� = 3 45� 45���∗#5�$��#5�$��� ���∗#5�$��#5�$ (11) 

 

Both coulomb and exchange integrals are positive, which implies that if the orbitals for 

both states are equal or similar, the triplet state is more stable than the singlet state by an 

amount of two times the exchange integral. 
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 . �- ����� �- ��/ − . �� ����� �� ��/ = −22�� (12) 
 

Given the importance of this term in defining, to a first order, the relative energetic 

position of the spin-states, few more words are needed. First, in order to clarify the 

origin and nature of the exchange integral, consider the Hartree product approximation 

to the wavefunction, which is a simple product of spin orbital wave functions for each 

electron, in the form �78#9�, 9�, … , 9
$ = <�#9�$<�#9�$ … <=#9
$. It is an 

uncorrelated wave function because the simultaneous probability of finding electron-

one in the volume element dx1, electron-two in dx2, etc., is equal to the product of 

probabilities of finding electron-one in dx1, times the probability of finding electron-two 

in dx2, etc. Consequently, this approximation does not account for the 

indistinguishability of the electrons. If Hartree products are used to calculate the 

energies of two electrons with spin-up or down against two electrons with opposite 

spins each, they will be found to be degenerate, and only coulomb-type two electron 

integrals appear. It is then clear that the exchange integral arises when accounting for 

the indistinguishability of electrons, which is achieved when using a wave function that 

fulfils the antisymmetry principle. As a consequence, the exchange integral is a 

manifestation of the correlation between electrons of the same spin, even at a 

monodeterminantal approximation to the wave function. Second, for an explicit 

discussion on the interpretation of the exchange integral, consider the associated 

operator and its application to the spin orbital �� 

 K��#1$��#1$ = ?3 49���∗#2$��� ���#2$@ ��#1$ (13) 

 

The application of K��#1$ on ��#1$ depends on the value of �� in all space, not only at 

x1, which is the reason for considering the exchange operator as a nonlocal operator; it 

does not exist a simple potential K�#1$ uniquely defined at a local point in space x1.  

From the previous discussion it is evident that the larger the exchange integral, the 

larger the energetic gap between the singlet and triplet states. Given that it is defined 

throughout the space, the larger the regions where orbitals are defined, the larger the 

value for the exchange integral. At this point is where the interplay between the 

exchange integral and the orbital overlap for the discussion of spin preference becomes 

evident. The overlap integral between orbitals �� and �� is defined as follows: 
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 )�� = 3 ��∗ ��4A (14) 

 

Thus, the larger the region of space in which the two orbitals are defined, the larger the 

value of the overlap integral, as in the case of the exchange integral. However, they 

introduce opposite effects. While a greater 2�� value stabilizes the triplet state 

(eqn(12)), a larger )�� value implies an enlarged highest occupied to lowest unoccupied 

molecular orbital (HOMO-LUMO) gap, what favours the pairing of the electrons. Then, 

to a first approximation, to ensure the stabilization of the triplet state it is required a 

close-to zero overlap between the orbitals and at the same time, a large region of space 

shared by the two unpaired electrons. 

In a general sense, magnetism arises when the orbital overlap (eqn14) is small, 

which avoids pairing of the electrons, and the exchange integral (eqn11) is large, 

favouring open-shell states. There are different manners to achieve a favourable balance 

of the exchange integral with respect to the orbital overlap, resulting in a preference for 

high-spin ground states. One is ensuring orthogonal orbitals ()�� = 0 by definition and 

Hund’s rule applies) and another promoting a balance between through-bond and 

through-space magnetic interactions in localized radicals4,5. Another way, which is the 

adopted strategy in this thesis, is based on fully conjugated π-systems with certain 

topologies that ensure a degenerate and orthogonal character of the non-bonding 

molecular orbitals (NBMOs), promoting an almost zero orbital overlap while 

maximizing the exchange integral. This strategy is at the core of the chapter and helps to 

introduce the particular requirements of the molecular architectures here studied. 

4.2.1.1. Atomic Centres: The Hund’s Rule. 

The most straightforward way for such favourable interplay between the exchange 

and orbital overlap integral occurs when the system presents orthogonal orbitals, as in 

simple atoms and carbenes. Here, the orthogonality ensures a zero orbital overlap. On 

the other hand, since the orbitals are defined over the same centre, there are regions of 

space where the electrons can interact (i.e. large exchange integral). On the basis of this 

argument, the high-spin ground state of carbenes or of the 3d- and 4f-atomic orbitals on 

the transition and lanthanide metal atoms is explained. This argument can be extended 

and applied to more general cases, passing from a situation in which the orthogonal 

orbitals are defined over the same centre, to a multicentre system. In such case, the 
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crucial point would then be to ensure a proper orthogonality of the atomic orbitals 

bearing the unpaired electrons, and as it will be discussed in the forthcoming sections, 

topology is the key parameter to help defining such restrictions. Therefore, Hund’s rule 

by itself is not a sufficient argument in searching for high-spin ground state molecules 

and further consideration have to be made as discussed in more detail in section 4.2.2 

and 4.2.3. 

4.2.1.2. Localized Biradicals. Through-Space and Through-Bond Interactions. 

A second manner of enlarging the exchange integral while minimizing the orbital 

overlap is the introduction of a unit that links the unpaired electrons through a covalent 

bond. In here, at variance with the two orbitals being defined over the same centre, the 

unpaired electrons are localized in different centres. The subsequent phenomena can be 

successfully described in terms of orbital interactions through-space and/or through-

bond. In solid-state chemistry, this corresponds to the superexchange mechanism 

introduced by Anderson6,7 in order to explain the appearance of antiferromagnetism, 

which was further treated by Hay, Thibeault and Hoffmann.8 In organic molecules, the 

first mention to a through-bond interaction is found in the work by Hoffman9,10 

describing trimethylene, which was later extended by Dougherty et al4,5 for the case of 

localized biradicals. 

The treatment that Hay, Thibeault and Hoffmann8 and Goldberg and Dougherty4 

perform is similar. In each work the orbitals are transformed in order to get a general 

valence bond description. A detailed development of the procedure followed can be 

found in the mentioned references; here, only the main conclusions will be discussed, 

since it provides the necessary arguments to later introduce the particular structural 

features of the molecules that are at the core of this thesis. Both works describe the 

magnetic interactions of two localized unpaired electrons and provide expressions for 

the singlet-triplet energy gap expressed in terms of electronic integrals, as two opposing 

terms. The conclusions obtained are therefore equivalent, despite the different nature of 

the spin-bearing centres, being in one case copper d9 atoms and in the other radical sp
2 

atoms. An important success of these models is that they provide structural arguments 

for the design of molecules with a preferential triplet spin state. This is clearly seen 

inspecting the equation that Hay, Thibeault and Hoffmann8 provide for the singlet-

triplet energy gap: 
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 �C − �D = 1 = 22EF − #G� − G�$�
1EE − 1FF

 (15) 

 

where G corresponds to the one-electron energy corresponding to the mono occupied 

orbital and  1EE and 2EF correspond to the coulomb and exchange integrals respectively. 

It is worth saying that this expression can be seen as a generalization of equation (12), 

and defines more specifically the previous discussion about the interplay between the 

exchange integral and the orbital overlap, as denoted by the two opposing terms. The 

term G� − G� clearly relates to the orbital overlap; a large G� − G� difference will make 

the rightmost term in eq. 15 greater than the exchange integral, resulting in a 

stabilization of the singlet state (�C − �D < 0$. Similarly, a large overlap will increase 

the energetic difference between the resulting HOMO-LUMO orbitals, favouring the 

singlet state. Contrarily, if the mono occupied orbitals are degenerate, i.e. G� = G�, the 

rightmost term in eq. 15 vanishes and the triplet state is two times the exchange integral 

more stable. The discussed picture is also similarly derived from the treatment that 

Goldberg and Dougherty4 perform. The expression that they provide is less compact, but 

essentially holds the same conclusions. The expression for the singlet-triplet energy gap 

that they find is 

 ∆�C D = 22�J
#1 − )�JK $ − #−4)�Jℎ�J + 2)�J� ℎ + 2)�J� ℎJJ + 2)�J� 1�J$

#1 − )�JK $  (16) 

 

where h, J and K are, respectively, the one-electron, Coulomb and exchange integrals 

over the general valence bond orbitals. )�J is the general valence bond pair overlap. 

There is a clear correspondence between this expression and the one given by Hay, 

Thibeault and Hoffmann,8 although here the role of the orbital overlap appears 

explicitly, through )�J. As concluded previously, a large overlap between the orbitals 

indicate a bonding interaction, leading to a preference for the singlet state. Interestingly, 

Goldberg and Dougherty separate the nature of the problem into an additional opposing 

relationship between through-space and through-bond interactions. They conclude that 

for a stabilization of the triplet state to happen in this sort of localized biradicals, 

specific and quite restrictive conditions must be fulfilled. Particularly,4 “only when the 

through-bond and through-space effects nearly balance one another and the non-

bonding molecular orbitals (NBMOs) are nearly degenerate does a triplet ground state 

result”. This is a direct consequence of the features of localized radicals, and hinders 



168  Chapter 4. 
 

their use to effectively achieve extended polyradical systems, where the different 

conformations and interactions might make the degeneracy of the NBMOs not an easy 

parameter to control. 

Taken together, the previous discussion exemplifies how a proper control of the 

orbital overlap and the exchange integral affords a preferential stabilization of the triplet 

state with respect to the open shell singlet state. Such control is dictated by the 

particularities of the system under study; thus, the triplet state in a carbene is an 

expression of Hund’s rules and in localized diradicals is the consequence of the 

equilibrated through-bond and through-space interactions. However, for the purpose of 

obtaining a high-spin ground state molecule with many unpaired electrons interacting 

ferromagnetically, these two strategies are inappropriate due to the limited number of 

interacting spins. 

It would be then convenient to count with strategies that afford open-shell ground 

states due to a favourable balance between the exchange integral (eqn. 11) and the 

orbital overlap (eqn. 14) while offering the possibility for many spins to interact. The 

most efficient manner is by introducing π-conjugation, which allows a large 

delocalization and consequently interaction of the unpaired electrons throughout the π-

system. 

4.2.1.3. Promoting Delocalization: π-Conjugation. 

For the upcoming discussion it is appropriate to explicitly define the most relevant 

concepts, such as conjugation and delocalization. 

Conjugated system (conjugation): A conjugated system is a molecular entity whose 
structure may be represented as a system of alternating single and multiple bonds: e.g. 
CH2=CH–CH=CH2. In such systems, conjugation is the interaction of one π-orbital with 
another across an intervening σ-bond in such structures.  

Delocalization: A quantum mechanical concept most usually applied in organic 
chemistry to describe the π-bonding in a conjugated system. This bonding is not 
localized between two atoms: instead, each link has a 'fractional double bond character' 
or bond order. There is a corresponding 'delocalization energy', identifiable with the 
stabilization of the system compared with a hypothetical alternative in which formal 
(localized) single and double bonds are present. The effects are particularly evident in 
aromatic. 

Aromaticity: A cyclically conjugated molecular entity with a stability (due to 
delocalization) significantly greater than that of a hypothetical localized structure (e.g. 
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Kekulé structure ) is said to possess aromatic character. If the structure is of higher 
energy (less stable) than such a hypothetical classical structure, the molecular entity is 
'antiaromatic'. 

From a qualitative point of view, the introduction of conjugation delocalizes the 

spatial areas where the orbitals hosting the unpaired electrons are defined. This implies 

that there are larger regions where the electrons interact. If no further restrictions apply, 

the orbital overlap (eqn. 14) will overcome the direct exchange integral (eqn. 11) 

resulting in bonding interaction, which would suppress any interesting magnetic 

property.  

Fortunately, by topological arguments it is possible to define π−orbitals that, while 

defined over the same regions of space, are degenerate and orthogonal, which penalizes 

orbital overlap and enhances direct exchange integral. These topological arguments 

translate into very specific characteristics of the conjugated system, restricting the 

molecular candidates to alternant non-kekulé polycyclic hydrocarbons with non-disjoint 

singly occupied molecular orbitals (SOMOs). By construction, the degeneracy is fixed 

(through the topology), and the discussion on spin state preference reduces to terms 

related to the exchange integral. The purpose of the forthcoming sections is the 

explanation of each of these terms, together with the discussion of experimental and 

theoretical efforts that targeted such specific molecules as candidates for the 

development of extended polyradical systems. 

4.2.2. Topology. 

Topological arguments are of paramount importance because they allow a 

simplification of the electronic problem and provide valuable predictions. Particularly, 

in π−conjugated planar systems, one can divide the orbitals with local σ and π 

symmetry and treat them separately. For the vast majority of properties related to the 

low-lying energy states in a conjugated molecule, the associated phenomena are 

governed by valence electrons located in π orbitals.  

This section discusses the theoretical works that settled the basis of spin preference 

based on topological arguments. Particularly, those are the works by Longuet-Higgins11, 

Ovchinnikov12 and Lieb.13–15 The discussion of what they propose allows introducing 

explicitly the arguments for the choice of alternant non-kekulé hydrocarbons in the 

broader category of alternant non-kekulé hydrocarbons with non-disjoint singly 
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occupied molecular orbitals (SOMOs) molecules studied in the present thesis. Then, this 

section can be regarded as a preliminary step defining the most basic elements which 

helped into the development of purely organic magnetism and that are common to all 

structures discussed from now on. Before going in further detail, it is convenient to 

define the different terms that will be used. 

Hydrocarbon: Compound consisting of carbon and hydrogen atoms only. 

Alternant: A conjugated system of π electrons is termed alternant if its atoms can be 
divided into two sets (starred, not-starred) so that no atom of one set is directly linked to 
other atom of the same set. Even hydrocarbons refer to systems with the same number 
of starred and not-starred, while odd hydrocarbon present different number of atoms 
belonging to each subset. 

Alternancy symmetry: A topological property of the molecular graphs of alternant 
hydrocarbons. A consequence of this property is the symmetrical arrangement of the 
energy levels of bonding and antibonding Hückel MOs relative to the level of a 
nonbonding orbital. 

Non-Kekulé molecule: Molecules that are fully conjugated, but each of whose 
Kekulé structures contains at least two atoms that are not π-bonded. 

In a broad sense, the three mentioned works deal with the theoretical prediction of 

the electronic configuration in the ground state of a given alternant lattice of electrons. 

The alternant condition is crucial since it introduces the necessary restrictions in terms 

of the allowed interactions that account for the obtained properties. Where Longuet-

Higgins relies on molecular orbitals theory, Ovchinnikov applies general valence bond, 

overcoming some inconsistencies of the former. Lieb’s work brings the most general 

approach analysing the problem in terms of Hubbard Hamiltonian, but in essence 

Ovchinnikov’s (mostly applied in polycyclic AHs) and Lieb’s (used in solid-state 

physics) formulations are equivalent. For a deeper insight, the different works will be 

briefly reviewed. 

4.2.2.1. Predicting the Number of Unpaired Electrons: Longuet-Higgins Analysis.11 

This work deals with unsaturated hydrocarbons in which all the carbon and 

hydrogen atoms lie in one plane and each carbon atom possesses a sp
2 hybridization. 

The main purpose of the inspection is to determine the number of unpaired electrons in 

the ground state of such alternant hydrocarbons (AHs), using the linear combination of 

atomic orbitals (LCAO) approximation to describe the resulting π orbitals. The starting 

point of the argumentation is that in an AH with N carbon atoms, there will be N π 
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molecular orbitals, out of which M will have non-zero binding energy and will appear in 

pairs with opposite energies, as stated in Coulson and Rushbrooke pairing theorem.16 

The ones with negative energy correspond to bonding orbitals and will consecutively 

host pairs of electrons. Therefore, there are N-2M π orbitals of zero energy which 

cannot mix. By applying Hund’s rule is then stated that in the most stable configuration 

there will be, at least, as many unpaired electrons as zero-energy molecular orbitals. In a 

more general sense, the conclusion of this work can be expressed as 

 MNOPQ�RSTE�J�U ����VJWSX = M − 2Y (17) 
 

where N is the number of carbon atoms and T is the maximum number of double bonds 

(a triple bond being counted as two double bonds) occurring in any resonance structure 

in a given alternant hydrocarbon. This number happens to coincide with the number of 

carbon atoms without double bonds in any of the resonant structures. Obviously, the 

number of unpaired electrons is the same as the number of non-bonding molecular 

orbitals (NBMOs).  

Despite the approximations of this approach, which is based on simple Hückel 

model, it counts with numerous examples that proof its convenience. As a matter of 

fact, consider the m-xylylene diradical as indicated in Figure 1. Note that the number of 

double bonds in any resonant structure is three, which together with the eight carbon 

atoms, result in the prediction of two unpaired electrons. The electronic structure of m-

xylylene was experimentally investigated by negative ion photoemission electron 

spectroscopy and indeed was found to possess a ground state with two unpaired 

electrons interacting ferromagnetically,17 well below in energy (~9.6 Kcal/mol) from the 

closest excites state. However, it is worth saying that Longuet-Higgins work does not 

provide any information on how the unpaired electrons interact (either ferro- or 

antiferromagnetically) and that the predictions derived from the model are not always 

accurate, as it will be explicitly treated in section 4.2.4. Ovchinnikov and Lieb treatment 

correct some of these deficiencies. 
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Figure 1. m-xylylene diradical. a) resonant forms involved in the stabilization of the unpaired electrons. 

b) alternant character of the molecule and number of unpaired electrons as predicted by Longuet-Higgins. 

 

4.2.2.2. Predicting Ground State Multiplicity: Ovchinnikov12 and Lieb13–15 

Analysis. 

Any model aiming to explain the interactions of N fermions in a given lattice, 

should correctly predict the multiplicity of the ground state in the resulting arrangement. 

On top of that, the issue of degeneracy appears as paramount because it is the way of 

ensuring uniqueness of the ground state. This is precisely the goal of the works 

discussed here. Let’s first consider Ovchinnikov’s development in alternant 

hydrocarbons, since it can be seen as a particular case of the more general Lieb’s 

theorem for bipartite lattices. Bipartite lattice is equivalent to alternant lattice. 

Ovchinnikov introduces the problem of an odd alternant lattice in which the number 

of starred carbon atoms (Z�∗) is different to the number of non-starred ones (Z�). The 

spin Hamiltonian that is used throughout his work is the standard Heisenberg-Dirac-Van 

Vleck spin Hamiltonian (see chapter 3, section 3.2.1) considering two-body interactions 

through nearest neighbours. It writes as 

 �[ = 1
2 
 1�,�´

#�$#)�])� ́ + )�]́)� $ + 
 1�,�´
#�$)�̂ )�´̂

�,�´�,�´
 (18) 

 

where )�] acts on site l by increasing ½ the spin value, )� ́ acts on site l´ by decreasing ½ 

the spin value, and )�̂  is the projection in the z axis of the spin value (1/2 for spin-up 

and -1/2 for spin down). Then, by definition, it is imposed that all two-body terms are 
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positive (1�,�´
#�$

 and 1�,�´
#�$

 are fixed >0), implying an antiferromagnetic interaction between 

neighbouring sites. The sign of the left-most sum will always be positive, since the spin 

operators )�] and )� ́ do not change the sign of the exchange integral 1�,�´
#�$

. It follows that 

for obtaining the lowest state energy, it is necessary to minimize the right-most sum. 

That is achieved if the sign of all 1�,�´
#�$

 are negative, which is the case only when all Z�∗ 

atoms have )�̂ = 1 2!  and all Z� atoms have )�̂ = − 1 2! . Consequently, the total spin of 

such state is positive and equals: 

 ) = |Z�∗ − Z�|
2  (19) 

 

What is left is to ensure that the found lowest state is non-degenerate, which is obtained 

following the reasoning of Lieb, Schultz and Mattis,13 but will not be explained here. 

On the other hand, Lieb15 adopts a more general approach making use of the 

Hubbard model. Again, the characteristic that defines the rest of the properties is the 

bipartite character of the chosen lattice, where |_| #|`|) is the number of sites in the B 

(A) sub lattice and N is the number of electrons. The Hubbard model on a finite lattice Λ 

is defined by the Hamiltonian 

 � = 
 
 abcdbef dce
b,c∈he

+ 
 ibZb↑Zb↓
b∈h

 (20) 

 

where ib is the on-site repulsion energy, the operators db↑ and db↓ and their adjoints dbef  

satisfy the fermion anticommutation relations ldbef , dcmn = obcoem and ldbe, dcmn = 0. 

The hopping matrix elements abc are real and satisfy abc = acb. They can be interpreted 

as overlap matrix elements of real operators in real, localized orbitals. Given a bipartite 

lattice Λ, abc = 0 for all p ∈ ` and q ∈ ` or p ∈ _ and p ∈ _. The aim is then to study 

the ground state of H for a given N. According to the sign of ib, Lieb presents two 

theorems. The first theorem addresses the case in which ib ≤ 0 for every x (attractive 

case) and N is even. Then, it is stated that among the ground states of H there is one 

with spin multiplicity ) = 0, which, if ib < 0 for every x, is unique. The second 

theorem considers the case in which ib > 0 for every x (repulsive case), N is even and 

|_| ≥ |`|. Then, it is stated that the ground state of H is unique and has spin 

multiplicity 
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 ) = 1
2 #|_| − |`|$ (21) 

 

This expression is equivalent to the one provided by Ovchinnikov12 as shown in Eq. 

(19). 

