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Chapter 1 

Introduetion 

1.1 High-Spin Molecules 

In recent years, high-spin molecules have attracted increasing attention as model 

compounds for organic ferromagnets. 1•3 High-spin molecules consist of organic radicals as 

spin-carrying moieties, covalently linked via ferromagnetic coupling units, in such a way that 

the individual electron spins are aligned in a parallel fashion. Without such spin coupling, 

electron spins will act as independent entities. Coupling units generally consist of 

n-conjugated segrnents, and the sign and strength of the spin-spin interaction are deterrnined 

by the topology of these units. In case of ferromagnetic coupling, the magnetic moments, 

associated with the individual electron spins are parallel and the magnetic moment of the 

molecule is proportional to the number of aligned spins. Ultimately, this may lead to high-spin 

polymers or even ferromagnetic materials, since ferromagnetism emanates from the 

cooperative behavior of a large number unpaired electroos with parallel spins. In the 

meantime, high-spin molecules are excellent tools to study the behavior of and interaction 

between unpaired electrous in organic molecules. 

The application of organic compounds to achieve ferromagnetic properties, has been 

considered only recently. Traditionally, ferromagnets have been associated with metals such 

as iron, chrome and cobalt, because unpaired electrous are intrinsic to these materials. Due to 

the fact that electron pairing is one of the basic principles of chemica! bonds in o'rganic 

chemistry, unpaired electrans are less common in organic molecules and materials. Therefore, 

the preparation of purely organic materials exhibiting ferromagnetic interactions in three 

dimensions poses a scientific challenge. The study of high-spin molecules, which focuses on 

intramolecular spin alignment is only one of the strategies pursued at the moment.4-6 ûther 

approaches aim at the intermolecular spin ordering via spatial arrangement of stabie organic 

radicals in the crystalline phase. The major advantage of high-spin molecules is the strong 

intramolecular spin coupling. Furtherrnore, the mechanisms goveming this intramolecular 

interaction are well understood and generally have a good predicting value, allowing rational 

design of new architectures. 1•2 

Combination of different radical sites with the available ferromagnetic coupling units 

has led to various high-spin molecules. For example, nonacarbene 1 has been prepared, which 

has 18 unpaired electrons, all of which are ferromagnetically coupled, resulting in a norradeeet 
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(S = 9) ground state; the highest reported spin number fora high-spin molecule to date.7 Other 

frequently used spin-carrying units are nitrenes and triarylmethyl radicals. Because of their 

stability, nitroxyl radicals have also. extensively been employed, but these open-shell rooieties 

exhibit relatively limited spin delocalization and consequently weak spin-spin interactions. At 

the moment research is aimed at the development of new spin carrying units, which should be 

reasonably stabie and have a significant overlap with the ferromagnetic coupling unit, 

allowing interaction between the individual spins. 

A particularly interesting strategy towards high-spin polymers is that of a polaronic 

ferromagnetic chain, in which unpaired electroos can be introduced by reduction or oxidation 

of dopable segments.8-10 This process is well established for n-conjugated polymers, teading 

to conducting materials. Spin alignment between the polaronic (ionic) units can be achieved 

by linkage via ferromagnetic coupling units (Figure 1.1). Various polymers have been 

prepared that demonstrate the feasibility of this concept. If the doping level of such a polymer 

can be tuned accurately and the polaronic units are stabie enough, this concept may afford a 

very convenient route towards high-spin polymers. 

~reduction 

Figure 1.1 Schematic representation of a polaronicferromagnetic chain. 

2 



Introduetion 

1.2 Aims of Research 

The primary goal of this research was the evaluation of new organic radicals as 

spin-carrying moiety in high-spin molecules. In all cases, m-phenylene, which is the most 

commonly used ferromagnetic linker, was chosen as coupling unit. For effective spin-coupling 

between radical sites, the spin density at the coupling unit must be high. In contrast, the 

stability of a radical usually increases with extension of the delocalization of the unpaired 

electron. Th is intrinsic dichotomy between localization and delocalization of spin necessitates 

an extensive search for novel organic radicals that can be incorporated in high-spin systems. 

When this research started, all known high-spin molecules exclusively comprised 

radical sites localized on first-row elements like carbon and nitrogen. To broaden the scope, 

we set out to investigate the possibility to use heavy-atom radicals instead. Phosphorus was 

chosen as second-row element, because of the existing expertise in the field of 

phosphorus-centered radicals. 11 -13 While various new phosphorus-related high-spin molecules 

could be prepared, they lacked the desired stability under ambient conditions. 14-16 Therefore, 

the focus of research was eventually shifted to polaronic radicals, investigating whether it is 

possible to apply the concepts used in the area of ( semi)conducting polymers to prepare high­

spin molecules with intramolecular ferromagnetic coupling. Conducting polyaniline served as 

a model , because of the open-shell character of the charge carriers in this polymer. This has 

led to various high-spin aniline oligomers, which are stabie under ambient conditions. 17- 19 

1.3 Scope of the Thesis 

In Chapter 2 of this thesis an introduetion is given into the mechanisms goveming 

spin-spin interactions in organic systems. Furthermore, a literature survey as wel! as an 

overview of the most commonly used analytica! techniques are presented. In the following 

chapters different organic radicals are evaluated as spin-carrying units in high-spin molecules. 

Initially research was focused on phosphorus-centered radicals as spin-carrying units for 

high-spin molecules. Chapters 3 and 4 are devoted to triplet phosphinyl and phosphoryl 

diradica!s, respectively. These diradicals, which are the first high-spin molecules based on 

heavy-atom radicals, confliTll the effectiveness of m-phenylene as a ferromagnetic coupling 

unit. The major challenge turned out to be the efficient generation of the radicals. Attempts to 

improve the efficiency ofthe generation ofphosphoryl radicals using acylphosphine oxides as 

precursors failed, due to instability of the phosphoryl radicals and very facile side reaelions 

(Chapter 5). Cation radicals, generated by oxidation of neutral methylene phosphoranes are 

the subject of Chapter 6. In