Taken together, these arguments provide a first approximation for the prediction of 

ground state multiplicity in alternant hydrocarbons, and allow for a choice of the 

building blocks to be used in the construction of extended polyradicals. Figure 2 

 

Figure 2. Schematic representation of the three different manners (coupling units) of connecting two 
unpaired electrons through a six-membered ring. 1,3-phenylene unit promotes  a ferromagnetic coupling. 

 
schematically presents the three different manners of connecting two unpaired electrons 

through a six- membered aromatic ring and indicates that only through a meta 

connection a high-spin character of the ground state is predicted. Experimentally,18–21 

much effort has been devoted to this particular issue, leading to a general accepted 

conclusion: If the spin density in the six-membered ring unit is not affected by large 

steric hindrance, a meta or 1,3-phenylene connection leads to ferromagnetic interaction 

between unpaired electrons.  

Finally, in order to close the selection of theoretical works dealing with topological 

arguments for the magnetic description of conjugated hydrocarbon systems, it is 

important to mention the exhaustive treatment carried out by Maynau and Malrieu.22,23 

They propose and apply a method, based on a valence bond effective Hamiltonian 
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parametrized by means of ab-initio calculations, to inspect how neutral determinants 

interact with higher-order excitations and which is the associated contribution to the 

energy. It is worth mentioning that all discussed theoretical works assume perfect 

planarity of the systems, allowing for a strict σ−π separation. However, in real case 

examples, this is an exception rather than a rule, given the structural flexibility of the 

covalent organic bonds. In fact, as far as theoretical calculations based on ab-initio 

methods for the prediction of magnetic coupling constants in this sort of compounds are 

concerned, molecular conformation has very rarely been taken into account. Precisely, 

one of the objectives of this thesis is to take advantage of such flexibility to provide new 

arguments on the stability and magnetic interactions of related compounds. 

Finally, and as an early indication of the forthcoming discussion, it is worth saying 

that if a chemical stabilization of the radical centres is not addressed, the prediction of 

the ground state multiplicity becomes secondary because the high reactivity of such 

exposed centres would immediately destroy any property of interest. Therefore, the 

possibility of sterically protecting the radical centre becomes crucial. For instance, in 

the m-xylylene diradical, substitution of Hydrogen atoms for phenyl rings at each of the 

radical centres leads to the Schlenk diradical, which might be seen as two Gomberg’s 

monoradicals. These are three very reactive species. However, for the latter case, a 

further substitution of Hydrogen atoms by Chlorine atoms, results in the 

perchlorotriphenylmethyl (PTM) radical, known as one of the most stable organic 

radicals.  

In conclusion, the choice of these architectures to achieve extended polyradical 

systems allows ensuring the ground state multiplicity through topological arguments 

and a chemical stabilization of the radical centre through steric protection. 

4.2.3. Ordering of Low-lying Electronic States: Disjoint vs Non-Disjoint SOMOs. 

The previous sections have consecutively introduced each of the concepts and 

reasons that provide arguments for using alternant non-Kekulé polycyclic hydrocarbons 

for achieving high-spin ground state purely organic compounds. The underlying 

reasoning was promoting a large exchange integral while minimizing the orbital 

overlap. This section will be devoted to the last characteristic of the molecules that have 

been used in this thesis for the design of extended polyradicals, i.e., non-disjoint singly 

occupied molecular orbitals (SOMOs). The rationalization of the problem in terms of 
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disjoint and non-disjoint molecular orbitals permits the correct prediction of the ground 

state multiplicity in compounds where pure topological arguments could be misleading. 

This section will deal entirely with the work of Borden and Davidson,24 who were 

the first making use of the non-disjoint vs disjoint character of singly occupied 

molecular orbitals (SOMOs) to explain the electronic nature of some conjugated 

alternant hydrocarbon (AH) diradicals. As explicitly pointed out in the work, the 

interest of the authors derive from the investigation of the electronic structure in 

trimethylenemethane (TMM), where a conformational change is concomitant to a 

change of the ground state. This is a first indication of the subtleties of this sort of 

molecules where a shortcut in the π system has large implications on the electronic 

structure. This particular issue will be further investigated in the forthcoming sections. 

The most straightforward message of the work is that the classification of alternant 

hydrocarbons depending on whether their non-bonding Hückel orbitals (NBMOs) can 

be confined to disjoints sets of atoms or not, allows for an accurate prediction of both 

the ground state of the system and the character of the triplet and singlet open shell 

wave functions. Basically, for an even alternant hydrocarbon, it will always be possible 

to define disjoints SOMOs, resulting in a triplet and singlet open shell states almost 

degenerate. On the other hand, for and odd alternant hydrocarbon, it is possible to 

construct the corresponding SOMOs which will be non-disjoint and defined uniquely 

over the starred atoms. As a consequence, the triplet state will be more stable than the 

open shell singlet. This conclusion is reminiscent of the discussion concerning eq. (12). 

However, it always exist the possibility of carrying out a further localization of these 

SOMOs in different atoms belonging to the same starred subset. If that is the case, the 

triplet and open shell singlet would be degenerate again. An important conclusion of 

this work is that it provides the way of checking if this additional localization can be 

performed. This will occur when a diradical can be analysed as resulting from union of 

two odd AHs at an inactive carbon (those with a zero coefficient in their NBMO) of 

each, provided that in one and only one of the odd AH fragments the inactive carbon 

belongs to the same (starred) set as the active carbons of the NBMO. For a qualitative 

explanation of the discussion, Figure 3 presents two odd AHs. Those molecules are the 
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Figure 3. Singly occupied non-bonding MO for TMM and m-xylylene in the triplet state, with a total 

conjugated π-sytem and a disrupted one. The character of the SOMOs and the energetic difference 

between the triplet and open shell singlet is also indicated. 

well-known trimethylenemethane (TMM) and m-xylylene. When they are planar, the 

SOMOs are non-disjoint, resulting in a triplet ground state. However, if there is a 

disruption of the π system through a rotation of one of the methyl groups, the SOMOs 

can be confined to different atoms belonging to the same subset, what results in an 

almost degeneracy of the two electronic states. Obviously, for the design of extended 

polyradical systems making use of these units as building blocks, those are features to 

take into account. In fact, an exhaustive study of the conformational freedom of some 

di- and triradicals derived from the m-xylylene, and the impact on the ordering of the 

electronic states is presented in papers #4.3 and #4.4. 

This section has finished introducing the necessary conditions that a given AH must 

fulfil to ensure a high-spin ground state, and justifies the structures that have been 

investigated along this chapter of the thesis. Once again, those are alternant non-Kekulé 

polycyclic hydrocarbons with non-disjoint singly occupied molecular orbitals 

(SOMOs). As previously discussed, a non-disjoint character of the SOMOs implies an 

odd alternant hydrocarbon. These requirements provide enough information for making 

a grounded choice on the most appropriate building block for a hypothetical 

construction of extended polyradicals. However, those are not concerned with the 

stabilization of the intrinsically unstable radical centres, and by themselves do not 

warrantee that the predicted systems are feasible experimentally. Thus, for a reasonable 

prediction of interesting purely organic magnetic systems, chemical stability arguments 

must be considered as a pre-requisite, and using persistent radical, which are already 



178  Chapter 4. 
 

chemically stable, as building blocks appear as a reasonable starting point. Next section 

presents some of the available persistent organic radicals in the literature aiming at 

selecting the most promising ones, in terms of chemical stability and possibilities of 

extension, to construct stable high-spin ground state polyradicals. Additionally, this 

discussion serves a test for checking the validity of the topological rules. 

4.2.4. Experimental Examples of Topological Rules. 

This section will present some of the examples of neutral alternant hydrocarbon 

compounds existing in the literature showing radical character. It aims at providing the 

experimental counterpart and validation of the theoretical considerations that have been 

discussed so far. 

Figure 4 introduces a series of alternant hydrocarbons that have been characterized 

as radical species. In the first column, the discussed molecules are divided depending on 

whether they are even (1-4) or odd (5-13) hydrocarbons, i.e.; if they possess the same 

number of atoms belonging to the two subsets (|A|, |B|). Another difference is that 

despite being depicted as diradicals, for molecules 1-4, it is possible to write down 

resonant forms breaking the aromaticity of the six membered rings, pairing the unpaired 

electrons in the methylene extremes. In molecules 5-13 that is not possible. The second 

column indicates the total number of carbon atoms (N) and the maximum number of 

double bonds occurring in any resonance structure (T) together with the number of 

atoms belonging to the two subsets. This information is used as input for equation (17) 

and equation (21), for the prediction of the number of non-bonding MOs and ground 

state multiplicity as discussed in section 2.2, respectively in the third and fourth column. 

Fifth column indicates the character of the associated singly occupied MOs, as 

introduced in section 2.3. Finally, the rightmost column compares the ground state of 

the molecule as predicted theoretically and proved experimentally. Thus, even 

hydrocarbons present disjoint SOMOs resulting on a triplet and open shell singlet nearly 

degenerated. On the contrary, odd hydrocarbons present non-disjoint SOMOs and if no 

further localization to different atoms of the same subset can be made, the triplet state 

will be around two times the exchange integral more stable than the open shell singlet. 

Again, at a first approximation, the reason for such differential stabilization is due to the 

degenerate and orthogonal character of the SOMOs, which is dictated by the alternancy 
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of the lattice, ensuring an almost zero orbital overlap while maximizing the shared 

region of space (exchange integral).  

First, a close inspection of molecules 1-4 and some works derived from them will 

be presented. Molecule 1 is the well-known tetramethyleneethane (TME). The ground 

state of this molecule is subject to controversy, because two experimental independent 

methodologies provide contradictory conclusions. In one hand, Dowd et al.25 found that 

the temperature dependence of the intensity of triplet EPR signal followed the Curie-

Weiss law, concluding that the ground state was a triplet. On the other hand, NIPES 

experiment26 indicated that the singlet state is 3 Kcal/mol more stable than the triplet. 

As proposed by Lineberger and Borden,27 an explanation that would bring together the 

two experiments would be to assume that the populated triplet states of TME slowly 

relax to the lower energy state, which is a singlet. Compound 2 is the para-

quinodimethane (p-QDM) or p-xylylene, showing a well characterized singlet as the 

ground state,28–30 in accordance with the prediction from the topological rules. It is 

worth noting that the associated 1,4-phenylene is an antiferromagnetic coupling unit 

(see Figure 2). Molecule 3 is the hypothetical p-dimethylene pyrene, predicted to be an 

open-shell singlet ground state. No experimental evidence on its electronic structure is 

available. Finally, compound 4 is the well-known Thiele’s diradical, showing a singlet 

as the ground state.31. Clearly, even alternant hydrocarbons do not appear as promising 

candidates as building blocks for achieving polyradicals, but they possess other 

interesting characteristics. In particular they represent a field to study the interplay 

between aromatic and radical character, together with a variety of optical properties, due 

the different nature of the low-lying states. This subtle interplay has been reviewed by 

Wu et. al.32 and theoretically investigated by Trinquier and Malrieu,33 in 2-4 molecules 

and extended derivatives. Basically, if the energy required to break a double bond, 

which yields the unpaired electron, is paid back by the concomitant generation of the 

aromatic six-membered ring, a strong radical character can be expected. The use of 

quinoidal cores (1,4-phenylene) is the most convenient route for this end. An additional 

feature of these compounds derives from the role that anti-aromaticity has in stabilizing 

the triplet excited state, bringing it even closer in energy to the ground state, as 

investigated by Baird through second order perturbation theory.34 Baird established that 

the rules for ground-state aromaticity are reversed in the lowest triplet excited state 

because 4n rings  
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Figure 4. Selected hydrocarbons with radical character. Molecules 1-4 belong to even hydrocarbon 
(|A|=|B|), while 5-13 to odd hydrocarbon (|A|≠|B|) class. D, S, T and Q stand for doublet, singlet, triplet 

and quintet, respectively. 
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display aromatic character whereas 4n+2 rings display antiaromatic character. As a 

consequence, a variety of electronic states of different nature are accessible in these 

compounds, making them very interesting to investigate optical properties. Despite not 

presenting any work dealing with this particular issue in this thesis, this brief discussion 

is thought to give a more solid form to the whole reasoning.  

Now, a more detailed discussion of molecules 5-13 in Figure 4 will be given. The 

success in designing extended polyradicals from this kind of hydrocarbons will depend 

on the amount of unpaired electrons that can be coupled ferromagnetically. Molecules 5 

and 6 (allyl radical and trimethylenemethane respectively) have been extensively 

studied, representing case studies for electronic structure theory. Both are associated 

with very reactive species due to the exposure of the unpaired electrons, preventing any 

use in a hypothetical extended polyradical. However, the purpose of their inclusion is as 

examples of the succesful predictions of the topological arguments. Allyl radical is 

known for presenting one unpaired electron (doublet), and the two unpaired electrons in 

TMM couple in a triplet state, with an estimated singlet-triplet gap of 13-16 

Kcal/mol.35,36 Molecule 7 is a hypothetical compound as introduced by Borden and 

Davidson,24 but serves as an illustrative example of the subtle character of disjoint vs 

non-disjoint character of the SOMOs. Despite being an odd hydrocarbon, an additional 

localization of the SOMOs to different atoms of the same subset can be performed. 

Then, the ground state is predicted to be an open-shell singlet state.24 Molecule 8 and 

derivatives were investigated by Dougherty et al,5 who named it as a non-Kekulé 

benzene and showed that the ground state is a triplet. Covalently assembling these units 

led to the concept of non-Kekulé acenes as a way of achieving a large number of 

unpaired electrons. However, within this approach, the resulting interaction between the 

electrons is a weak antiferromagnetism.5 By changing the unit that connects the 

unpaired electrons, a preferential ferromagnetism can be promoted. That is the case of 

1.3-phenylene units, as discussed in Section 4.2.2.2. Molecule 9, also known as m-

xylylene or MBQDM, is predicted to have a triplet ground state, which is confirmed by 

NIPES experiments.17 Unfortunately, as in TMM, MBQDM is a very reactive species 

due to the accessibility to the exposed radical centres. However, the large triplet-singlet 

gap (~ 9.6 Kcal/mol) found for this molecule indicate that it is a good candidate for 

promoting ferromagnetism in extended polyradicals, given that an effective stabilization 

of the radical centres is achieved. A strategy to do so is the participation of the unpaired 
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electrons in an extended conjugated π system, which decreases the spin density on the 

radical centres by promoting several resonant forms that bring a net stabilization. 

Triangulene 10 represents a case study where this sort of stabilization has been 

investigated. The first attempts to synthesize triangulene 10 were made by Clar et al. in 

the fifties, but only polymerized product was achieved.37 This is an indication of the 

kinetic instability of the molecule, and lack of sufficient stabilization of the centres. 

However, additional strategies can be envisioned such as steric protection, leading to the 

first entirely hydrocarbon triangulene derivative showing a triplet ground state.38 

Following the same reasoning, more recent works have been able to synthesize and 

characterize similar species.39 These works demonstrate that the combination of a steric 

protection together with participation on a π system, results in effective stabilization of 

the carbon-bearing radical centres. However, using triangulene units for the design of 

hypothetical polyradicals has an implicit drawback, named the low density of unpaired 

electrons in the network. For the appearance of a radical centre, many more carbon 

atoms must be introduced. Molecule 11, known as Schlenk diradical,40 represents an 

alternative manner of stabilizing the radical centres by steric protection and 

participation on a π system, and additionally, holds the potential of a large density of 

unpaired electrons in an extended polyradical. It is consider the first organic diradical 

reported, and it can be seen as a phenyl substituted m-xylylene. For this and similar 

compound, theory and experiment predict a triplet ground state. Additionally, the 

radical centres can be further stabilized by substituting all hydrogen atoms by chlorine 

atoms. The ground state keeps being a triplet.41 Still, Schlenk diradical is not the most 

basic unit of its kind, but an extension of the first organic monoradical reported: 

molecule 12 or Gomberg radical.42 Very interestingly, molecule 12 can be further 

stabilized as molecule 11, resulting in perchlorotriphenylmethyl (PTM), one of the most 

stable organic radicals.43 The stability of this compound is such that can be deposited 

over surfaces,44 coordinate to metal atoms45 and create porous magnetic materials.46 

Following the same strategy, molecule 13 or Leo triradical,47 which shows a quartet 

ground state in solution, can be further stabilized by chlorine substitution. This results in 

a very stable triradical48 showing ferromagnetic interaction even at room temperature. 

In view of the previous discussion, topological rules can be assumed to be a useful 

predictive tool on the ground state multiplicity of alternant hydrocarbons. It is worth 

pointing out that even if these rules were established for perfectly planar cases, where 
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the t − u separation is strictly correct, they also provide accurate predictions for largely 

distorted geometries. For instance, as mentioned, experimental measurements show that 

the chlorinated molecule 13 presents a robust quartet ground state, even at room 

temperature, despite showing two stereoisomers with C2 and D3 symmetry that imply 

large torsion angles. Additionally, and as highlighted throughout the previous 

discussion, for constructing high-spin ground state polyradicals interacting through-

bond, the building block used must also offer effective paths for its extension, and 

together with that, the possibility of chemically stabilize the exposed radical centre. 

4.2.5. Chemical Stability of Radical Centres. 

Up to now, theoretical and experimental evidence of possible organic building 

blocks showing high-spin ground states has been presented. On the basis of chemical 

stability of the radical centres, derivatives of molecules 9, 11-13 are selected as 

candidates to develop the main research of this chapter (papers #4.1-6) for approaching 

organic magnetism based on odd alternant hydrocarbons compounds. Basically, they are 

m-xylylene and triarylmethyl derivatives. The choice of these building blocks is 

deliberate because, on top of fulfilling the topological arguments that predict a high-spin 

ground state, they offer two important features related to stability when used to obtain 

polyradicals. Those are the multiple manners of assembling them, leading to different 

magnetic topologies, and the possibility of sterically protecting the radical centres. The 

latter feature is crucial, because when going to extended systems, topological 

degeneracy becomes one of the many requirements to achieve high-spin polyradicals. 

As the molecular dimensionality increases, other questions such as how to promote a 

strong ferromagnetic interaction in the whole molecule or how to obtain significant 

magnetic anisotropy barriers, play a significant role. This is tightly related to the shape 

of the macromolecule, which is determined by how the polyradical is extended. Then, 

what is left is to ensure an assembly of the building blocks such that diminishes the 

impact of any possible defects destroying magnetic interactions and ensures robust 

magnetic properties. That is the aim of the forthcoming section 2.6. 

4.2.6. Coupling schemes to obtain π−conjugated high-spin polyradicals. 

Before going into detail on the different manners for extending a high-spin 

polyradical, it is worth to highlight the macroscopic properties that might be of interest 

in the final product and the most common experimental difficulties found in the 
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synthetic approaches. Then, the best choice among the different coupling schemes may 

be guided by the interplay between those two features; the adopted coupling scheme 

determines the expected macroscopic properties, since they relate to molecular shape, 

and limits the kind and extent of defects affecting magnetic interaction. This section is 

largely inspired by Rajca’s work.49 

4.2.6.1. Macroscopic Properties. 

The assembly of a large number of high-spin units results in a mesoscopic entity, 

expected to show macroscopic properties. In principle, by the discussed topological 

arguments, correctly choosing the topology of the π system of the constituents ensures a 

high-spin ground state. However, at a macroscopic scale there are other requirements 

that are equally important in defining interesting magnetic properties, as for instance 

magnetic anisotropy barriers. The appearance of magnetic anisotropy implies an energy 

barrier (EA) which must be overcome for rotating the magnetization vector along the 

easy axis. There are two primary sources contributing to the magnetic anisotropy barrier 

in magnetic materials: spin-orbit coupling and dipole-dipole interactions. It is known 

that for metal-free, carbon-based π conjugated systems, spin-orbit coupling is 

negligible, as observed by Rajca when comparing the small deviation in the g-factors of 

these species with respect to the g-factor of a free electron.50 Therefore, in these 

compounds, classical dipole-dipole interactions within the macromolecule are the main 

contributor to the shape of anisotropy barrier, which expressed in units of temperature 

takes the form of Equation (22). 

 �� vw⁄ = 0.5MA{XEV� vw⁄  (22) 
 

vw is the Boltzmann constant, N a shape factor related to the demagnetisation factor 

(0 ≤ M ≤ 2| with M = 0 for a sphere and M = 2| for an infinite rod), A is the volume 

of the macromolecule and {XEV the magnetization at saturation. Taking as an example a 

polyarylmethyl polyradical with an elongated ellipsoidal shape, 200 ferromagnetically 

coupled spins are required to approach a barrier of 2 K (M = 3).49 Thus, the barriers for 

coherent rotation of magnetization may be related to the molecular shape of the 

polyradicals and its spin density, being especially large in elongated shapes. Such 

approach could provide blocked superparamagnets below certain temperature, similar to 

magnetic metal-based particles or coordination chemistry crystals. Figure 5 exemplifies 
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the previous discussion on a single domain particle, showing the dependence of the 

energy (E) with respect to the angle (~) between the magnetisation vector (M) and the 

easy magnetisation axis in the absence of an applied magnetic field. 

 

Figure 5. Energy barrier to remagnetisation of a single-domain particle with oblong shape, in the absence 
of an applied external field. 

To summarize, the macroscopic properties of interest in very high-spin polyradicals 

are tightly related to the shape of the obtained macromolecule, which in turn is dictated 

by the adopted coupling scheme. 

4.2.6.2. Defects. 

The most common defects encountered experimentally when synthesizing very 

high-spin polyradicals based on odd alternant hydrocarbons are out-of-plane torsions 

and chemical defects. Out-of-plane torsions are due to the intrinsic flexibility of the 

compounds, whereas chemical defects can be considered as a consequence of the 

synthetic route, which consists on a carbanionic method and requires from polyethers 

precursors to generate the radical centres.49 A scheme on the synthetic method is 

presented in Figure 6, chapter 1 section 1.3.1.4. Radicals with Unpaired Electron in 

Carbon Atoms. These defects range from the incomplete generation of the radical centre 

to formation of various bonds, such as C−I or C−H at the radical site. The appearance of 

these problems is ubiquitous, but by properly choosing the coupling scheme there are 

manners of diminishing their impact on the final magnetic properties. 
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Figure 6 illustrates the impact of the mentioned defects when occurring in the 

interior of a dendritic structure as synthesized by Rajca et al.51 First, the presence of 

chemical defects, such as the incomplete generation of radical centres from the 

precursors, might interrupt the ferromagnetic interaction among unpaired electrons and 

even split the polyradical in different, non-interacting, low S value parts, as depicted in 

Figure 6 b). However, this drawback is not equally critical for different arrangements. 

The more paths connect one radical centre, the less is the impact on the appearance of a 

chemical defect, as depicted in Figure 7. Second, out-of-plane torsions have been 

investigated in a large number of alkyl-substituted and/or conformationally restrained 

diradicals, based on diradical 11.49 

 

 

Figure 6. Impact of chemical defects and out-of-plane torsions on a dendtritic pentadecaradical. a) 
synthesized by Rajca. In b) and c) lines represent ferromagnetic coupling units, empty circles chemical 

defects and darker (lighter) grey colours indicate spin-up (spin-down) interacting regions. 

 
The conclusion of these works developed throughout decades is that there is a delicate 

interplay between conformation and exchange coupling, which is affected by the 

molecular structures, conformations, and the medium. Although in most cases 1,3-

phenylene is a robust ferromagnetic coupler, if large out-of-plane twisting happens, it 

might result in a decrease of the ferromagnetic exchange coupling and even reversal to 

antiferromagnetic coupling, as exemplified in Figure 6 c).  
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Figure 7. Comparison of a random chemical defect on different assemblies. Solid lines connecting 
unpaired electrons indicate ferromagnetic interaction and circles define interacting regions. 

Then, the design of very high-spin polyradicals from odd alternant hydrocarbons, 

especially from molecules 9, 11-13 and derivatives, must deal with this sort of 

problems. The most effective manner for minimizing the impact is by a proper choice of 

assembling the units, i.e., the coupling scheme. 

4.2.6.3. Coupling schemes. 

Up to now it has been discussed the macroscopic magnetic properties that are likely 

to arise as a consequence of the macromolecule’s shape, and the possible defects to be 

encountered in the synthesis. Given that the pursued goal is the design of polyradicals 

showing intermolecular robust magnetic interaction among the radical centres, the 

possibilities for using odd alternant polycyclic hydrocarbons as building blocks are 

restricted to three limiting coupling schemes, as stated by Rajca.49 This classification is 

summarized in Figure 8 and arises from the combination of either ferromagnetic 

coupling units, like 1,3-phenylene or antiferromagnetic ones, like 1,4-phenylene. The 

reasons behind the differential preferential spin state in each of the units have been 

given in the previous sections. 

The first coupling scheme is the so-called ferromagnetic scheme. This strategy is 

based on the existence of a ferromagnetic coupling unit (fCU) connecting the unpaired 

electrons in an alternant lattice. The ground state multiplicity of the resulting 
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polyradical is assumed to be ) = Z/2 where Z is the number of radical sites. This 

results from the topological arguments applied to the coupling unit (generally a 1,3-

phenylene, Figure 2). Yet, there are two distinct classes of polyradicals that result from 

this coupling scheme, depending on the arrangement of the radical centres. Class I 

polyradicals present the spin sites within the π-system that mediates the spin-coupling 

interaction. This results in polymers with the radical centres belonging to the backbone 

of the repeating unit. The extension to higher order molecules can be done through a 

linear, star-branched, dendritic or macrocyclic connectivity, as exemplified in Figure 9. 

Class II polyradicals bear the pendant spin centres attached to the π-system. This is the 

coupling scheme that counts with the largest amount of reported examples, specially 

Class I polyradicals. 

 

Figure 8. Ferro- and antiferromagnetic coupling units and resulting coupling schemes arising from their 
combination. Solid lines represent ferromagnetic interaction while dashed ones antiferromagnetic. 

 

The second is the antiferromagnetic coupling scheme, which relies on 

antiferromagnetic coupling units (aCU) in an alternant lattice. Each spin site bears the 

same S value, and consequently the appearance of high-spin ground state must come 

from an uncompensated connectivity that accounts for an uncompensated spin 

cancelling. In order for that to happen, particular shapes and topologies are required, 

such as hyper-branched structures. 
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Finally, the third case is the ferrimagnetic coupling scheme. In here, spin sites are 

connected through an aCU along an alternate lattice, but each spin site bears a different 

S value. The advantage of this approach is that it leads to uncompensated spin 

cancelling for most connectivities, ranging from linear to dendritic or macrocyclic. 

 

Figure 9. Examples of linear, star-branched, dendritic and macrocyclic connectivities as limiting cases 
for Class I polyradicals. 

 
Now, as a comparative argument, let’s briefly mention another type of polyradicals 

that have discussed in chapter 1: radical polymers. Despite being based on a totally 

different approach, where no topological arguments on the coupling unit (CU) ensures 

any particular multiplicity of the ground state, radical polymers could be considered as a 

complement to the previous classification, especially because of the structural 

information that can be accessed within this approach. Radical polymers are aliphatic or 

non-conjugated polymers bearing organic robust radicals as pendant groups per 

repeating unit. In this approach the interaction of the unpaired electrons is entirely 

dictated by the adopted conformation, passing from para to diamagnetism.52–54 This 

serves as an indication of the importance of secondary structure for defining the 

magnetic properties. 

As mentioned, the amount of reported polyradicals of Class I belonging to the 

ferromagnetic coupling scheme, clearly indicates the success of this strategy. However, 

most of the reported molecules present relatively low S values and none surpasses ) �
6.49 The reason for that is the large negative impact that chemical defects and out-of-

plane torsions have in Class I polyradicals. As discussed previously, linear, star-

branched and dendritic connectivities are more exposed than a macrocyclic to losing the 
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magnetic properties if a defect happens, due to fewer alternative paths to spread the 

magnetic interaction, as shown in Figure 7. In a more concrete manner, this problematic 

is exemplified comparing two case studies: dendritic architectures with potentially 15 

and 31 unpaired electrons showing the same magnetic behaviour as their homologues 

with only 7 and 10 sites,51 and a macrocyclic with 14 spin sites and a ) � 6 ground 

state.55 Despite the more robust approach based on macrocyclic connectivity, the S 

value continue to be low. 

In addition to changing the connectivities in the coupling scheme to prevent the 

defects from happening, one can also stabilize the radical centres in order to increase the 

stability of the polyradical. The most successful strategy within this approach has relied 

on steric protection of the radical centre, as exemplified by PTM radical, a 

perchlorinated derivative of molecule 12. Veciana el al. have devoted special attention 

to this issue,41,48,56 arguing that a more stable building block (PTM with respect to 

purely hydrocarbons polyarylmethyls derivatives used by Rajca) would provide more 

robust magnetic properties of the extended polyradical. Based on that, they prepared 

three different strategies for achieving high-spin polyradicals from PTM units. 

However, only one proved to be efficient for the synthesis of a triradical,48 while the 

rest presented such steric congestion due to the Chlorine atoms, that even the precursors 

were difficult to address.56 Despite that, one could wonder if with the currently available 

catalogue of differently substituted PTM radicals, these early attempts might be 

revisited. Even more so, to take advantage of their stability over surfaces44 to design 

two-dimensional ordered magnetic compounds. 

 

Figure 10. a) Schematic representation of high-spin organic cluster. b) Example of a dendritic-
macrocyclic organic spin cluster and its magnetic topology. 
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With the presented evidences, it is reasonable to conclude that despite much 

accomplished, ferromagnetic coupling scheme and more specifically Class I 

polyradicals alone, do not stand the chance to achieve very high-spin polyradicals with 

robust magnetic interactions. Rajca proposed an intermediate between the ferromagnetic 

and ferrimagnetic coupling schemes as a promising manner of moving forward, 

introducing the concept of organic spin clusters. The key feature relies on a combination 

of weak and strong fCU, achieved by means of 3,4´-biphenylene and 1,3-phenylene 

connectivities respectively, as depicted in Figure 10. Within this strategy, there are three 

different ways of carrying out the assembly: dendritic-macrocyclic, macrocyclic-

macrocyclic and annelated macrocyclic polyradicals. This conceptual advance has led to 

one of the milestones in this field of research, which is magnetic ordering in a purely 

organic polymer-based polyradical.57 However, and despite this enormous success, 

magnetic ordering is limited to temperatures below 10 K. One could wonder if by other 

coupling schemes, which induce other type of spatial arrangements of the extended 

polyradicals, the resulting compound might display more robust magnetic properties.  

From a theoretical point of view, there are many relevant works addressing how to 

extend an organic lattice that shows magnetic properties. Of special interest is the work 

by Mataga,58 who suggested possible ferromagnetic lattices, made out of m-xylylene 

and triarylmethyl radicals. Afterwards, Tyutyulkov et al.
59–61 and Yoshizawa et. al62,63 

published a series of studies on the electronic structure of linear polyradicals. Of major 

importance for the purpose of this thesis is the work by Yoshizawa and Hoffman,63 

because it points at the existence of a secondary structure in structurally flexible 

polyradicals. More recently Trinquier et. al64,65 have focused their attention on the 

design of organic magnetic lattices, seeking a high-spin ground state. However, the 

assumption of planarity in almost all the cases and the little attention paid to the 

chemical stability of the radical centres, leave plenty of space for improvement. 

Altogether, the set of works presented in the forthcoming section, which constitute 

the largest part of this thesis, aims at providing reliable arguments for achieving robust 

ferromagnetic properties in purely organic π-conjugated materials. The roadmap to 

follow is a proper theoretical treatment of the electronic structure of the investigated 

compounds, an accurate extraction of the relevant magnetic interactions and a careful 

study of the impact that structural flexibility has on the magnetic properties. 



192  Chapter 4. 
 

REFERENCES 

(1)  Borden, W. T. Diradicals; Wiley-Interscience: New York, 1982. 

(2)  Abe, M. Diradicals. Chem. Rev. 2013, 113, 7011–7088. 

(3)  Born, M.; Oppenheimer, R. Zur Quantentheorie Der Molekeln. Ann. Phys. 1927, 
389 (20), 457–484. 

(4)  Goldberg, A. H.; Dougherty, D. A. Effects of through-Bond and through-Space 
Interactions on Singlet-Triplet Energy Gaps in Localized Biradicals. J. Am. 

Chem. Soc. 1983, 105 (2), 284–290. 

(5)  Dougherty, D. A. Spin Control in Organic Molecules. Acc. Chem. Res. 1991, 24 
(3), 88–94. 

(6)  Anderson, P. W. Antiferromagnetism. Theory of Superexchange Interaction. 
Phys. Rev. 1950, 79 (2), 350–356. 

(7)  Anderson, P. W. Theory of Magnetic Exchange Interactions:Exchange in 
Insulators and Semiconductors. Solid State Phys. 1963, 14, 99–214. 

(8)  Hay, P. J.; Thibeault, J. C.; Hoffmann, R. Orbital Interactions in Metal Dimer 
Complexes. J. Am. Chem. Soc. 1975, 97, 4884–4899. 

(9)  Hoffmann, R. Trimethylene and the Addition of Methylene to Ethylene. J. Am. 

Chem. Soc. 1968, 90 (6), 1475–1485. 

(10)  Hoffmann, R. Interaction of Orbitals through Space and through Bonds. Acc. 

Chem. Res. 1971, 4 (1), 1–9. 

(11)  Longuet-Higgins, H. C. Some Studies in Molecular Orbital Theory I. Resonance 
Structures and Molecular Orbitals in Unsaturated Hydrocarbons. J. Chem. Phys. 
1950, 18 (3), 265. 

(12)  Ovchinnikov, A. A. Multiplicity of the Ground State of Large Alternant Organic 
Molecules with Conjugated Bonds. Theor. Chim. Acta 1978, 47, 297–304. 

(13)  Lieb, E.; Schultz, T.; Mattis, D. Two Soluble Models of an Antiferromagnetic 
Chain. Ann. Phys. (N. Y). 1961, 16 (3), 407–466. 

(14)  Lieb, E.; Mattis, D. Ordering Energy Levels of Interacting Spin Systems. J. 

Math. Phys. 1962, 3, 749–751. 

(15)  Lieb, E. H. Two Theorems on the Hubbard Model. Phys. Rev. Lett. 1989, 62 (16), 
1927–1927. 

(16)  Coulson, C. A.; Rushbrooke, S. No Title. Proc. Camb. Phil. Soc. 1940, 36, 193. 



Theoretical Study of High-Spin Ground State Odd Alternant Hydrocarbons 193 
 

(17)  Wenthold, P. G.; Kim, J. B.; Lineberger, W. C. Photoelectron Spectroscopy of M 
-Xylylene Anion. J. Am. Chem. Soc. 1997, 119 (16), 1354–1359. 

(18)  Teki, Y.; Takui, T.; Itoh, K.; Iwamura, H.; Kobayashi, K. Preparation and ESR 
Detection of a Ground-State Nonet Hydrocarbon as a Model for One-
Dimensional Organic Ferromagnets. J. Am. Chem. Soc. 1986, 108 (9), 2147–
2156. 

(19)  Jacobs, S. J.; Shultz, D. A.; Jain, R.; Novak, J.; Dougherty, D. A. Evaluation of 
Potential Ferromagnetic Coupling Units: The bis(TMM) 
[bis(trimethylenemethane)] Approach to High-Spin Organic Molecules. J. Am. 

Chem. Soc. 1993, 115 (5), 1744–1753. 

(20)  Gallagher, N. M.; Olankitwanit, A.; Rajca, A. High-Spin Organic Molecules. J. 

Org. Chem. 2015, 80 (1), 1291–1298. 

(21)  Rajca, A.; Rajca, S. Alkyl-Substituted Schlenk Hydrocarbon Diradicals with 
Triplet and Singlet Ground States in Frozen Solutions. J. Chem. Soc. Perkin 

Trans. 2 1998, No. 5, 1077–1082. 

(22)  Malrieu, J. P.; Maynau, D. A Valence Bond Effective Hamiltonian for Neutral 
States of .pi. Systems. 1. Method. J. Am. Chem. Soc. 1982, 104 (11), 3021–3029. 

(23)  Maynau, D.; Malrieu, J. P. A Valence Bond Effective Hamiltonian for the 
Neutral States of .pi. Systems. 2. Results. J. Am. Chem. Soc. 1982, 104 (11), 
3029–3034. 

(24)  Borden, W. T.; Davidson, E. R. Effects of Electron Repulsion in Conjugated 
Hydrocarbon Diradicals. J. Am. Chem. Soc. 1977, 99 (14), 4587–4594. 

(25)  Dowd, P.; Chang, W.; Paik, Y. H. Tetramethyleneethane, a Ground-State Triplet. 
J. Am. Chem. Soc. 1986, 108 (23), 7416–7417. 

(26)  Clifford, E. P.; Wenthold, P. G.; Lineberger, W. C.; Ellison, G. B.; Wang, C. X.; 
Grabowski, J. J.; Vila, F.; Jordan, K. D. Properties of Tetramethyleneethane 
(TME) as Revealed by Ion Chemistry and Ion Photoelectron Spectroscopy. J. 

Chem. Soc. Perkin Trans. 2 1998, No. 5, 1015–1022. 

(27)  Lineberger, W. C.; Borden, W. T. The Synergy between Qualitative Theory, 
Quantitative Calculations, and Direct Experiments in Understanding, Calculating, 
and Measuring the Energy Differences between the Lowest Singlet and Triplet 
States of Organic Diradicals. Phys. Chem. Chem. Phys. 2011, 13 (25), 11792–
11813. 

(28)  Errede, L. A.; Hoyt, J. M. The Chemistry of Xylylenes. III. Some Reactions of P-
Xylylene That Occur by Free Radical Intermediates 2. J. Am. Chem. Soc. 1960, 
82 (2), 436–439. 

(29)  Williams, D. J.; Pearson, J. M.; Levy, M. Nuclear Magnetic Resonance Spectra 
of Quinodimethanes. J. Am. Chem. Soc. 1970, 92 (5), 1436–1438. 



194  Chapter 4. 
 

(30)  Koenig, T.; Southworth, S. The Helium (He I) Photoelectron Spectrum of 3,7-
Dimethyl-P-Quinodimethane. A Non-Koopmans Theorem Effect. J. Am. Chem. 

Soc. 1977, 99 (8), 2807–2809. 

(31)  Montgomery, L. K.; Huffman, J. C.; Jurczak, E. A.; Grendze, M. P. The 
Molecular Structures of Thiele’s and Chichibabin's Hydrocarbons. J. Am. Chem. 

Soc. 1986, 108 (19), 6004–6011. 

(32)  Zeng, Z.; Shi, X.; Chi, C.; López Navarrete, J. T.; Casado, J.; Wu, J. Pro-
Aromatic and Anti-Aromatic Π-Conjugated Molecules: An Irresistible Wish to 
Be Diradicals. Chem. Soc. Rev. 2015, 44, 6578–6596. 

(33)  Trinquier, G.; Malrieu, J.-P. Kekulé versus Lewis: When Aromaticity Prevents 
Electron Pairing and Imposes Polyradical Character. Chemistry 2015, 21 (2), 
814–828. 

(34)  Baird, N. C. Quantum Organic Photochemistry. II. Resonance and Aromaticity in 
the Lowest 3.pi..pi.* State of Cyclic Hydrocarbons. J. Am. Chem. Soc. 1972, 94 
(4), 4941–4948. 

(35)  Dowd, P. Tetramethyleneethane. J. Am. Chem. Soc. 1970, 92 (4), 1066–1068. 

(36)  Wenthold, P. G.; Hu, J.; Squires, R. R.; Lineberger, W. C. Photoelectron 
Spectroscopy of the Trimethylene- Methane Negative Ion. The Singlet−Triplet 
Splitting of Trimethylenemethane. J. Am. Chem. Soc. 1996, 118 (2), 475–476. 

(37)  Clar, E.; Stewart, D. G. Aromatic Hydrocarbons. LXVIII. Triangulene 
Derivatives. Part II 1. J. Am. Chem. Soc. 1954, 76 (13), 3504–3507. 

(38)  Inoue, J.; Fukui, K.; Kubo, T.; Nakazawa, S.; Sato, K.; Shiomi, D.; Morita, Y.; 
Yamamoto, K.; Takui, T.; Nakasuji, K. The First Detection of a Clar’s 
Hydrocarbon, 2,6,10-Tri- Tert -Butyltriangulene: A Ground-State Triplet of Non-
Kekulé Polynuclear Benzenoid Hydrocarbon. J. Am. Chem. Soc. 2001, 123 (50), 
12702–12703. 

(39)  Li, Y.; Huang, K.-W.; Sun, Z.; Webster, R. D.; Zeng, Z.; Zeng, W.; Chi, C.; 
Furukawa, K.; Wu, J. A Kinetically Blocked 1,14:11,12-Dibenzopentacene: A 
Persistent Triplet Diradical of a Non-Kekulé Polycyclic Benzenoid Hydrocarbon. 
Chem. Sci. 2014, 5, 1908. 

(40)  Schlenk, W. Brauns, M. No Title. Ber. Dtsch. Chem. Ges. 1915, 48, 661–669. 

(41)  Veciana, J.; Rovira, C.; Crespo, M. I.; Armet, O.; Domingo, V. M.; Palacio, F. 
Stable Polyradicals with High-Spin Ground States. 1. Synthesis, Separation, and 
Magnetic Characterization of the Stereoisomers of 2,4,5,6-Tetrachloro-
.α.,.α.,.α.’,.α.'-Tetrakis(pentachlorophenyl)-M-Xylylene Biradical. J. Am. Chem. 

Soc. 1991, 113 (7), 2552–2561. 

(42)  Gomberg, M. An Instance of Trivalent Carbon: Triphenylmethyl. J. Am. Chem. 

Soc. 1900, 22 (11), 757–771. 



Theoretical Study of High-Spin Ground State Odd Alternant Hydrocarbons 195 
 

(43)  Ballester, M.; Riera-Figueras, J.; Castaner, J.; Badfa, C.; Monso, J. M. Inert 
Carbon Free Radicals. I. Perchlorodiphenylmethyl and Perchlorotriphenylmethyl 
Radical Series. J. Am. Chem. Soc. 1971, 93 (9), 2215–2225. 

(44)  Mas-Torrent, M.; Crivillers, N.; Rovira, C.; Veciana, J. Attaching Persistent 
Organic Free Radicals to Surfaces: How and Why. Chem. Rev. 2012, 112, 2506–
2527. 

(45)  Roques, N.; Domingo, N.; Maspoch, D.; Wurst, K.; Rovira, C.; Tejada, J.; Ruiz-
Molina, D.; Veciana, J. Metal-Radical Chains Based on 
Polychlorotriphenylmethyl Radicals: Synthesis, Structure, and Magnetic 
Properties. Inorg. Chem. 2010, 49 (9), 3482–3488. 

(46)  Maspoch, D.; Domingo, N.; Ruiz-Molina, D.; Wurst, K.; Vaughan, G.; Tejada, J.; 
Rovira, C.; Veciana, J. A Robust Purely Organic Nanoporous Magnet. Angew. 

Chemie - Int. Ed. 2004, 43, 1828–1832. 

(47)  Wilker, W.; Kothe, G.; Zimmermann, H. Über Das Radikal 1,3,5-
Benzoltris(diphenylmethyl). Tetramere Und Quartettzustand. Chem. Ber. 1975, 
108 (6), 2124–2136. 

(48)  Veciana, J.; Rovira, C.; Ventosa, N.; Crespo, M. I.; Palacio, F. Stable 
Polyradicals with High-Spin Ground States. 2. Synthesis and Characterization of 
a Complete Series of Polyradicals Derived from 2,4,6-Trichloro-
.α.,.α.,.α.’,.α.',.α.'',.α.''-Hexakis(pentachlorophenyl)mesitylene with S = 1/2,. J. 

Am. Chem. Soc. 1993, 115, 57–64. 

(49)  Rajca, A. The Physical Organic Chemistry of Very High-Spin Polyradicals. Adv. 

Phys. Org. Chem. 2005, 40, 153–199. 

(50)  Rajca, A. Organic Diradicals and Polyradicals: From Spin Coupling to 
Magnetism? Chem. Rev. 1994, 94, 871–893. 

(51)  Rajca, a; Utamapanya, S. Toward Organic-Synthesis of a Magnetic Particle - 
Dendritic Polyradicals with 15 and 31 Centers for Unpaired Electrons. J. Am. 

Chem. Soc. 1993, 115 (9), 10688–10694. 

(52)  Murata, H.; Miyajima, D.; Nishide, H. A High-Spin and Helical Organic 
Polymer:  Poly{[4-(dianisylaminium)phenyl]acetylene}. Macromolecules 2006, 
39 (19), 6331–6335. 

(53)  Matsuda, K.; Stone, M. T.; Moore, J. S. Helical Pitch of M -Phenylene 
Ethynylene Foldamers by Double Spin Labeling. J. Am. Chem. Soc. 2002, 124 
(40), 11836–11837. 

(54)  Kaneko, T.; Abe, H.; Teraguchi, M.; Aoki, T. Folding-Induced Through-Space 
Magnetic Interaction of Poly(1,3-Phenyleneethynylene)-Based Polyradicals. 
Macromolecules 2013, 46 (7), 2583–2598. 



196  Chapter 4. 
 

(55)  Rajca, A.; Lu, K.; Rajca, S. High-Spin Polyarylmethyl Polyradical:  Fragment of 
a Macrocyclic 2-Strand Based upon Calix[4]arene Rings. J. Am. Chem. Soc. 
1997, 119 (43), 10335–10345. 

(56)  Ruiz-Molina, D.; Veciana, J.; Palacio, F.; Rovira, C. Drawbacks Arising from the 
High Steric Congestion in the Synthesis of New Dendritic Polyalkylaromatic 
Polyradicals. J. Org. Chem. 1997, 62 (26), 9009–9017. 

(57)  Rajca, A.; Wongsriratanakul, J.; Rajca, S. Magnetic Ordering in an Organic 
Polymer. Science 2001, 294, 1503–1505. 

(58)  Mataga, N. Possible Ferromagnetic States of Some Hypothetical Hydrocarbons. 
Theor. Chim. Acta 1968, 10 (4), 372–376. 

(59)  Tyutyulkov, N.; Schuster, P.; Polansky, O. Band Structure of Nonclassical 
Polymers. Theor. Chim. Acta 1983, 63 (4), 291–304. 

(60)  Tyutyulkov, N.; Polansky, O. E.; Schuster, P.; karabunarliev, S.; Ivanov, C. I. 
Structure and Properties of Non-Classical Polymers II. Band Structure and Spin 
Densities. Theor. Chim. Acta 1985, 67 (3), 211–228. 

(61)  Tyutyulkov, N. N.; Karabunarliev, S. C. Structure and Properties of Nonclassical 
Polymers. III. Magnetic Characteristics at Finite Temperatures. Int. J. Quantum 

Chem. 1986, 29 (5), 1325–1337. 

(62)  Yoshizawa, K.; Tanaka, K.; Yamabe, T. Ferromagnetic Coupling through M-
Phenylene. Molecular and Crystal Orbital Study. J. Phys. Chem. 1994, 98 (7), 
1851–1855. 

(63)  Yoshizawa, K.; Hoffmann, R. Potential Linear-Chain Organic Ferromagnets. 
Chem. - A Eur. J. 1995, 7, 403–413. 

(64)  Trinquier, G.; Suaud, N.; Malrieu, J.-P. Theoretical Design of High-Spin 
Polycyclic Hydrocarbons. Chemistry 2010, 16 (29), 8762–8772. 

(65)  Trinquier, G.; Suaud, N.; Guihéry, N.; Malrieu, J. P. Designing Magnetic 
Organic Lattices from High-Spin Polycyclic Units. ChemPhysChem 2011, 12, 
3020–3036. 

(66)  Malrieu, J. P.; Trinquier, G. A Recipe for Geometry Optimization of Diradicalar 
Singlet States from Broken-Symmetry Calculations. J. Phys. Chem. A 2012, 116, 
8226–8237.  

 

  



Theoretical Study of High-Spin Ground State Odd Alternant Hydrocarbons 197 
 

4.3. Publications. 

This section presents the work developed during this thesis within the theoretical 

and computational description of magnetic interactions in the field of organic 

magnetism based on odd-alternant hydrocarbon compounds. The contribution is 

presented in six works; papers #4.1 to #4.3 are already published, papers #4.4 and #4.5 

are submitted and paper #4.6 is under preparation for submission. 

All of them deal with different aspects related to the discussion presented in section 

2, and investigate molecules where the topological arguments justify the electronic 

structure.  
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4.3.1.  Paper #4.1. 

 

The Triplet-Singlet Gap in the m-xylylene Radical: A Not 

So Simple One 
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Before closing the discussion devoted to m-xylylene diradical, it is worth 

commenting a result that appeared after the publication of the work. 

In the text it is stated that a possible reason for the constant overestimation of the 

calculated triplet-singlet gap with respect to the measured one, might be matrix effects. 

This means that part of the energy of the photo-detached electron would be lost by 

interaction with the medium through which it propagates, till being measured. However, 

the appearance of a similar experimental work (J. Am. Chem. Soc., 2015, 137 (28), 

9094–9099) on a related molecule, the 1,2,4,5-tetramethylenebenzene (TMB), might 

provide an alternative explanation. In this work they report an excellent agreement for 

the triplet-singlet gap between experiment (∆�DC = −3.5 Kcal/mol) and theory 

(∆�DC = −3.6 Kcal/mol). The experimental technique is the same as the one for the m-

xylylene diradical, i.e., NIPES. Similarly, the level of theory that they use is full π-

valence CASPT2, also employed in the m-xylylene case but with an error of 22%. In 

looking for differences between the two molecules that might account for the 

differential agreement between theory and experiment, one realises that in TMB the two 

unpaired electron are located inside the six-membered ring, whereas in the m-xylylene 

they are in the pending methyl groups. Thermally activated vibrational modes might 

result in rotation of the two methyl groups with respect to the π-conjugated phenyl ring, 

decreasing the triplet-singlet gap in m-xylylene, as depicted in Figure 4.3.1. 

 
Figure 4.3.1. a) comparison of m-xylylene and TMB molecular structures. b) CAS(8,8)SCF triplet-

singlet gap values (cm-1) in the restricted optimization map for the m-xylylene. c) Planar view of m-
xylylene and depiction of two low frequency (544 and 566 cm-1) normal vibrational modes involved in 

the torsion of the methyl groups. The frequencies are calculated in the minimum found for the 
CAS(8,8)SCF triplet. 
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4.3.2.  Paper #4.2. 

 

Theoretical and Computational Investigation of Meta-

Phenylene as Ferromagnetic Coupler in Nitronyl Nitroxide 

Diradicals 
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4.3.3.  Paper #4.3. 

 

Triplet–Singlet Gap in Structurally Flexible Organic 

Diradicals 
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Before closing the discussion on structurally flexible diradicals, it might be 

interesting to add the following remarks on a similar triradical molecule. 

Consider the molecule depicted in Figure 4.3.3. It can be seen as the next step 

towards infinite polymers and it guides the discussion presented in paper #4.5. It is an 

example of three electrons in three centres problem, as the one extensively treated in 

chapter 3, section 3.4.2. However, here we are not concerned with the mapping 

approach, and for the purpose of the discussion, we assume as valid the coupling 

constants extracted by means of density functional calculations.  

 

Figure 4.3.3. Schematic representation of the molecule under study (R = H), together with the 

relevant three exchange coupling constants and two structural parameters. 

Following the computational strategy established in paper #4.3, all calculations are 

performed with the Gaussian-09 suite of programs, using the standard 6-311g(d,p) basis 

set. Its molecular geometry for the quartet state was optimized using the popular 

B3LYP hybrid functional. Six different minima were located on the potential energy 

surface for the quartet state (high-spin). All of them were characterized by calculation 

the frequencies. At each of the conformations, single point calculations using a variety 

of density functionals, were performed to extract the magnetic exchange interactions on 

each local minima. The discussion and the required equations to extract them can be 

found in section 3.2.1. )� = )� = )- = 1 2⁄  trimers of chapter 3, and it will not be 

repeated again here. 

Table 4.3.3.a summarizes the dihedral angles for the six different local minima and 

the extracted coupling constant values predicted with three different functional. As 

observed in paper #4.3, the variety of conformers can be described with a reduced set of 

structural parameters referred to only two dihedral angles. For the purpose of this brief 

discussion it is worth noting that no matter the adopted conformation, the ground state is 

the high-spin state (1 > 0) the coupling constant values remain similarly large. This is in 
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sharp contrast with what is found in papers #4.1, #4.4 and #4.6, in which structural 

distortions have a large impact on the magnitude and sign of the coupling constant. 

  1 2 3 4 5 6   
 Θ� -18.7 -18.0 -18.2 17.4 -164.6 -165.0   

 Θ� 17.1 -16.4 -16.4 165.5 -166.5 166.7   

          

  (cm-1) J23/J12 J13/J12 

B3LYP 
J12 3456 3438 3405 3379 3409 3403 

0.70 -0.02 J23 2404 2391 2374 2433 2409 2363 
J13 -80.0 -79.2 -86.2 -86.5 -87.6 -86.4 

          

M062X 
J12 3276 3257 3245 3218 3228 3225 

0.69 -0.02 J23 2270 2264 2248 2313 2295 2256 
J13 -75.0 -74.8 -81.6 -82.6 -84.1 -83.5 

          

MN12SX 
J12 3003 2985 2950 2930 2964 2955 

0.69 -0.02 J23 2079 2047 2034 2103 2049 2019 
J13 -57.6 -56.7 -62.7 -63.7 -63.0 -64.4 

          
Table 4.3.3.a Summary of structural parameters (dihedral angles) in the six different local 

minima characterized (1-6). Magnetic coupling constants (cm-1) at each minimum as predicted 
with different functional. The rightmost column indicates the relationship between J values in 

minimum 1, but it is similar in the rest of the geometries. 

 
Additionally, at the quartet minimum predicted by the B3LYP functional, wave 

function-based calculations were performed to estimate the energetic difference 

between the three pure spin states, as indicated in Table 4.3.3.b. As discussed in section 

3.3. and paper #3.2 of chapter 3, only these values do not provide a way of extracting 

the three magnetic coupling constants, but one could make use of the constant 

relationship found for the DFT calculated values (rightmost columns in Table 4.3.3.a), 

to simplify the spectrum. However, as it was shown in section 3.3 of chapter 3, the 

agreement between the relationships calculated by means of DFT and effective 

Hamiltonian theory is not very good, indicating a large delocalization of some BS 

solutions. 

cm-1 ∆�� �� ∆�� �� 
CAS(33)CI -881 -2751 

CAS(33)SCF -750 -1955 
CAS(33)+DDCI -789 -2432 

 
Table 4.3.3.b. Energy difference values (cm-1) between pure spin states as predicted by the minimal 

complete active space 
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4.3.4.  Paper #4.4. 

 

Exchange Coupling Reversal in a High-Spin Organic 

Triradical Single-Molecule Device 
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4.3.5. Paper #4.5. 

 

Folding-Induced Stabilization of Ferromagnetic Helical 

Polyradicals Based on Triarylmethyl Radical Derivatives 
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Abstract.- 

Magnetic ordering in purely organic π-conjugated materials is a challenging, rare and 

desirable event. The interest lies on the unique magnetic properties derived from high-

spin carbon-based polymers/macromolecules tailored through appropriate synthetic 

routes. Ground breaking achievements have been reported regarding magnetic ordering 

in an organic polymer using spin-clusters as building-blocks. This strategy leads to two-

dimensional (2D) extended polyradicals with a concomitant loss of appealing 

macroscopic properties such as expected magnetic anisotropy in elongated shaped 

macromolecules containing carbon-bearing radicals. Here we provide compelling 

evidence of a secondary structure-induced stabilization of ferromagnetic polyradicals 

with robust magnetic properties and strongly suggest revisiting a discarded attempt to 

obtain polymeric linear-like radicals. An alternative synthetic approach is also proposed, 

based on polyradicals obtained from discrete molecular precursors long enough to 

ensure a secondary structure, rather than from polymerization processes. 

1. Introduction. 

Purely organic magnetic materials constitute a promising approach for the 

miniaturization of devices with interesting optical, electronic and magnetic properties, 

all using low cost chemical elements.1–4 Despite significant advances in the field, 

critical issues remain when aiming at achieving a strong enough ferromagnetic ordering 

over a wide range of temperatures and a structural control on the final products.5  

Up to date, the most successful strategies relied on synthesizing high-spin 

macromolecules and/or polymers with very large number of carbon bearing unpaired 

electrons interacting through-bond.5–14 Particularly, odd alternant polycyclic 

hydrocarbons with a 1,3-connection are widely used, as envisioned by Mataga.15 In 
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these systems, topological arguments ensure non-disjoint, degenerate singly occupied 

orbitals,16,17 and ground states with the highest multiplicity.18 However, within the 

commonly adopted synthetic route, disruption and even suppression of magnetic 

interactions is commonly observed, associated to an incomplete generation of the 

radical centres from the precursor, or to an out-of-plane torsion breaking the 

π−conjugation.10,13 That is specially the case for linear, star-branched and dendritic 

connectivities as recognized long time ago by Rajca et al.
5 Precisely, to circumvent this 

problem an alternative approach based on the use of organic spin clusters was 

proposed.5 These building blocks constituted one of the mainstreams in the field of 

organic magnetism.12 As a result, most of the subsequent related research led to two 

dimensional (2D) extended polyradicals5,14 at the expense of other architectures with 

lower dimensionalities, as for instance linear or rod 1D chains. Nonetheless, interesting 

properties associated to an elongated 1D-like polyradical are not present in 2D 

materials, magnetic anisotropy among them. The contribution of classical dipole-dipole 

interactions to magnetic anisotropy is known to be a relevant one.11 Thus, energy 

barriers for coherent rotation of magnetization are expected to relate to the molecular 

shape of the polyradicals as well as to its spin density; the latter being especially large 

in elongated shapes. 

In the present work, we investigate the structural and magnetic properties of two 

1D-like polyradicals based on odd alternant hydrocarbons and, based on consistent 

arguments in favour of the structural and chemical stability, provide compelling 

evidence of helical-induced stabilization of ferromagnetic polyradicals with robust 

magnetic properties. Interestingly, one of the systems under study was already 

synthesized by Rajca8 although its use as magnetic building block was, at that time, 

discarded because of the uncontrollable impact of chemical defects on the magnetic 

properties. Considering the novel and interesting predicted properties of these 1D-like 

elongated magnetic organic systems further research seems mandatory. To this end, a 

plausible scheme, based on Rajca results,7 is proposed for an effective synthetic strategy 

to reach medium size oligomers. 

2. Computational details 

Calculations for the polymer and oligomer compounds described in the next section 

have been carried out using the B3LYP19 hybrid density functional theory based method 
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including dispersion corrections as proposed by Grimme;20 the resulting method being 

referred to hereafter as B3LYP-D. For the polymers, periodic calculations have been 

carried out using Crystal09 code,21,22 with the standard 6-21G* basis set for all atoms 

(H, C) whereas for the decaradical the Gaussian-09 suite of programs23
 was used 

employing a 6-31G* basis set.24,25 ITOL values have been fixed to 7,7,7,7,14 to force 

stringent numerical convergence of energy and gradients and 3 k-points in the 1D 

irreducible Brillouin zone. Denser k-point meshes do not significantly affect the energy 

differences defining structure stability or values of magnetic coupling constants. 

The description of the magnetic properties is based on the Ising model Hamiltonian 

 ���X�S� = − 
 1��)��̂ )��̂
〈�,�〉

 (23) 

 

where 1�� is the exchange coupling constant between the )��̂  and )��̂  localized spin 

moments and the 〈�, �〉 symbol indicates that the sum refers to nearest neighbour 

interactions only. According to Eq. (1), a positive value of the exchange coupling 

constant 1�� corresponds to ferromagnetic (FM) interactions, while negative values 

describe an antiferromagnetic (AFM) interaction (parallel and antiparallel spins 

respectively). The number, sign and magnitude of the most relevant 1�� determine the 

low-energy spectrum of the problem and consequently the magnetic ordering of the 

system. The extraction of the different 1�� is based on the mapping approach described 

elsewhere.26 A more detailed explanation is provided in the supplementary section 2. 

3. Structural features, chemical stability and magnetic properties. 

The structures investigated in the present work can be regarded as derivatives of m-

xylylene diradical extended in 1D (referring to the σ skeleton), with an increasing steric 

protection of the radical centres, as indicated in Figure 1.  

 

Figure 1. Schematic representation of investigated polymers. The different notation for each polymer 

indicates the conformation adopted (a stands for linear and b for helical). 
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Polymer 1 is a good model to investigate magnetic interactions and the different 

adopted conformations. Polymer 2 is a Gomberg-based27 polyradical. To the best of our 

knowledge, polyradical 1 has never been synthesized. On the contrary, polyradical 2 

was synthesized by Rajca,8 following the carbopolyanion method. The obtained 

precursor polymer was reported to have an average number of 30 potential radical sites. 

However, polyradical 2 presented a saturation of the magnetization curve fitting with an 

average spin value of ) = 2, corresponding to only 4 ) = 1 2⁄  sites per molecule. The 

failure on spreading the magnetic interaction along all potential radical sites was 

assigned to chemical defects, such as incomplete oxidation of the carbopolyanion 

precursor. However, no further experimental attempts aiming at improving the 

generation of radical centres in these linear polyradicals have been pursued. This was 

largely motivated by the success of spin clusters as building blocks for synthesizing 2D 

extended polyradicals, as proposed by Rajca. 

Theoretically, the electronic structure of polyradicals 1 and 2 has been extensively 

studied.28–32 In contrast, despite early indications by Yoshizawa el al.,32 structural 

effects and their impact on the σ-π separation have been generally overlooked. 

Conformational freedom in these flexible structures introduces a degree of complexity 

that cannot be ignored.33 In fact, the appearance of a preferential helical conformation as 

a secondary structure brings interesting macroscopic properties at variance with purely 

linear 1D polyradicals where no ferromagnetism is expected.34 Additionally, the 

secondary structure introduces an effective manner for sterically protecting the radical 

centres. 

In the present work, the molecular structure of all polymers has been fully 

optimized for the electronic ground state (ferromagnetic solution) and for linear and 

helical conformations. In all cases a local minimum was located and analysis of the 

corresponding structures evidences that inclusion of dispersion is crucial in defining the 

preference for the helical conformation. Coordinates of the primitive cells for the 

optimized structures including dispersion corrections, are in the supplementary section 

1. A preference for a helical conformation has been found for all the studied polymers, 

especially once dispersion terms are taken into account. The helical conformation of 

polymers 1 and 2 is 2.8 and 2.5 kcal/mol per magnetic centre, respectively, more stable 

than the linear one. These values are very similar to the parallel displaced pi-stacking 
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interaction of the benzene dimer calculated by means of very accurate CCSD(T) ab-

initio wave function-based methods with large basis sets.35 

Figure 2 compares the linear and helical conformation of polymer 1 and 2. It also 

presents the cell parameters per magnetic centre and distances relating the carbon-

bearing radicals as obtained when considering dispersion corrections. Note that the 

number of magnetic carbon atoms per cell is six in the linear conformations and three 

for the helical ones. The introduction of phenyl rings in polymer 2 promotes a large π−π 

interaction along the direction of the polymer, resulting in an effective stabilization with 

respect to the linear conformation. Figure 2 also includes the band gap values for the 

different polymers in the ferro and most stable antiferromagnetic phases. For a given 

conformation, the almost constant band-gap values around 2 eV, either for the ferro or 

antiferromagnetic order, indicates that the magnetic centres are stable and that magnetic 

properties do not alter the electronic structure of the polymer. Additionally, the similar 

values for the different conformations ensure a comparable behaviour no matter the 

geometry adopted. Density of states and band diagram for ferro and antiferromagnetic 

solutions of polymer 2a are in supplementary section 3. 

 
Distance (Å)  Band gap (eV)   

 cell 1 2 3 4     

1a 29.63 4.9 9.9    2.4 / 2.1   

2a 29.66 5.0 10.0    2.0 / 1.8   

1b 6.16 5.0 6.2 6.1 9.4  2.4 / 2.2   

2b 5.69 5.0 5.7 6.0 8.9  2.0 / 1.8   

 

Figure 2. a) Schematic representation of the optimized geometries of polymers 1 and 2 adopted for 
a linear and helical conformation. Ball atoms indicate the radical centres. b) Structural and band gap 
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(ferro/antiferro solution) information of polymers 1-2 extracted from the optimized geometries taking into 
account dispersion corrections. 

Finally, concerning the discussion on structural features, it could be argued that 

increasing chemical stability of the radical centres might be an effective way of 

promoting more robust properties of the resulting 1D-like polyradical. For this purpose, 

steric hindrance might be considered as an approach as noted in the increase of stability 

when passing from the Gomberg radical27 to perchlorinated substituted PTM radical.36. 

Thus, a polymer based on PTM units represents a limiting case to further verify this 

hypothesis although the large steric hindrance may difficult obtaining stable structures, 

in line with the reported work on related 2D polyradical dendrimers.9,37–39 However, 

currently there is a large library of available PTM-derivatives with only certain 

Chlorine-substituted positions.4 Such catalogue could be used for a revisited synthesis 

of related polymer 2, in order to achieve a compromise between gained stabilization of 

the radical centres through steric protection and a conformational freedom to adopt a 

relaxed secondary structure. 

 Type of structure 
Polymer Linear Helix 

 ∆EFM-AFM (cm-1) 
1 -1920 -2312 
2 -1134 -1447 
 Spin densities 

1 0.717 0.678 
2 0.642 0.631 
 Magnetic exchange interactions (cm-1) 
 J1 J2 J1 J2 J3 J4 

1 328 -8 388 0.2 -10 -0.3 
2 202 -6 292 0.1 -5.0 -4.0 

Table 1. Energetic difference between the ferromagnetic and the most stable antiferromagnetic 
phases as predicted from the B3LYP-D calculations. Negative value implies a more stable ferromagnetic 

state. Spin densities and magnetic exchange interactions per magnetic centre are also reported. 

 

In order to obtain information regarding the magnetic properties, single point 

calculations for different broken symmetry solutions were carried out at each of the 

obtained optimized geometries in the ferromagnetic ground state solution. Table 1 

summarizes the most important results, evidences that for all conformations the 

ferromagnetic order is the ground state and the calculated value of the FM-AFM energy 

difference is large enough to ensure ferromagnetism even at room temperature (1 ≫
vY). This is of paramount importance when aiming at designing a material with robust 



Theoretical Study of High-Spin Ground State Odd Alternant Hydrocarbons 255 
 

magnetic properties. Table 1 also presents the exchange interaction values per magnetic 

centre for polymers 1 and 2 for the structure optimized including dispersion. Details on 

the definition of the magnetic cells, associated computed energies and equations for the 

extraction of the magnetic coupling constants are in the supplementary section 2. It is 

worth noticing that a different conformation introduces changes in the magnetic 

topology as indicated in Figure 2, and consequently on the magnitude and number of the 

relevant exchange interactions. Thus, in the linear conformation there are two relevant 

magnetic interactions only that occur in an almost straight line, resulting in a quasi-1D 

magnetic chain. Contrarily, a helical conformation implies a distribution of the radical 

centres along the interior of the helix, resulting in larger number of nearest magnetic 

neighbours, leading to a quasi-3D magnetic system. Moreover, the helical conformation 

introduces a privileged direction for magnetic interactions to transmit. 

To check whether the appearance of a secondary structure is an effect of an infinite 

polymeric structure, decaradicals (10 magnetic sites) molecular units have been 

optimized. Cartesian coordinates of the optimized structures are in supplementary 

section 4. For derivatives from both polymers 1 and 2, the helix shape remained intact, 

indicating that it is a stable local minimum, and the ground state keeps being the high-

spin state (supplementary section 4.3). On the contrary, local minima for the linear 

derivatives were not located, although a clear tendency to compact the secondary 

structure is observed. This indicates that if the polyradical is large enough, the 

interruption of the magnetic path at the extremes does not destroy either the adopted 

secondary structure or the local magnetic interactions occurring in the interior. Very 

importantly, this conclusion shows that materials based on 1D-like polyradicals do not 

necessarily require precursors obtained through polymerization processes, but rather 

discrete units long enough for a secondary structure to form and stabilize the radical 

centres. 

4. Conclusions. 

This work presents a theoretical study of the structural, electronic structure features 

and magnetic properties of two 1D-like polyradicals based on odd alternant 

hydrocarbons and presenting the radical centres in the backbone of the π-conjugated 

polymer, connected through a 1,3-phenylene unit.  
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The present results show that, as predicted by Yoshizawa et al.,32 structural 

flexibility plays a crucial role allowing two linear (1a, 2a) and helical (1b, 2b) 

conformations. As a result of the π-π interactions, the helical conformation is preferred 

in all cases and dispersion terms appear to be crucial. Additionally, the existence of a 

helix as a secondary structure promotes stabilization of the radical centres by steric 

hindrance and one can safely argue that additional steric protection of the radical centres 

could be achieved using PTM derivatives although this may require controlling the 

interplay between steric congestion and structural freedom. 

For the polymers under scrutiny, the particular topology of the π-system in the 

repeating unit ensures a high-spin ground state,15–18 as fully confirmed by the present 

state of the art calculations. In fact, the energy of the ferromagnetic ground state is well 

below the one of the most stable antiferromagnetic phase implying that the 

ferromagnetic behaviour will be maintained even at room temperature. Therefore, the 

predicted magnetic properties are robust and the values of the magnetic coupling 

constants per radical centre are remarkably large compared to the typical exchange 

interaction found in coordination complexes,40 rarely exceeding 100 cm-1. Moreover, 

the preferred helical conformation introduces a more complex magnetic topology, 

which resembles to a 2D cylindrical network. This certainly has an impact in the 

expected macroscopic properties of the material, especially when compared to the linear 

conformation. 

Finally, relying on the successful synthesis of a robust 
 � 3 2⁄  ground state 

triradical7 from a discrete precursor with three potential radical sites, one could 

extrapolate the argument to precursors with a larger but constant number of potential 

radical sites for obtaining well defined polyradicals. Attempts in this directions have 

been pursued, but imposing a conformational restriction for making the system totally 

planar (section 4.3 in5). This strategy led to unsuccessful results, which could be 

explained by the impossibility for adopting a secondary structure. As indicated by the 

investigated decaradical, the key point would be to work with precursors long enough to 

ensure the appearance of a secondary structure, stabilizing the radical centres. In this 

way one would avoid the implicit drawbacks of a polymerization process in which it is 

only possible to obtain a distribution of molecules around an average molecular mass, 

and topological defects are difficult to prevent. From a synthetic point of view, working 

with a defined precursor provides a simple starting point to improve the optimization of 
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starting point to improve the optimization of the chemical process to generate the 

polyradicals quantitatively. Given that the synthesis of the molecular precursor is 

affordable, it would be possible to obtain polyradicals with a constant number of radical 

sites, very stable ferromagnetic ground state, large magnetic interactions and secondary 

structure-induced anisotropy. To finalize, note that by applying an external magnetic 

field one could think of aligning and separating the discrete units which may open the 

way to purely organic magnetic devices. 
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1. Primitive cell coordinates of optimized polymers structures for the 

ferromagnetic solution. 

1.1. Linear polymers. Six magnetic centres per cell. Magnetic atoms 1-6. 

For reasons of space, this information is not displayed here, but it can be requested from 

the authors 

1.2. Helical polymers. Three magnetic centres per cell. 

For reasons of space, this information is not displayed here, but it can be requested from 

the authors 

 

2. Energy expressions, computed absolute energies and definition of magnetic 

solutions required for the extraction of magnetic exchange interactions. 

We adopt an Ising spin Hamiltonian for the extraction of magnetic interactions. The 

Ising Hamiltonian is expressed as 

���X�S� = − 
 1�� ∙
��,�� 

)��̂ ∙ )��̂  

2.1. Linear conformation. 

The magnetic cell used for the extraction of the magnetic interactions is the same 

cell used for the optimization of the polymer, and therefore contains six magnetic 

centres. The computed absolute energies for the different magnetic solutions are given 

in Table S. I.1. The associated energy expressions according to the Ising Hamiltonian 

and the computed energetic differences for the solutions FM-AFM2 are indicated in 

Table S. I.2. Figure S. I.1 specifies how the different FM-AFM2 magnetic solutions are 

defined. 

 Energy (hartree) 
Solution 1a 2a 

FM -1616.4013668690 -3001.1249851480 
AFM1 -1616.3926198107 -3001.1196340643 
AFM2 -1616.3928287815 -3001.1198010527 

Table S. I.1Absolute computed energies for the different magnetic solutions required for the extraction of 
the magnetic exchange constants. 

 



Theoretical Study of High-Spin Ground State Odd Alternant Hydrocarbons 263 
 

Solution energy ∆EFM-AFM Calculated ∆EFM-AFM (cm-1) 

FM −6 4! #1� + 1�$  1a 2a 

AFM1 −1 2! #1� + 1�$ −1� − 1� -1919.75734 -1174.427088 

AFM2 1 2! #−1� + 1�$ −1� − 21� -1873.893552 -1137.777372 

Table S. I.2. Energy expressions associated to each of the magnetic solutions in the linear conformation. 
Computed absolute energies and associated energy differences referred to the ferromagnetic phase for all 

magnetic cells used in the helical conformation. 

 

Figure S. I.1. Schematic representation of the magnetic solutions (indicated in brackets) used to extract 
all relevant magnetic interactions. 

2.1. Helical conformation. 

The magnetic cell used for the extraction of the magnetic interactions is double the 

cell used for the optimization of the polymer, and therefore contains six magnetic 

centres. The computed absolute energies for the different magnetic solutions are given 

in Table S. I.3. The associated energy expressions according to the Ising Hamiltonian 

and the computed energetic differences for the solutions FM-AFM4 are indicated in 

Table S. I.4. Figure S. I.2 specifies how the different FM-AFM4 magnetic solutions are 

defined. 
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 Energy (hartree) 
Solutions 2a 2b 

FM -1616.427910044 -3001.151038859 

AFM1 -1616.417569494 -3001.143326321 

AFM2 -1616.407237511 -3001.135616547 

AFM3 -1616.407225306 -3001.135559183 

AFM4 -1616.417829211 -3001.143528848 

Table S. I.3. Absolute computed energies for the different magnetic solutions required for the extraction 
of the magnetic exchange constants. 

 

Cell energy ∆EFM-AFM Calculated ∆EFM-AFM (cm-1) 

FM 1 2! #−31� − 31� − 31- − 21K$  1b 2b 

AFM1 1 2! #−1� − 1� − 1-$ −1� − 1� − 1- − 1K -2269.5 -1692.7 

AFM2 1 2! #1� − 31� + 1- + 1K$ −21� − 21- − 21K -4537.1 -3384.8 

AFM3 1 2! #1� + 1� + 1- + 1K$ −21� − 21� − 21- − -
�1K -4539.8 -3397.4 

AFM4 1 2! #−1� + 1� + 1- + 1K$ −1� − 21� − 21- − -
�1K -2212.5 -1648.3 

Table S. I.4. Energy expressions and the resulting energy difference referred to the ferromagnetic phase 
for all magnetic cells used in the helical conformation. 
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Figure S. I.2. Schematic representation of the magnetic cells (indicated in brackets) used to extract all 

relevant magnetic interactions. 

3. Density of States and Band Structure plots for FM and AFM solutions of 

polymer 2b. 

Figure S. I. 3. represents the density of states for both ferro and antiferromagnetic 

solutions. Note that the AFM solution is defined as the solution where each single spin 

is surrounded by two spins of opposite sign. This solution was not used to compute the 

exchange coupling constants in the previous section, but is normally the reference for 

reporting band gap values, since it represents the most unfavourable case for 

ferromagnetic ordering. In line with what was discussed in the main text, the value of 
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the band gap is 2 and 1.7 eV for FM and AFM solutions respectively. This is an 

indication of the stability of the radical centres and of the robustness of the magnetic 

properties. 

 

Figure S. I. 3. Density of states of ferromagnetic (FM) and antiferromagnetic (AFM) solutions of 
polymer 2b. The definition of the magnetic cell used is also indicated. 

 

Figure S. I. 4 introduces the band diagram for both ferro and antiferromagnetic solutions 

as defined for the density of states representations. As it can be seen, the bands are quite 

flat and show little dispersion. 
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Figure S. I. 4. Band diagram of ferro and antiferro solutions of polymer 2b 

 

4. Optimized geometries (high-spin solution) of the different decaradicals derived 

from polymers 1b and 2b and calculated energetic differences for the decaradical 

derived from polymer 2b. 

For reasons of space, the Cartesian coordinates of decaradicals derived from polymer 1b 

and 2b are not displayed here, but it can be requested from the authors 

4.3 Calculated energetic differences in the helical decaradical derived from 2b. 

Molecular units presenting ten magnetic centres have at least six solutions with different 

multiplicity, ranging from ) = 5 (undecet) to ) = 0 (singlet). Within the mapping 

approach, one can approximate the pure spin states through broken symmetry solutions 

to extract magnetic exchange interactions, provided a correct spin projector is defined. 

Here, however, we use the broken symmetry solutions to approximate the energetic 

difference between the several states with different multiplicity. The high-spin state is 

well described with a single determinant of the type |&&&&&&&&&&�, which, by 

convenience will be represented as |10&�. Similarly, the other five low-spin states can 

be approximated by single determinants of the type |9&1'�, |8&2'�,  |7&3'�, |6&4'� 
and |5&5'�, respectively. For each multiplicity in the low-spin cases, there are several 
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broken symmetry solutions with similar energy, depending on where the beta spin 

density is located. In a non-systematic manner we investigated some of the different 

solutions, and no relevant change was observed. Table S. I.5 reports the energetic 

differences among the high-spin solution and the most stable low-spin solution found in 

each case. It clearly illustrates that also in the molecular case, the high spin is the 

ground state and it is well above the most stable antiferromagnetic solution. 

2b derived 

Solution Absolute energy (a.u.)  ∆E (cm-1) 
|10&� −5240.53686416   

|9&1'� −5240.53539632 |10&� − |9&1'� -322 
|8&2'� −5240.53411933 |10&� − |8&2'� -602 
|7&3'� −5240.53179894 |10&� − |7&3'� -1112 
|6&4'� −5240.53195893 |10&� − |6&4'� -1077 
|5&5'� −5240.53183543 |10&� − |5&5'� -1104 

Table S. I.5. Absolute energies (a.u.) and the corresponding energy difference (cm-1) referred to the most 
stable state (high-spin) as calculated in the optimized geometry of the polymer 2b derived decaradical. 

Negative values for ∆E imply a high-spin ground state. 
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Abstract 

Control over the electronic structure of extended systems by means of externally 

induced structural distortions is a promising route towards multifunctional materials. In 

this work we computationally design a planar network using as building blocks stable 

triarylmethyls organic radicals and simple mesitylene units to link the radical 

molecules. The resulting stable, two-dimensional π-conjugated ferromagnetic organic 

polyradical shows a linear correlation between electronic properties and the externally 

induced distortions. Bringing together stable triarylmethyls and the concept of surface 

covalent organic framework appears as a promising strategy to obtain such systems. 

Introduction 

π-conjugated polyradicals represent nowadays one of the main strategies for 

achieving purely organic multifunctional materials.1–3 

Among the basic constituents employed for such purpose, triarylmethyls (TAMs) 

radicals are the most important building blocks.4 TAMs belong to the odd-alternant 

polycyclic aromatic hydrocarbon class and are composed of three aryl rings bonded to a 

central methyl carbon atom, where their unpaired electron mainly resides, as depicted in 

Scheme 1. In these compounds, the stability of the radical centre is tightly related to the 

steric protection of the radical centrs. Thus, the simplest TAM, the triphenylmethyl 

(TPM) originally reported by Gomberg in 19005 and derivatives are known to last only 

for few minutes in solution at room conditions before reacting with atmospheric 

oxygen,5 and to undergo dimerization reactions.6 However, a larger protection by 

substituting all hydrogen atoms in TPM by chlorine atoms results in the 

perchlorotriphenylmethyl (PTM), a remarkably stable radical synthesized by Ballester et 
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al.7 The versatility offered by the inclusion of different substituents in the aryl positions, 

has allowed the syntheses of many different TAMs derivatives.7–14  

One of the most outstanding uses of TPM as a radical building block was developed 

by Rajca et al.
4 in the field of organic magnetism, coining the concept of spin cluster. 

Within this strategy, the first example of an organic polymer magnet was reported,15 

showing an approximate S value of 5000 and magnetic order below 10 K. Owing to the 

improved chemical stability of the PTM, these building blocks have been widely 

exploited,2 as for instance for the preparation of electro-active self-assembled 

monolayers,16,17 mixed-valence compounds,18 donor-acceptor systems,19 robust 

magnetic triradicals,20 porous-organic radical frameworks (POFs)21 or metal-organic 

frameworks (MOFs).22 Such diversity has led to very interesting properties for material 

science such as enhanced electrical conductivities,23 optical absorption bands24 or 

magnetoresistance phenomena.25 

The intrinsic molecular-structure/spin-localization relationship in TAMs has been 

recently revealed computationally.26 This work manifests a linear dependence between 

spin-localization and the average cosine squared of the dihedral angle (<cos2φ>) of each 

aryl ring with the central carbon atom plane, which is consistent with π−overlap 

arguments.27–29 Additionally, this relationship does not depend on the chemical 

functionalization or temperature.26 It is then reasonable to think that manipulating the 

spin localization by structural means represents a powerful tool for controlling the 

associated properties that arise from spin-spin interactions. However, to the best of our 

knowledge, no explicit TAM device or material has been made or designed towards this 

direction. 

The work reported in this letter aims at bridging this gap, bringing together the 

concepts of two-dimensional covalent organic frameworks (2D-COFs)30,31 and TAMs 

radicals.4 Thus, we propose a TAM-based 2D π-conjugated polyradical for which the 

twist of the aryl rings can be controlled by external mechanical strain. By means of 

density functional calculations we study the structure, chemical stability and magnetic 

coupling under the effect of the external strain and its impact on the material properties. 

We find that a gradual distortion is followed by smooth changes on the magnetic and 

optical properties without largely affecting the chemical stability of the radical centres 

within the network, which is crucial for potential applications of the material. 
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Computational details. 

The structure is modelled by a single slab in vacuum, as shown in Figure 1. All the 

different structures reported herein were fully optimized with the hybrid PBE032 

functional within the FHI-AIMS code,33,34 using “light” numerical basis sets. Aiming to 

mimic the strain that a planar system might experience on top of a certain substrate, we 

performed a series of restricted optimizations, increasing systematically one of the cell 

parameters (from zero to five Å) and optimizing the other, while keeping constant the 

vacuum level. 

For the calculation of electronic structure and magnetic properties, we use the 

Crystal09 code,35,36 the B3LYP37 hybrid density functional based method with the 

standard 6-21G* basis set for all atoms.38,39  ITOL values have been fixed to 7,7,7,7,14 

to force stringent numerical convergence of energy and gradients and a shrinking factor 

of 6 in the 2D irreducible Brillouin zone, using the Monkhorst-Pack scheme to define 

the reciprocal space. 

The description of the magnetic properties is based on the Ising spin Hamiltonian40 

 ���X�S� = − 
 1��)��̂ )��̂
〈�,�〉

 (1) 

 

where 1�� is the exchange coupling constant between the )��̂  and )��̂  localized spin 

moments and the 〈�, �〉 symbol indicates that the sum refers to nearest neighbour 

interactions only. According to Eq. (1), a positive value of the exchange coupling 

constant 1�� corresponds to ferromagnetic (FM) interactions, while negative values 

describe an antiferromagnetic (AFM) interaction (parallel and antiparallel spins 

respectively). The number, sign and magnitude of the most relevant 1�� determine the 

low-energy spectrum of the system and, consequently, the magnetic structure of the 

system. The extraction of the different 1�� is based on the mapping approach described 

elsewhere.
41 

Results and discussion 

As suggested by Mataga42 in 1968, hypothetical linear and 2D arrangements of m-

xylylene diradical43 and TAM radicals, might present high-spin ground states. More 

recently, Rajca et al.
15 provided the first experimental proof that these networks can be 
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achieved. However, the magnetic properties of the resulting system persist only at low 

temperature, presumably due to the instability of the polyradical. Therefore, it would be 

desirable to count with strategies that allow preparing stable organic polymer magnets 

with larger critical temperature and chemical stability at ambient conditions. A step in 

this direction can be done working with building blocks that are already very stable 

themselves, such as PTMs.  

In fact, following early achievements on the preparation of porous organic 

frameworks (POFs)22 and molecular organic frameworks (MOFs),21 one could take 

advantage of PTMs stability over surfaces17,44 in order to obtain 2D-SCOFs. Important 

advantages are derived from this strategy, since it offers 2D ordered covalently bonded 

networks where the different molecular constituents occupy ordered positions in the 

mono-layer. Monolayer 2D-COFs are normally achieved when prepared on specific 

surfaces (surface covalent organic frameworks, SCOFs)45 but they can also be prepared 

in solution,46 obtaining a multi-layered or porous material. As proved experimentally in 

graphene monolayers and bilayers,47,48, structural distortions can be introduced by 

carefully bending the supporting substrate, due to the 2D-fashion order. Thus, since a 

clear molecular-structure/spin-localization relationship exists in TAMs,26 stretching 

might represent an effective way to change the electronic properties of TAM-based 2D-

SCOFs π-conjugated polyradicals. 

Based on these strategies, here we report the computational design and study of two 

hypothetical 2D-COFs. Figure 1 schematically compares the building blocks used by 

Rajca et al.,15 and the ones used in this work, together with the resulting extended 

system. 2D-TPM stands for the system obtained from TPMs (R = H), while 2D-PTM 

stands for the system obtained from PTMs (R = Cl) (Figure 1). The design of our TAM-

based 2D-COFs deliberatively aims to obtain a planar material with stable radical 

centres. Planarity is required so the external strain affects efficiently the twist of the 

phenyl rings only. 1,3-phenylene is known to be a good coupling unit to promote strong 

ferromagnetic interactions,49 and consequently, TAM units should be connected through 

the meta-position of their aryl rings to avoid formation of quinoidal structures. 

However, due to the propeller-like structure of most TAMs, a 1,3-connectivity would 

probably lead to non-planar structures preventing the formation of the 2D-network in 

solution or on surface. Thus, as depicted in Figure 1, we consider the use of benzene 

units to connect three TAM units through their para-positions, hence ensuring the 
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planarity of the 2D-network. Comparatively, the network of the system proposed by 

Rajca et al. is much more rigid to external distortions due to the calix[4]arene-based 

radicals. 

For both the proposed 2D-TPM and 2D-PTM structures, all atoms coordinates and 

cell parameters are optimized. In the minimum energy structures, the radical centres lay 

on a plane defining the central element of the slab. These radical centres are connected 

with all TAM aryl rings twisted by 34° and 40° respectively, with respect to the network 

plane. These twist angle values coincide with the calculated for the TPM and PTM 

single molecules.26 Calculations are performed on the fully optimized structure 

(relaxed) and two restricted optimized points with different degree of distortion, denoted 

semi-distorted and distorted. Table 1 summarizes all relevant values concerning 

energetic differences between the low-lying magnetic states, band gaps and spin 

densities. As for the case of discrete molecules,26 these properties correlate very well 

with the corresponding <cos2φ> values (see supplementary information). Both 2D-TPM 

and 2D-PTM relaxed structures show a high-spin ground state. The spin density in these 

cases spreads between the radical centres and the phenyl rings surrounding them, which 

are also shared by other TPM units. According to Borden and Davidson,50 the non-

disjoint character of the singly occupied orbitals (SOMOs) in odd alternant 

hydrocarbons, favours the high-spin state. The applied strain produces a partial twisting 

of certain aryl rings, leading to a localization of the spin density in the radical centre 

with a concomitant suppression of spin density on the shared phenyl rings. Thus, the 

radical centres become magnetically independent and in the most distorted structure, the 

high-spin and low-spin solutions become almost degenerate. When comparing both 

systems, the bulky chlorine atoms in the 2D-PTM force much larger dihedral angles 

than in the 2D-TPM case, which translates into smaller energy separation between the 

low-lying magnetic states. Consequently, the 2D-PTM network presents much more 

reduced <cos2φ> variation for the same applied strain, when compared to the 2D-TPM 

network (see section 1 of supplementary information). The values of calculated band 

gaps in Table 1 indicate several things. First, its value depend to a given extent on the 

used functional, but for a given functional the trends are the same. Second, these values 

correspond to energies in the range of visible radiation, meaning that if synthesized, 

they might display a given colour which might change by structural stress. Third, the 

relatively small and linear variation that the applied distortions induce in this property 
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indicates that the distortions do not destroy the electronic structure of the material 

suggesting a comparable chemical stability. Finally, the fact that they remain constant 

for the high- and low spin-solutions (for the 2D-TPM case) suggests that the spin 

density is well-localized in the radical centres and that magnetic properties do not alter 

the electronic structure of the network. These considerations are further justified by the 

observation of the same trends for the spin densities on the radical centres. 

Concerning the magnetic properties, calculations have been carried out only on the 

2D-TPM system. The restricted optimizations performed introduce gradual twisting 

moves of the aryl rings, which distorts the equilateral triangle relating the three radical 

centres in the unit cell. This is schematically depicted in Figure 2. Thus, for the relaxed 

geometry there is only one J1 inside the triangle, and almost twice further, J2 relates two 

radical centres through the pore; in the distorted geometries the equilateral triangle is 

lost, and J1 converts into J1a and J1b. The unit cell consist of all three geometries 

contains three radical centres, which, for the extraction of two different magnetic 

exchange interactions does not provide enough magnetic solutions. Therefore, the 

magnetic cells used for the extraction of magnetic interactions are twice the unit cell in 

one of the directions. Table 2 presents the calculated magnetic coupling constant values 

for the three relaxed, semi-distorted and distorted geometries. Details on the extraction 

of these values can be found in the supplementary information. For the semi-distorted 

and distorted geometries, J2 has been ignored in view of the negligible value in the 

relaxed case. The calculated values for the three geometries indicate a ferromagnetic 

interaction, although in the distorted geometry, the ferromagnetic solution is practically 

degenerate with the antiferromagnetic one. 

Conclusions. 

This work presents a theoretical study of the structural, electronic structure features 

and magnetic properties of two monolayer TAM-based polyradicals, showing the 

radical centres lying on a plane that defines the central element of the slab, and how 

those are affected by external mechanical strain. 

Two systems have been designed: 2D-TPM and 2D-PTM. Both share a phenyl ring 

as building block, but one is based on TPM radical and the other on PTM. PTM is 

known to be stable over surfaces17 indicating that it could be deposited to generate the 

2D-SCOF. However, for the TPM case, due to the less sterically protected radical 
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centre, it might be desirable to deposit it in its precursor form (ether), and if the 

monolayer is successfully formed, proceed with the carbanion method to generate the 

radical centres.51,52 In fact, this strategy might bring an additional advantage in terms of 

generating the radical centres, because an ordered layer would present radical precursors 

more easily accessible than in the case of structurally disordered polymers53 or star-

branched dendrimers.4 This would decrease the impact that chemical defects (absence of 

radicals at some TAM sites) have in suppressing the magnetic interactions defining the 

2D magnetic topology in the material.4 

Both systems, when fully optimized, present a high-spin ground state. The energetic 

separation with the rest of low-spin solutions is calculated to be larger for the 2D-TPM 

case, because the bulky chlorine atoms of PTM introduce dihedral angles that force a 

considerable spin-localization. 

There exists a clear correlation between the aryl ring twists and all the properties 

derived from a different extent of spin-localization over the radical centres, such as spin 

density, band gap, ∆��� ��� and J coupling values. This offers a powerful mechanism 

to control electronic properties of TAM-based 2D-SCOFs by external means. 

The calculated J coupling constant values are small. This indicates that this type of 

networks might not be appropriate for magnetic materials, but rather for other 

interesting optical properties. 
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Scheme 1. Triarylmehtyl general molecular structure. The unpaired electron mainly resides on the central 

carbon atom (αC) but also partially delocalizes to the ortho- and para- positions of each aryl ring.  

 

Spin 
cluster 

 
  

  

Our 
work 

 
 

Figure 1. Schematic comparison of the building blocks used and the resulting extended 2D polyradicals 
introduced by Rajca et al. and the ones used in this work. The possibility of introducing an external strain 

that affects the triaryl twist angles without distorting too much the planarity of the system, is more 

effficiently achieved within our proposal. Within our proposal, two prototype TAM-based 2D-COFs are 
designed and studied. When the TAM presents all R = H, the structure is designated as 2D-TPM; when it 

presents all R = Cl, the obtained structure is named 2D-PTM. The substituents are not shown in the 
extended structure for clarity. 
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relaxed Semi-distorted distorted 

   

   

4� = 12.4 ; 4� = 21.5 4�E = 10.8 ; 4�F = 13.3 4�E = 9.3 ; 4�F = 13.9 
 

Figure 2. Schematic representation of the most relevant distances between the radical centres, and how 

they are affected by external strain. Down most row indicates the actual values (Å) for these distances in 

2D-TPM. Note that for the semi-distorted and distorted cases, d2 has been ignored. 

 

 2D-TPM 2D-PTM 

 Relaxed 
Semi-

distorted 
Distorted Relaxed 

Semi-
distorted 

Distorted 

       
 Calculated energy differences per magnetic centre (cm-1) 

∆��� ����  −16.0 −4.8 −0.1 −3.0 −1.8 −0.6 
∆��� ����  −32.1 −14.0 −0.3    

       
 Band gap (eV) 

�{ 1.8 (2.2) 1.9 (2.4) 2.4 (2.8) (2.9) (2.9) (3.0) 
`�{� 1.8 2.0 2.4    

       
 Averaged spin density at the radical centres 

�{ 0.604 0.693 0.807 0.816 0.842 0.848 
`�{� 0.604 0.693 0.807 0.816 0.842 0.848 
`�{� 0.604 0.693 0.807    

 
Table 1. Summary of electronic properties on both structures investigated, at each of the geometries. For 

the band gap values, the results are obtained from B3LYP (PBE0) calculations. 
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2D-TPM 
 relaxed Semi-distorted distorted 

1�E 5.5 0.18 0.001 
1�F 5.5 2.33 0.06 
1� -0.006 - - 

 
Table 2. Magnetic coupling constants per magnetic centre (cm-1) for the 2D-TPM, at each of the 

geometries investigated. The corresponding J2a J2b values in semi- and distorted geometries have not 

been calculated but are expected to be of the same order as in the relaxed geometry (see distances in 

Table 1). 
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1. Correlation between ∆��� ���, band gaps, spin densities and magnetic coupling 

constant values with <cos2φ> for both 2D-TPM and 2D-PTM structures at each of 

the relaxed, semi-distorted and distorted geometries. 

This section shows graphically the linear correlation between calculated one-electron 

properties and the <cos2φ> value. 

  

 

+ distortion − + distortion − 

  

 

Figure SI.1.Linear correlation between ∆��� ��� (cm-1), bandgap (eV), spin density at the radical 
centres and coupling constant values (cm-1) against average <cos2φ> for the different geometries (relaxed, 

semi-distorted and distorted) for 2D-TPM (rhombohedral) and 2D-PTM (triangle). All values are 
calculated with B3LYP1 functional in Crystal09 program,2,3 except for the band gaps which are calculated 

with PBE04 in AIMS.5 

As observed in Figure SI.1, there exists a clear linear correlation between the one-

electron properties on the material and aryl ring twist. Indirectly, it manifests the 

linkage between molecular structure and spin-localization. Note that for all properties, 

the region of allowed distortions for the 2D-PTM (triangles) is much more reduced as 

compared to 2D-TPM (rhombohedral).  
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2. Band structure for 2D-TPM systems at the relaxed and distorted geometries. 

In this section is presented the band structures of the 2D-TPM systems at the relaxed 

and distorted geometries, as calculated with the B3LYP functional and Crystal09 

program. 

 

Figure SI.2. Calculated band structure for the 2D-TPM system. Leftmost and rightmost columns stand 
for the relaxed and distorted geometries, respectively. Highest row shows the band structure in a range of 
energies from -3 to 5 eV. For clarity, unoccupied and valence bands are zoomed in the middle and down 

most rows, respectively. 
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From Figure SI.2, one can see that the band gaps in these systems is ruled by the 

dispersion of the bands. A closer inspection of the shape of the occupied bands indicates 

that the dispersion of the bands also changes with the distortion, as an expression of the 

localization of the unpaired electrons.  

3. Details on the definition of different magnetic solutions for the extraction of all 

relevant magnetic exchange interactions. 

The description of the magnetic properties is based on the Ising spin Hamiltonian6 

 ���X�S� = − 
 1��)��̂ )��̂
〈�,�〉

 (1) 

 
2D-TPM 

 relaxed Semi-distorted distorted 
 

 
  

    

solution 
�{ = 123456 �{ = 123456 �{ = 123456 

`�{� = 12�3456 `�{� = 123456� `�{� = 12345�6 
`�{� = 12�345�6 `�{� = 12�34�56� `�{� = 12�3�45�6 

 Energy expressions 

 � ∆��� ��� � ∆��� ��� � ∆��� ��� 

�{ − 9
2 #1� + 1�$  − 1

2 #31� + 61�$  − 1
2 #31� + 61�$  

`�{� − 1
2 #31� + 51�$ −31� − 21� − 1

2 #1� + 21�$ −1� − 21� − 1
2 #1� + 21�$ −1� − 21� 

`�{� 
1
2 #31� − 91�$ −61� 

1
2 #−31� + 61�$ −61� 

1
4 #21� + 51�$ − 1

4 #81� + 171�$ 
       
 Calculated energy differences per magnetic centre (cm-1) 

∆��� ����  −16.0 −4.8 −0.1 

∆��� ����  −32.1 −14.0 −0.3 
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 Coupling constant values per magnetic centre (cm-1) 
1�E 5.5 0.18 0.001 
1�F 5.5 2.33 0.06 
1� -0.006 - - 

Table SI.1. Schematic representation of the magnetic solutions used to extract the relevant coupling 
constants in each geometry of the 2D-TPM system, corresponding energy expressions as predicted by 

Ising spin Hamiltonian, calculated energy differences and associated coupling constants values. 

In order to extract all relevant magnetic interactions, it was necessary to define a 

magnetic cell which is double in one direction the unit cell. Thus, the magnetic cell 

shows six different radical centres which provide enough linearly independent equations 

to extract the coupling constants. The different magnetic solutions used are denoted FM, 

AFM1 and AFM2, as depicted in Table SI.1. With the energy expressions for each of 

the magnetic states obtained with Ising spin Hamiltonian, and the calculated energy 

differences associated with this states, based on the mapping approach7 one can extract 

all relevant magnetic interactions. 
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4.4. Summary and Discussion of Results. 

The ultimate goal of this chapter is to provide sound arguments that allow obtaining 

a purely π−conjugated organic polyradical interacting through-bond, with large S value, 

high-spin ground state, robust ferromagnetic properties, strong magnetic anisotropy and 

chemical stability. 

The structure of section 2 is aimed at introducing each of the necessary arguments 

that present and explain the sought goal. Thus, it has dealt with the following reasoning: 

• To justify why odd alternant hydrocarbons present high-spin ground state 

despite being neutral molecules with an even number of electrons. 

• To select specific odd alternant hydrocarbons as building blocks, on the 

basis of a promotion of high-spin ground state and the introduction of 

chemical stability when used to form polyradicals. 

•  To choose the most convenient coupling scheme in order to promote both 

interesting macroscopic properties and the appearance of stabilizing 

secondary structure by means of intramolecular dispersion interactions. 

Figure 11 summarizes the previous discussion, explicitly pointing at the requirements 

for obtaining the desired properties. 

 

Figure 11. Schematic summary of the requirements (circumference) to obtain the targeted goal (inside the 
circle). 
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Keeping this in mind, the series of publications (#4.1-6) have explored different 

aspects of the electronic structure of odd alternant hydrocarbons, which constituted the 

necessary steps towards formulating effective and valuable proposals for obtaining the 

desired materials. 

Paper #4.1 performs an extensive computational study on the most basic constituent 

of all molecules discussed in this chapter, the m-xylylene (molecule 9) diradical. The 

availability of experimental data on the large triplet-singlet gap17, made it a perfect 

reference systems to benchmark the correct methodology for treating related extended 

compounds. It also served as an exercise for the author to enter the field of 

computational chemistry methods, and more particularly, to introduce the problematic 

of correlated electronic states, since before his PhD studied his research was purely 

experimental. The experimental setup used to access the triplet-singlet gap, is based on 

measuring the kinetic energy of a photo detached electron from the anion radical, which 

is associated to the fine vibrational structure of the neutral molecule. The resolution of 

the fine vibrational structure indicates that it is an adiabatic process, and therefore to 

correctly describe it theoretically, one has to account for the different geometries on 

both the triplet and singlet states. Paper #4.1 discusses this particular subject when 

optimizing the geometries with wave function and density functional-based methods, as 

suggested by Malrieu et al.66 Despite the apparent simplicity of the molecule (C8H8), the 

majority of computational strategies used to describe its triplet-singlet gap resulted in an 

overestimation with respect to the experimental value. Despite that, results of DFT-

based calculations appear to be quite robust, and the dependence with respect to the 

basis set quality and to the molecular geometry is quite small. The main problem is the 

dependence with respect to the choice of the exchange−correlation functional. The 

difficulty of the wave function-based methods in describing the triplet−singlet gap 

arises quite unequivocally from dynamical correlation effects which cannot be 

recovered unless an even larger CAS is used, but this becomes computationally 

prohibitive. Overall, the M06-2X meta-GGA functional provides the best comparison to 

experiment. 

Paper #4.2 investigates the role of m-phenylene as a strong ferromagnetic coupling 

unit between two nitronyl nitroxides radicals. It addresses the impact that substituents in 

the phenyl ring have on the magnitude of exchange coupling constant, and the effect of 

the density functional used to describe it. Particularly, this work investigates the role of 
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planarity, providing a first word of caution on the importance of structural freedom to 

properly define the triplet-singlet gap, and consequently the magnetic interactions 

among unpaired electrons. Despite sharing the same coupling unit, the calculated values 

for these compounds are much smaller than the ones reported in paper #4.1. This is due 

to the different nature of the spin-carrier units.  

Paper #4.3 studies extended m-xylylene derivatives (simplified versions of 

molecule 11) with different substituents. It focuses on the non-planarity of the 

compounds, at variance with similar theoretical studies which assume planarity of the 

systems, and it finds a large structural flexibility at a very low energetic cost. The 

richness of minima showed by the potential energy surfaces can be described by a 

reduced set of values referred to only the two dihedral angles This study constitutes a 

necessary preliminary step before studying periodic structures and enlightened how 

hypothetical polyradicals might be extended, as explicitly investigated in paper #4.5. 

Surprisingly the very different molecular geometries (conformational minima) are 

connected through transition states that lay very close in energy, resulting in very flat 

potential energy surfaces. In none of them, the σ−π separation is ensured, but still, they 

show a high-spin ground state well below in energy from the open-shell singlet. This is 

in sharp contrast with the m-xylylene diradical (paper #4.1) for which a slight distortion 

penalizes energetically the triplet state (Figure 4.3.1.).  

Paper #4.4 is a joint experimental and theoretical work on a robust triradical 

molecule (based on molecule 13) sandwiched between two gold electrodes. The 

molecule presents a different magnetic topology than the one in papers #4.3, since three 

radical centres are connected through meta- of the same phenyl ring. The experimental 

technique used to inspect the low-lying magnetic states of the molecule is inelastic 

electron tunnelling spectroscopy and agree with DFT-based calculations. Here small 

structural distortions, which are assumed to be induced by the electrodes, totally 

determine the ground state of the molecule, provoking even a crossing of magnetic 

states. This work, in comparison to paper #4.3 clearly shows that the adopted coupling 

scheme (section 2.6.3) induces different response of the ground state to structural 

distortions, which needs to be addressed when looking for robust magnetic properties on 

a material. 
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Paper #4.5 could be seen as a natural continuation of paper #4.3 where m-xylylene 

unit is infinitely extended. It reports the appearance of a secondary structure in 1D-like 

polyradicals, which induces a stabilization of the radical centres while keeping very 

strong ferromagnetic interactions among them, and orientates the direction of magnetic 

anisotropy. In line with paper #4.3, largely different conformations do not alter the 

high-spin nature of the ground state, neither modify dramatically the calculated coupling 

constant values. Additionally, it also proposes to revisit a discarded synthetic route 

based on long enough, but still discrete molecular precursors, to ensure the appearance 

of a helical structure that induces stabilization. This would avoid the uncontrollable 

impact of the defects imposed by the synthetic route in polymeric precursors  

Paper #4.6 investigates an alternative manner to the one proposed by Rajca et al.
57 

for extending a π-conjugated polyradical system in 2D, by means of triarylmethyl 

(TAMs) units connected through phenyl rings. This work exploits the stability of 

different chlorine-substituted derivatives of the Gomberg radical42 (molecule 12) when 

deposited over surfaces44 and proposes making use of surface covalent organic 

frameworks (SCOFs) to design 2D-based TAMs polyradicals showing controllable 

electronic properties by means of external distortions. The work focuses on two model 

systems, depending whether the TAM building block is simply the Gomber42 or the 

PTM43 radical. By gradually applying a strain in one of the directions of the plane, it is 

found that the electronic properties, such as spin densities, band gaps, ∆��� ��� and 

magnetic coupling constants, follow a linear correlation with the dihedral angles that is 

directly linked to the spin localization on the radical centres. The calculated magnetic 

coupling constants are relatively low, and as commented, are also largely affected by 

the distortion till the point of vanishing.  

Considering all discussed articles, one can safely conclude that the magnetic 

topology introduced by the coupling scheme, entirely determines the response of the 

ground state to distortions, and points at the fact that the best strategy for obtaining 

robust ferromagnetic properties in organic compounds relies on linear π-conjugated 

molecular polyradicals. 
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The conclusions of this thesis can be divided in two, depending on the systems 

under study. However, there are some that are common. 

From a methodological point of view, DFT-based calculations introduce a large 

dependence of the choice of the functional on the calculated magnetic coupling constant 

values, but in general provide reliable and consistent trends. On the other hand, wave 

function-based methods offer a more rigorous treatment of the electronic structure of the 

problem, and consequently a better description of the magnetic exchange interactions. 

However, it is very limited by the size of the system.  

On the accurate description of magnetic exchange interactions in the studied 

coordination compounds. 

By a detailed analysis of the mapping approach, we have identified the spin systems 

for which the formulation given by Noodleman is not appropriate. Particularly, the Ni-V 

and Ni-Cu heterobinuclear complexes investigated in paper #3.1, demonstrate that if the 

pure spin states are expressed as a linear combination of determinants that do not 

correspond to the broken symmetry determinants, a univocal spin projector cannot be 

defined. 

An alternative formulation of the mapping approach, following previous work on 

the group, is proposed and generalized to the case of three-electron three-centre 

problems. 

The proposed alternative makes direct use of the energy of the broken symmetry 

solutions and maps them into the energy expectation values of the corresponding broken 

symmetry solutions of the HDVV Hamiltonian. Therefore, it does not require using a 

spin projector. 

The validity of this proposal is checked by comparison to experiment and by means 

of effective Hamiltonian theory, and it is found to provide consistent magnetic coupling 

values. 

Effective Hamiltonian theory allows a direct comparison between the HDVV and 

the effective Hamiltonian matrix elements. This, applied to three-centre three-electron 

problem, permits an ab initio extraction of all relevant two-body magnetic coupling 

constants between nearest neighbours, without making any assumptions on the 
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symmetry of the problem. Additionally, the comparison between the effective 

Hamiltonian and the spin model Hamiltonian provides information on the Heisenberg 

character of the system. 

Finally, for the trinuclear Cu(II) case studied in paper #3.2, the calculated coupling 

constant value present a large dependence on the functional used. However, the 

relationship between the coupling constants is found to be almost constant for the 

different functionals used. Additionally, the consistent values obtained in model 

dinuclear systems indicate that the magnetic interaction is local, and it offers a simple 

manner of extracting the magnetic exchange interactions in complex polynuclear 

systems. 

On the theoretical description and computational design of purely 

π−conjugated organic polyradical interacting through-bond, high-spin ground 

state with large S value, robust ferromagnetic properties, strong magnetic 

anisotropy and chemical stability. 

A purely organic compound showing robust ferromagnetic interaction in a wide 

range of temperature has yet not been achieved, despite the numerous attempts. It is a 

task that involves very complex synthetic routes and characterization techniques, 

together with a critical and very difficult to control interplay between the generation of 

unpaired electrons, structural distortions and chemical stability of the radical centres.  

Density functional theory using hybrid functionals, particularly B3LYP, provides a 

reliable computational strategy to describe the multiple local minima in these 

structurally flexible organic radicals. 

Structural features play a crucial role in the definition of magnetic properties in 

π−conjugated polyradicals interacting through-bond. Particularly, they introduce 

effective manners to increase the stability of the compounds while enhancing robust 

ferromagnetic properties 

For extended polyradical systems, especially those presenting large π−π 

interactions, the inclusion of long-range dispersion corrections is of paramount 

importance to properly describe the minima in the potential energy surface, and 

consequently, the magnetic interactions. 
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Figure 1. Schematic representation of the overall trends observed throughout this thesis. J represents the 

dominant magnetic coupling constant (positive values indicate ferromagnetism). θ is a representation of a 

given collective coordinate capturing the torsion in the system in the different systems studied in this 

thesis. Grey areas highlight how the allowed distortion in the system affects the dominant magnetic 

coupling constant. 

 

Apart from the already mentioned ones, Figure 1 schematically summarizes the 

main conclusions of this thesis with respect to magnetic interaction in π−conjugated odd 

alternant organic polyradicals. Those are: 

All organic systems investigated in this thesis can be divided in two, according to 

the effect of structural distortions on the dominant magnetic coupling constant, as 

indicated in the left-most and right-most columns in Figure 1. For the m-xylylene 

diradical, small distortions (θ) imply large variations of the coupling value (J), as a 

consequence of a missing auxiliary π−conjugated system to delocalize the unpaired 

electron if a distortion happens. For the triradical molecule, the range of allowed 

distortions is larger, and its impact gets to reverse the sign of the exchange coupling 

constant. On the 2D polymeric systems, the distortions experienced by the network are 

limited because of the planarity of the system, and the coupling constant value remains 

positive but very small. In contrast, the systems extended in one dimension present a 

very large structural flexibility, but no matter the conformation adopted, they show very 

strong ferromagnetic coupling. Additionally, as a consequence of the structural 
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flexibility, there are secondary structures that induce a net stabilization of the high-spin 

ground state. 

Altogether, this thesis proposes using linear π-conjugated polyradicals, based on 

molecular units derived from Gomberg radical, to achieve robust ferromagnetic 

properties in stable purely organic systems.  
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En la siguiente memoria se presenta un resumen de la tesis doctoral que lleva por 

título “Comprensión y predicción del acoplamiento magnético en sistemas complejos: 

de complejos inorgánicos a poliradicales orgánicos”. 

7.1. Introducción. 

El desafío para comprender el origen del magnetismo en la materia y los fenómenos 

asociados que se desprenden de él, han requerido un notable esfuerzo por parte de 

algunas de las mentes científicas más brillantes. En el proceso, han ofrecido formas 

fundamentalmente nuevas de describir la materia e impulsado profundas 

transformaciones tecnológicas en las sociedades. El estudio del origen del magnetismo 

en la materia está íntimamente relacionado con el nacimiento de la mecánica cuántica, 

ya que para explicar los fenómenos magnéticos observados en la materia, es necesario 

contar con una teoría que explique la estructura atómica. 

El desarrollo de la mecánica cuántica permitió racionalizar el conjunto de 

fenómenos magnéticos que ocurren en la materia. Los primeros intentos de aplicar la 

teoría cuántica al campo del magnetismo fueron llevados a cabo por Heisenberg en 

1928. Se dedicó a la racionalización del ferromagnetismo observado en los metales, 

donde se cumple el supuesto de spines localizadas debido a la naturaleza d y f de las 

capas de los iones metálicos. En última instancia, la interacción isotrópica entre los 

momentos de spin localizados se puede describir mediante el Hamiltoniano 

fenomenológico introducido por Heisenberg1 

 �� = − � ���	�� ∙ 	��
〈�,�〉

 (1) 

 

donde ��� es la constante de acoplamiento magnético entre los centros 	�� y 	�� 

localizados de spin y 〈�, �〉 indica que la suma se refiere a las interacciones entre vecinos 

más cercanos únicamente. En este modelo, un valor positivo o negativo del parámetro 

��� implica interacción ferromagnética o antiferromagnética entre los momentos de spin 

del centro i con el j, respectivamente. Una simplificación del anterior Hamiltoniano fue 

introducida por Ising,2 quien consideró únicamente las componentes z de los operadores 

de spin 
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 ������� = − � ������� ∙ ����
〈�,�〉

 (2) 

 
Estos modelos son esenciales para la interpretación de muchos fenómenos magnéticos 

que se derivan de la existencia de momentos de spin localizados. Por lo tanto, estos dos 

Hamiltonianos son fundamentales para el trabajo presentado en esta tesis, y se 

encontrarán a lo largo de la discusión 

Históricamente, el magnetismo se ha dedicado a los compuestos inorgánicos, en su 

mayoría sólidos iónicos con centros paramagnéticos metálicos (Fe, Co, Ni, Cu, Mn), 

responsables de sus propiedades magnéticas macroscópicas. Sin embargo, en las últimas 

décadas, el estudio de las propiedades magnéticas se ha extendido hacia enfoques 

basados en sistemas moleculares, cubriendo áreas muy diversas que incluyen 

compuestos organometálicos3–5 y moléculas puramente orgánicas.6–8 

El principal interés de esta tesis se encuentra en el estudio de las propiedades 

magnéticas de moléculas orgánicas sin centros metálicos. La existencia de electrones 

desapareados en estos sistemas, que son los responsables de las propiedades magnéticas 

más relevantes, proviene de argumentos topológicos que se explicarán en detalle más 

adelante. El estudio del magnetismo en los compuestos puramente orgánicos requiere 

un enfoque totalmente diferente con respecto al de los compuestos con centros 

metálicos. Para los sistemas puramente orgánicos, todos los fenómenos se deben a 

electrones en orbitales s y p, y la ausencia de átomos pesados permite descartar los 

efectos asociados al acoplamiento de spin-órbita. Por otra parte, en este tipo de sistemas, 

la densidad de espín está deslocalizada, en general, sobre un conjunto de átomos que 

participan en un sistema π−conjugado, en comparación con los centros metálicos donde 

las capas abiertas son electrones en orbitales d o f.  

En una primera aproximación, los sistemas radicalarios orgánicos se pueden 

clasificar dependiendo de si la interacción entre los centros magnéticos es a través del 

espacio9,8 (por ejemplo nitronyl nitroxidos o compuestos de tranferencia de carga) o a 

través de enlace10,11 (sistemas π−conjugados). Existe una importante diferencia derivada 

de estos mecanismos diferentes: en aquellos radicales que interactúan a través del 

espacio, los electrones desapareados se encuentran en cada una de las entidades 

moleculares que forman un cristal, el cual se mantiene unido por medio de interacciones 

de largo alcance, como por ejemplo, interacción π−π. En estos sistemas, el parámetro 
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crítico que afecta a las propiedades magnéticas es la distancia entre esas unidades, la 

cual a su vez depende en gran medida de factores externos como la temperatura o la 

presión. Alternativamente, aquellos sistemas radicales en los que la interacción se da a 

través del enlace, implican que la interacción magnética se produce dentro de una 

unidad molecular unida covalentemente. Otro aspecto comparativamente diferente es 

que mientras en los sistemas que interaccionan por el espacio, cada unidad que 

interactúa presenta un único electrón desapareado, los sistemas en los que la interacción 

se da a través del enlace pueden presentar un número variable de centros de radicalarios 

dentro de cada unidad molecular. Además, estas unidades moleculares pueden ser 

estructuralmente flexibles. Esta última característica introduce algunos problemas 

implícitos que no pueden pasarse por alto, como por ejemplo, deformaciones 

moleculares de bajo coste energético asociadas a la isomería conformacional, que 

afectan el camino de la interacción magnética de una manera mucho más compleja que 

en los cristales moleculares. En última instancia, como consecuencia de la flexibilidad 

estructural, es esperable que en estos sistemas aparezcan grados de ordenamiento 

supramoleculares, como estructuras secundarias. Por lo tanto, es una característica que 

debe ser considerada en las estrategias que pretendan describir correctamente las 

propiedades magnéticas de este tipo de sistemas. 

Sin embargo, un aspecto fundamental, previo al estudio de la interacción 

magnética, es asegurar que la existencia de los electrones desapareados. Para ello, los 

argumentos de estabilidad son cruciales. Hay dos estrategias principales para estabilizar 

electrones desapareados en moléculas orgánicas. El primero se basa en una protección 

estérica del centro radicalario, conocida como estabilización cinética. Su ejemplo 

representativo es el aumento de la estabilidad cuando se pasa del radical de Gomberg12 a 

su derivado clorado, el PTM.13 La segunda estrategia se basa en la introducción de un 

sistema π−conjugado que permita una deslocalización del electrón desapareado, lo que 

facilita que participe en varias formas resonantes, resultando en una estabilización 

energética neta.14,15 Un ejemplo representativo de este tipo son moléculas con un fuerte 

carácter aceptor-donador, que permitan procesos redox, que resultan en radicales 

cargados, como por ejemplo la molécula tetracyanoethylene (TCNE)16 y 

tetracianoquinodimetano (TCNQ)17 Aquí, el electrón desapareado aparece como una 

consecuencia de un proceso de transferencia de carga. Sin embargo, el enfoque de esta 
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tesis se centra sobre los radicales orgánicos neutros que presentan un número par de 

electrones. 

A continuación se presentan una serie de radicales orgánicos que han sido 

sintetizados experimentalmente (ver Ilustración 1). La Ilustración 1 sigue el mismo 

razonamiento que la discusión previa sobre radicales, presentando en la primera 

columna ejemplos de radicales interaccionando a través del espacio, y en la última 

radicales interaccionando a través de enlace. La columna del medio presenta un tipo de 

sistemas, los polímeros radicalarios, que se pueden considerar una mezcla de los dos 

previamente introducidos. Estos consisten en una unidad polimérica de la que cuelga un 

radical persistente. En función de la conformación adoptada por la estructura 

polimérica, los centros radicalarios tienen varias maneras de interaccionar. Finalmente, 

las diferentes filas de la Ilustración 1 se corresponden con el tipo de átomo sobre el que 

se encuentra el electrón desapareado. Filas a), b), c) y d) se corresponden con carbono, 

nitrógeno, oxígeno y heterociclos con azufre, respectivamente. La presentación de todos 

estos sistemas pretende hacer notar la cantidad de posibilidades a la hora de elegir los 

componentes básicos para obtener sistemas extendidos poliradicalarios.  

En esta tesis, en base a criterios de las dimensionalidades que se pueden obtener (lo 

que determina la topología magnética) y estabilidad de los centros radicalarios, la mayor 

parte de la investigación se centra en sistemas π-conjugados, poliradicalarios que 

interaccionan a través de enlace, con los electrones desapareados sobre átomo de 

carbono (columna de la derecha, fila a) de la Ilustración 1. Además, criterios adicionales 

son el de conseguir un sistema puramente orgánico, con un estado fundamental de muy 

alto spin, interacción ferromagnética entre los electrones desapareados muy grande y 

una estabilidad química de los centros radicalarios que asegure que se pueda sintetizar. 

Estos sistemas representan el enfoque conceptual más importante para esta tesis. De 

hecho, el capítulo 4 está completamente dedicado a esta clase de moléculas. Es 

razonable pensar que si la interacción magnética se da a través del enlace, la naturaleza 

de la unidad de acoplamiento juega un papel crucial en la definición de la interacción 

magnética. De hecho, está bien establecido experimentalmente que las unidades de 

meta-fenil promueven las interacciones ferromagnéticas; la conjugación π facilita la 

deslocalización de los electrones no apareados lo que aumenta su interacción y la 

conexión 1,3 a través de un anillo de seis miembros no permite formas resonantes 
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Ilustración 1. Estructura molecular de algunos compuestos orgánicos radicalarios experimentalmente 
reportados. Cada fila corresponde al diferente átomo en el que reside el electrón desapareado. a), b) y c) 
representan carbono, nitrógeno, y oxígeno, respectivamente. d) son compuestos que contienen azufre. 
Cada columna representa el tipo de interacción entre los electrones desapareados: a través de espacio, 

polímeros radicales y a través de enlace. 
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que involucren capas cerradas, lo que resultaría en un emparejamiento de los electrones 

desapareados con la consiguiente desaparición de las propiedades magnéticas de interés. 

Por esta razón, la mayoría de los compuestos que se discuten aquí presentan esta 

topología, basada en unidades 1,3-phenylene. Este campo de investigación ha 

experimentado dos contribuciones importantes. La primera está basada en unidades de 

C60 buckminsterfullereno, pero no será tratada en este resumen. La otra contribución, 

muy relevante para el propósito de esta tesis, fue presentado por Rajca,10 quien, tras una 

extensa investigación sobre cómo enfocar la síntesis de compuestos orgánicos 

poliradicalarios para promover propiedades magnéticas robustas,10 introdujo el concepto 

de clústeres de espines. Este enfoque es una manera eficaz para evitar la supresión de la 

interacción magnética entre los electrones desapareados. Tal interrupción aparece a 

menudo debido a la ruta experimental requerida para generar los centros radicalarios (el 

método carbanión, que implica la oxidación de los precursores de poliéter) y la 

inherente flexibilidad estructural de los compuestos, lo que puede dar lugar a una 

torsión tan grande de la molécula, que la conjugación del sistema π se rompe, y con ella 

la interacción entre electrones desapareados. 

7.2. Metodología. 

El objetivo de esta sección es introducir los conceptos básicos que permiten el uso 

de la teoría cuántica para calcular la estructura electrónica de un conjunto dado de 

partículas, es decir, una molécula, como una manera exacta para describir sus 

propiedades. Entre la gran cantidad de propiedades que se puede calcular dentro de los 

métodos actuales, el de interés a lo largo de esta tesis es el magnetismo, que orienta la 

discusión hacia algunas formulaciones específicas capaces de describirlo. 

Para un sistema dado de N electrones y M núcleos interaccionando, decrito por los 

vectores posición �� and �� respectivamente, los estados quánticos estacionarios que 

definen el sistema se obtienen resolviendo la ecuación de Schrödinger en su forma no 

relativista e independiente del tiempo: 

 ���� = ���� (3) 
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donde �� es el operador hamiltoniano asociado al sistema, Ei es la energía de un estado 

estacionario dado y Ψi es la función de onda que lo describe. En unidades atómicas, el 

Hamiltoniano se escribe como 

 � = − � 1
2

�

�� 
∇�" − � 1

2#�
∇�"

$

�� 
+ � � &�&'

(�'

$

')�

$

�� 
+ � � 1

*��

�

�)�

�

�� 
− � � &�

*��

$

�� 

�

�� 
 (4) 

 

O, de forma más compacta, 

 �� = +,� + +,- + .� + .- + .�- (5) 
 

En esta ecuación, #� es la relación de la masa del núcleo de la A y la masa de un 

electrón, ZA es el número atómico del núcleo A, ∇�" y ∇�" son los operadores Laplacianos 

que implican la diferenciación con respecto a las coordenadas del núcleo y de electrones 

A y electrón i, respectivamente, *�� = |*̅� − *̅�| es la distancia entre el electrón i y el 

núcleo A y *�� = 1*̅� − *̅�1 es la distancia entre el electron i y j y (�' = |(2� − (2'| es la 

distancia entre los núcleos A y B. 

El primer y segundo términos son los operadores de energía cinética nucleares y 

electrónicos, respectivamente. Términos tercero y cuarto representan el núcleo-núcleo y 

electrón-electrón repulsión, respectivamente. El último término representa la atracción 

de Coulomb entre los electrones y núcleos. 

Utilizando la aproximación de Born-Oppenheimer, se pueden desacoplar los 

movimientos de los ectrones y de los núcleos. Esto resulta en trayectorias de los núcleos 

que se mueven en superficies potenciales que vienen de resolver la parte electrónica. 

Con esta aproximación, eqn (3) se puede reescribir como 

 ��-3-4�� = �-3-4�� (6) 
 

Este es el problema electrónico. La aproximación más común para resolver este 

problema se basa en la aproximación de Hartree-Fock. Es una formulación que utiliza 

un único determinante de Slater para describir el estado fundamental de un sistema de N 

electrones. La función de onda se expresa 

 |Ψ67 = 18�8� ⋯ 8�: (7) 
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Dentro de las aproximaciones discutidas, el principio variacional permite obtener el 

conjunto óptimo de los orbitales de spin ;8�< que minimizan la energía electrónica y es 

la mejor aproximación al estado fundamental del sistema N-electrones 

 �6 = =Ψ61��-3-41Ψ6: = �>�|ℎ|�7
�

+ 1
2 �>��‖��7

��
 (8) 

 

Una restricción adicional a los orbitales de spin es que permanezcan ortonormales 

=8�18�: = A��. La ecuación para los spin orbitales óptimos es la ecuación integro-

diferencial de Hartree-Fock 

ℎB1C8�B1C + � DE FG"18�B2C1"*��H I 8�B1C
�J�

− � DE FG"8�∗B2C8�B2C*��H I 8�B1C
�J�

= L�8�B1C 
(9) 

 

donde 

 ℎB1C = − 1
2 ∇�" − � &�

*���
 (10) 

 

es un operador de monoelectrónico que describe la energía cinética y la energía 

potencial de atracción a los núcleos de un solo electrón. Los otros dos términos en el 

lado izquierdo representan dos operadores bielectrónicos, llamados los operadores 

Coulomb �� y de intercambio M�, respectivamente. La energía orbitálica del orbital de 

spín 8� es L� Las integrales asociadas a estos operadores son 

 ℎ�� = =8�B1C1ℎ18�B1C: (11) 

 ��� = =8�B1C8�B2C1*��H 18�B1C8�B2C: (12) 

 M�� = =8�B1C8�B2C1*��H 18�B1C8�B2C: (13) 

 

La integral de Coulomb ��� representa la repulsión que el electrón i causa al j, mientras 

que la integral de intercambio M�� no tiene un equivalente físico clásico, ya que su 

origen se encuentra en el principio de antisimetría. Este tipo de interacción es 

responsable de la correlación de electrones con el mismo spin.  
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Basado en la aproximación mono configuracional que se acaba de discutir, se 

pueden expresar las funciones que describen los estados magnéticos, en base a los 

operadores de Fock. Por ejemplo, considérese el caso de dos electrones en dos orbitales 

en interacción, lo que resulta en un estado triplete (los dos electrones tienen el mismo 

espín) y en otro singlete (los dos electrones tienen espines opuestos). Las 

configuraciones que describen estos estados son, para el singlete 

 1 �  " > = 2H "O P1� Q"
Q > +|� " >R  

                 = 1
2 TU B1CU"B2C + U B2CU"B1CVBWB1CXB2C − XB1CWB2CC (14) 

 

y para el triplete 

 1 �Y  " > = 2H "O P1� Q"
Q > −|� " >R  

                 = 1
2 TU B1CU"B2C − U B2CU"B1CVBWB1CXB2C + XB1CWB2CC (15) 

 

Utilizando estas funciones para expresar la energía de los dos estados, en la 

aproximación Hartree-Fock, conduce a 

 = �  "1�1 �  ": = ℎ  + ℎ"" + � " + M " (16) 
   
 = �Y  "1�1 �Y  ": = ℎ  + ℎ"" + � " − M " (17) 

 

Lo que resulta en la siguiente expresión para la diferencia de energía entre el triplete y 

el singlete 

 = �Y  "1�1 �Y  ": − = �  "1�1 �  ": = −2M " (18) 
 

Es decir que, en esta aproximación, la diferencia de energía entre los estados 

magnéticos es dos veces la integral de intercambio. M�� (ecuación (13)) siempre 

positiva, por lo que si los orbitales usados para expresar el triplete y el singlete son 

similares, el triplete es dos veces M " más estable. M�� es una integral sobre el espacio, 

por lo que cuanto mayor sea la región espacial compartida por los orbitales del triplete y 

del singlete, mayor su valor, y en principio, mayor la diferencia de energía entre el 

estado de alto espín y el de bajo espín, que es precisamente uno de los requisitos que se 

buscan para que un sistema presente propiedades magnéticas robustas. Sin embargo, el 
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promover grandes regiones del espacio compartidas por los orbitales del triplete y 

singlete también introduce un efecto contraproducente, ya que el valor del solapamiento 

entre orbitales aumenta. Este se expresa como una integral en el espacio,  

 � " = E U ∗ U"F. (19) 

 

Al contrario que M��, la integral de solapamiento favorece que los electrones 

desapareados ocupen un único orbital molecular, lo que elimina las propiedades 

magnéticas de interés.  

Por lo tanto, en una primera aproximación, la estabilidad relativa de los estados de 

alto espín con respecto a estados de bajo espín, se consigue mediante un balance de las 

integrales de intercambio y solapamiento. En este punto, los argumentos topológicos18 

son cruciales, ya que proveen maneras de aumentar M�� y reducir ���. La idea clave es 

tener orbitales de tipo π, por lo tanto extendidos por toda la molécula, pero degenerados 

y ortogonales, lo que penaliza ��� mientras que aumenta M��. 

Estos argumentos topológicos indican las características estructurales que deben 

tener las moléculas, los cuales se traducen en estructuras conjugadas alternantes, con 

formas no-Kekulé y orbitales moleculares mono ocupados que no puedan ser 

localizados sobre diferentes regiones de la molécula. 

 

7.3. Extracción precisa del acoplamiento magnético en complejos de 

coordinación. 

Una descripción teórica precisa de la estructura electrónica en compuestos de 

coordinación magnéticos es previa a la extracción de las constantes de acoplamiento 

magnético más relevantes. El conocimiento de estos acoplamientos permite establecer 

relaciones magneto estructurales, lo que ayuda en el diseño de sistemas con propiedades 

mejoradas. Debido a la naturaleza de los estados de baja energía de este tipo de 

sistemas, normalmente se requiere una precisa de la correlación electrónica estática y 

dinámica. Idealmente, uno desearía poder tratar la estructura electrónica con la elevada 

de por los métodos basados en la función de onda multi referencial, tales como 

CASSCF, CASPT2 o MRCI, al coste computacional de enfoques mono 
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determinantales, como los métodos basados en la teoría del funcional de la densidad. 

Ese es precisamente el objetivo del mapping. 

El enfoque del mapping aparece como una manera precisa y computacionalmente 

eficiente de extraer las interacciones magnéticas en complejos de metales de transición, 

radicales orgánicos y sistemas periódicos.19 Para un sistema magnético dado, est 

enfoque consiste en la descripción de la energía y la distribución electrónica de los 

estados de espín puros por medio de soluciones de simetría rota, utilizando un proyector 

de espín. 

En un sentido general, el método se basa en una asociación uno-a-uno entre tres 

espectros de energías, siendo uno el espectro exacto y los otros dos son los 

correspondientes a los Hamiltonianos modelo de espín, tal como se representa 

esquemáticamente en Ilustración 2. En primer lugar, aprovecha el hecho de que el 

Hamiltoniano exacto no relevista e independiente del tiempo y el de HDVV conmutan 

con el operador de espín total. Esto significa que existe un conjunto de funciones que 

son funciones propias de ambos Hamiltonianos, lo que establece una relación uno a uno 

entre sus valores y funciones propias. Y en segundo lugar, explota la correspondencia 

entre los espectros HDVV y de las funciones propias del Hamiltoniano de Ising, que se 

pueden asignar a soluciones de simetría rota (BS), como fue originalmente desarrollado 

por Noodleman20–22. Entonces, el principal objetivo es hacer coincidir de manera 

unívoca los tres espectros, lo que permitirá una extracción teórica precisa de la 

interacción magnética basada en métodos ab initio. 

 

Ilustración 2. Representación de la idea que subyace en el método del mapping.  
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Sin embargo, el mapping presenta al menos dos puntos débiles. El primero hace 

referencia al projector de spin; el segundo a situaciones en las que no se cuente con 

suficientes diferencias de energía entre estados puros de espín para extraer los 

acoplamientos magnéticos relevantes.  

En lo que concierne al primer problema, los complejos heterobinucleares 

representan un ejemplo paradigmático. Considérese un sistema en el que uno de los 

centros magnéticos presenta dos electrones desapareados acoplados en un triplete local, 

el cual interacciona con otro centro que tiene un único electrón desapareado. Esta 

situación se representa esquemáticamente en Tabla 1. 

 Funciones adaptadas al spin BS 

 

  
1Z, 1 2O : = 1 √3O P1] ]" 2̂ : + |] ]2"^ 7 + |]2 ]"^ 7R |] ]"^ 7 
1_, 1 2O : = 2 √3O 1] ]" 2̂ : − 1 √6O B|] ]2"^ 7 + |]2 ]"^ 7C 1] ]" 2̂ :;  

|]2 ]2"^ 7 
Tabla 1. Representación esquemática de un complejo heterobinuclear con un triplete local sobre el centro 

a y un doblete sobre el centro b. Las soluciones adaptadas al espín y las de simietría rota también se 
muestran. 

Como se puede comprobar, las funciones puras de espín |Z, 1 2⁄ 7 y |_, 1 2⁄ 7, las cuales 

representan el estado cuartete y doblete respectivamente, son combinaciones lineales de 

determinantes que imponen la ruptura del triplete local sobre el centro a. Sin embargo, 

todas las soluciones de simetría rota deben mantener el triplete local, ya que la energía 

asociada con romperlo es muy elevada, lo que hace que no sea un estado magnético. A 

pesar de ello, mediante un mapping del valor esperado del operador de espín, se puede 

establecer qué solución de simetría rota es la apropiada para la extracción de la 

interacción magnética. 

En lo que concierne al segundo problema, un complejo trinuclear de Cu(II) 

ejemplifica la problemática. En un sistema de tres electrones en tres centros, el espectro 

HDVV se compone de un quartete y dos dobletes. Las expresiones de sus funciones de 

onda y energías son 

 |Z〉 = |3 2⁄ , 3 2⁄ 〉 = 3H "O B|WWX〉 +|WXW〉 + |XWW〉C (20) 

 |_ 〉 = |1 2⁄ , 1 2⁄ 〉 = 2H "O B|WWX〉 −|WXW〉C (21) 

 |_"〉 = |1 2⁄ , 1 2⁄ 〉 = 6H "O B|WWX〉 +|WXW〉 − 2 ∙ |XWW〉C (22) 
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 �b =  −1/4 ∙ B� " + � Y + �"YC (23) 

 �ef = 1/4 ∙ B� " + � Y + �"YC − 1 2O ∙ g (24) 

 �eh = 1/4 ∙ B� " + � Y + �"YC + 1 2O ∙ g (25) 

 g = B� "" + � Y" + �"Y" − � " ∙ � Y − � " ∙ �"Y − � Y ∙ �"YC "O  (26) 

 

Por lo tanto, si no se assume ninguna simplificación en términos de simetría, hay tres 

constantes de acoplamiento magnético pero sólo dos diferencias de energía, por lo que 

el sistema de ecuaciones no se puede resolver. Un modo de solucionarlo es asumir 

alguna relación de simetría que permita reducir el espectro, como se indica en Tabla 2. 

equilateral linear 

 

 

� " = �"Y = � Y = � � " = �"Y = �; � Y = 0 

g = 0 g = � 

�b =  − 3
4 ∙ � �b =  − 1

2 ∙ � 

�ef = �eh = �e = 3
4 ∙ � �ef = 0 ; �eh = � 

�b − �e = − 3
2 ∙ � �b − �ef = −  

" ∙ � ; �b − �eh = − Y
" ∙ � 

Tabla 2 

Para solucionar estos problemas, y basados en estudios previos en el grupo, se 

propone una formulación alternativa del mapping, que utiliza directamente los valores 

de energía de las soluciones de simetría rota y los mapeo con los valores esperados de 

las funciones de simetría rota en el Hamiltoniano HDVV. 

Esta propuesta se ha validado por comparación con el experimento y mediante 

teoría del Hamiltoniano efectivo. 
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7.4. Estudio teórico de sistemas puramente orgánicos de alto espín. 

Esta sección pretende alcanzar varios objetivos. En primer lugar, presentar y 

justificar los argumentos que conducen al uso de un conjunto muy particular de 

moléculas orgánicas para obtener sistemas de alto espín. Estas moléculas son 

hidrocarburos policíclicos alternantes con estructuras no Kekulé y con orbitales 

moleculares mono ocupados (SOMOs en inglés) que no pueden ser confinados a 

regiones diferentes del sistema conjugado. En segundo lugar, introducir y discutir 

diferentes formas de unir estas unidades moleculares para conseguir sistemas poli 

radicalarios extendidos, con el fin de promover la estabilidad química de los centros 

radicalarios y unas propiedades ferromagnéticas robustas, definidas en un amplio 

intervalo de temperaturas. Por último, en este capítulo también sirve para presentar y 

contextualizar parte del trabajo desarrollado en esta tesis como un intento de avanzar en 

este campo del magnetismo orgánico. 

Desde un punto de vista cualitativo, la introducción de la conjugación da lugar a 

una deslocalización de los orbitales que albergan los electrones desapareados. Esto 

implica los electrones desapareados interactúan entre sí en regiones más extensas. Si no 

se aplican otras restricciones, el solapamiento entre orbitales (eqn(19)) dará lugar a una 

interacción que superará la integral de intercambio directo (eqn. 13) resultando en un 

emparejamiento de los electrones desapareados y la consecuente formación de una capa 

cerrada, lo que suprimiría cualquier propiedad magnética interesante. 

Afortunadamente, los argumentos topológicos en sistemas conjugados alternantes, 

permiten definir orbitales de tipo π que, si bien definidos sobre las mismas regiones de 

espacio, son degenerados y ortogonales, lo que penaliza el solapamiento entre orbitales 

al mismo tiempo que intensifica la integral de intercambio directo. Estos argumentos 

topológicos indican las características estructurales que deben tener las moléculas, los 

cuales se traducen en estructuras conjugadas alternantes, con formas no-Kekulé y 

orbitales moleculares mono ocupados que no puedan ser localizados sobre diferentes 

regiones de la molécula. Un sistema conjugado de electrones π se denomina alternante 

si sus átomos se pueden dividir en dos conjuntos, de modo que ningún átomo de un 

conjunto está directamente vinculado a cualquier otro átomo del mismo conjunto. Por 

construcción, la degeneración se fija (a través de la topología), y el problema sobre la 

preferencia del estado de espín se reduce a términos relacionados con la integral de 
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intercambio. Manteniendo en mente que el objetico es conseguir sistemas orgánicos, π-

conjugados, con un estado fundamental de alto espín y propiedades ferromagnéticas 

robustas, el propósito de la siguiente sección consiste en discutir las mejores maneras de 

acoplamiento de unidades radicalarias. 

Uno de los aspectos más importantes a tener en cuenta para conseguir sistemas 

poliradicalarios de alto espín está relacionado con cómo se acoplan las diferentes 

unidades magnéticas. Para ello, el 1,3-fenil es una unidad que promueve interacciones 

ferromagnéticas fuertes, siempre y cuando no haya distorsiones estructurales 

importantes que rompan la conjugación por la que sucede la interacción. Por ello, todas 

las estructuras estudiadas en este apartado de la tesis están basadas en extensiones en 

una o dos dimensiones de esta unidad básica. La Ilustración 3 resume diferentes 

maneras de acoplar las unidades magnéticas. El primer esquema de acoplamiento es el 

denominado esquema ferromagnético. Esta estrategia se basa en la existencia de una 

unidad de acoplamiento ferromagnético (fCU) que conecta los electrones no apareados 

en una red alternante. La multiplicidad del estado fundamental del polyradical resultante 

se espera que sea � = k/2 donde n es el número de centros radicalarios. Esto es 

consecuencia de los argumentos topológicos aplicados a la unidad de acoplamiento 

(generalmente un 1,3-fenil). Sin embargo, hay dos clases distintas de poliradicales que 

resultan de este esquema de acoplamiento, dependiendo de la disposición de los centros 

radicalarios. Los poliradicales que pertenecen a la Clase I presentan los centros de espín 

dentro del sistema π que media la interacción entre espines. Esto da como resultado 

polímeros con los centros radicalarios dentro de la unidad de repetición. La repetición 

de estas unidades básicas se puede llevar a cabo a través de un crecimiento lineal, 

ramificado en estrella, dendrítico o mediante una conectividad macrocíclica. Los poli 

radicales que pertenecen a la Clase II tienen los centros de espín colgantes unidos al 

sistema π. Este es el esquema de acoplamiento que cuenta con la mayor cantidad de 

ejemplos descritos en la literatura, especialmente polyradicals Clase I 
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Ilustración 3. Representación de unidades que promueven una interacción ferro- y antiferromagnetica y 
de los resultants schemas de acoplamiento que surgen de su combinación. Las rayas sólidas indicant 

interacción ferromagnética y las punteadas interacción antiferromagnética. 

 

7.5. Resumen y discusión de resultados. 

Esta tesis establece un enfoque teórico y computacional para la descripción y la 

predicción de las interacciones de intercambio magnéticos en una variedad de sistemas 

complejos. Estos incluyen dos principales familias de compuestos. El primer conjunto 

está formado por complejos de coordinación inorgánicos, presentando centros 

magnéticos localizados y estructuras cristalinas bien definidas. La segunda familia se 

compone hidrocarburos policíclicos alternantes impares para los que los argumentos 

topológicos garantizan la existencia de electrones no apareados. Considerando 

diferentes esquemas de acoplamiento (dimensionalidades) y el papel de la flexibilidad 

estructural, el objetivo principal del estudio que se presenta es mejorar la estabilidad de 

los centros de radicales y promover una interacción ferromagnética robusta entre ellos. 

Por lo tanto, la tesis ha sido estructura de tal manera que los diferentes capítulos tratan 

varios aspectos que son necesarios tener en cuenta para la presentación de una discusión 

rigurosa sobre los objetivos de la tesis. 



Resumen en Castellano  325 
 

El capítulo 1 compara explícitamente ejemplos de radicales orgánicos en los que la 

interacción entre electrones desapareado se da a través del espacio y a través del enlace. 

Esta discusión proporciona argumentos experimentales para la elección de la familia de 

radicales orgánicos que interaccionan a través de enlace. El capítulo 2 presenta los 

fundamentos teóricos en los que se basan todas las metodologías de cálculo de 

estructura electrónica utilizadas en este trabajo. El capítulo 3 proporciona una manera 

precisa de extracción de constantes de acoplamiento magnético en sistemas localizados 

con parámetros estructurales bien definidos. En el capítulo 4 se presentan y discuten 

argumentos sólidos para diseñar un poliradical puramente orgánico con conjugación π 

interactuando a través de enlace, con un valor de S grande, estado fundamental de alto 

espín, propiedades ferromagnéticas robustas, fuerte anisotropía magnética y estabilidad 

química. 

La parte más metodológica de la tesis intenta definir maneras precisas de extraer las 

interacciones magnéticas en sistemas complejos basadas en la estrategia del mapping. 

Al señalar dos deficiencias principales que hacen que el enfoque de mapeo estándar 

propuesto por Noodleman no sea directamente aplicable a ciertos sistemas de espín, y 

siguiendo el trabajo desarrollado en el grupo, se propone un enfoque alternativo y se 

aplica al problema de tres centros tres electrones. Este enfoque se verifica 

adicionalmente mediante la comparación con datos experimentales y por medio de la 

teoría de Hamiltoniano efectivo, para construir un Hamiltoniano efectivo de espín ab 

initio. 

Con respecto a la parte que trata sistemas orgánicos de alto espín, se puede afirmar 

que esta sección de la tesis es el que ha recibido la mayor atención y esfuerzo, sobre 

todo debido a la enorme cantidad de trabajos publicados, tanto teóricos como 

experimentales, que tuvo que ser asimilada. Al mismo tiempo, también ha sido la más 

satisfactoria, por el desafío que constituía, la cantidad y la calidad de las publicaciones 

producidas y porque me ofreció la posibilidad de trabajar en estrecha colaboración con 

investigadores experimentales. El objetivo final de este capítulo es proporcionar 

argumentos sólidos que permitan obtener un polyradical puramente orgánico con 

conjugación π interactuando a través de enlace, con valor grande de S, estado 

fundamental de alta multiplicidad, propiedades ferromagnéticas robustas, fuerte 

anisotropía magnética y estabilidad química. La Ilustración 4 resume la discusión 
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anterior, señalando explícitamente a los requisitos para obtener las propiedades 

deseadas. 

 

 

Ilustración 4. Resumen de los requrimientos (indicados en la circunferencia) y de las propiedades 
buscadas (dentro del círculo), para un material magnético puramente orgánico. 
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7.6. Conclusiones. 

Las conclusiones de esta tesis se pueden dividir en dos, dependiendo de los 

sistemas estudiados. Sin embargo, hay algunos que son comunes. 

Desde un punto de vista metodológico, los cálculos basados en DFT introducen una 

gran dependencia de la elección de la funcional en los valores constantes de 

acoplamiento magnético calculados, pero en general proporcionan tendencias fiables y 

consistentes. Por otro lado, los métodos basados en la función de onda ofrecen un 

tratamiento más riguroso de la estructura electrónica del problema, y por consiguiente 

una mejor descripción de las interacciones de intercambio magnéticos. Sin embargo, 

están muy limitado por el tamaño del sistema. 

Sobre la descripción exacta de las interacciones de intercambio magnéticos en 

compuestos de coordinación estudiados. 

Por un análisis detallado del mapping, hemos identificado los sistemas de espín 

para los que la formulación propuesta por Noodleman no es apropiada. En particular, 

los complejos heterobinuclear Ni-V y Ni-Cu investigados en papel # 3.1, demuestran 

que si los estados puros de espín se expresan como una combinación lineal de los 

determinantes que no corresponden a los determinantes simetría rota, un proyector de 

espín unívoco no se puede definir. 

Una formulación alternativa del mapping, en base trabajos anteriores llevados a 

cabo en el grupo, se ha propuesto y generalizado para el caso de los tres electrones tres 

centros. 

La alternativa propuesta hace uso directo de la energía de las soluciones de simetría 

rotos y los asigna a los valores esperados de la energía de las correspondientes 

soluciones de simetría rota del HDVV hamiltoniano. Por lo tanto, no requiere el uso de 

un proyector de espín. 

La validez de esta propuesta se comprueba mediante la comparación a los datos 

experimentales y por medio de la teoría de Hamilton efectiva. Los valores obtenidos 

para el acoplamiento magnético son consistentes. 

La teoría de Hamilton efictivo permite una comparación directa entre el los 

elementos matriciales de la representación del Hamiltoniano HDVV y el efectivo. Esto, 
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aplicado al problema de los tres centros tres electrones, permite una extracción ab initio 

de todas las interacciones magnéticas de dos cuerpos, a primeros vecinos, sin hacer 

ninguna suposición sobre la simetría del problema. Además, la comparación entre el 

hamiltoniano efectivo y el Hamiltoniano modelo de espín ofrece información sobre el 

carácter de Heisenberg del sistema. 

Por último, para el Cu (II) trinuclear caso estudiado en el papel # 3.2, el valor del 

acoplamiento magnético calculado presentan una gran dependencia con el funcional 

utilizado. Sin embargo, la relación entre las constantes de acoplamiento se encuentra 

que es casi constante para los diferentes funcionales utilizados. Además, los valores 

consistentes obtenidos en sistemas modelo de dinucleares indican que la interacción 

magnética es local, y ofrece una manera sencilla de extraer las interacciones de 

intercambio magnéticos en sistemas polinucleares complejos. 

 

Sobre la descripción teórica y diseño computacional de poliradicales puramente 

orgánicos π-conjugados, interaccionando a través de enlace, con estado fundamental de 

alto espín con valores grande S, propiedades ferromagnéticas robustas, fuerte 

anisotropía magnética y estabilidad química. 

Un compuesto puramente orgánico que muestre interacción ferromagnética robusta 

en un amplio rango de temperatura todavía no se ha alcanzado, a pesar de los numerosos 

intentos. Es una tarea que implica rutas sintéticas y técnicas de caracterización muy 

complejas, junto con un balance crítico y muy difícil de controlar entre la generación de 

electrones desapareados, distorsiones estructurales y estabilidad química de los centros 

radicalarios. 

La teoría del funcional de la densidad, utilizando funcionales híbridos, 

particularmente B3LYP, ofrece una estrategia computacional fiable para describir los 

múltiples mínimos locales en estos radicales orgánicos estructuralmente flexibles. 

Las características estructurales juegan un papel crucial en la definición de las 

propiedades magnéticas en poliradicales π-conjugados que interactúan a través de 

enlcae. En particular, estas características estructurales introducen maneras eficaces 

para aumentar la estabilidad de los compuestos al tiempo que mejoran las propiedades 

ferromagnéticas. 
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Para los sistemas poliradicales extendidos, especialmente los que presentan 

interacciones π−π, la inclusión de correcciones de dispersión de largo alcance es de 

suma importancia para describir adecuadamente los mínimos en la superficie de energía 

potencial, y, en consecuencia, las interacciones magnéticas. 

Aparte de los ya mencionados, Figura 1 resume esquemáticamente las principales 

conclusiones de esta tesis con respecto a la interacción magnética en poliradicales 

orgánicos impares alternantes π-conjugados. Esos son: 

 
 

 
 

Ilustración 5. Representación esquemática de las tendencias generales observadas a lo largo de esta tesis. 
J representa la constante de acoplamiento magnético (valores positivos indican ferromagnetismo). θ es 
una representación de un colectivo dado a coordinar la captura de la torsión en el sistema. Áreas grises 
destacan cómo la distorsión permitida en el sistema afecta a su constante de acoplamiento magnético 

 

Todos los sistemas orgánicos investigados en esta tesis se pueden dividir en dos, 

según el efecto de las distorsiones estructurales en la constante de acoplamiento 

magnético dominante, como se indica en las columnas izquierda y derecha en la 

Ilustración 5. Para el dirradical m-xylyleno, pequeñas distorsiones (θ) implican grandes 

variaciones del valor de acoplamiento (J), como consecuencia de la falta de un sistema 

π−conjugado auxiliar para deslocalizar el electrón desapareado si una distorsión ocurre. 

Para la molécula triradical, la gama de distorsiones permitidas es más grande, y su 

impacto consigue invertir el signo de la constante de acoplamiento de intercambio. En 

los sistemas poliméricos en 2D, las distorsiones experimentadas por la red son limitadas 
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debido a la planaridad del sistema, y el valor de acoplamiento magnéticos se mantiene 

positivo, pero muy pequeño. En contraste, los sistemas extendidos en una dimensión 

presentan una gran flexibilidad estructural, pero no importa la conformación adoptada, 

muestran muy fuerte acoplamiento ferromagnético. Adicionalmente, como 

consecuencia de la flexibilidad estructural, hay estructuras secundarias que inducen una 

estabilización neta del estado fundamental de alto spin. 

Para concluir, esta tesis propone utilizar poliradicales lineales π-conjugados, 

basados en unidades moleculares derivados de radicales tipo Gomberg, para lograr 

propiedades ferromagnéticas robustas en sistemas puramente orgánicos estables. 
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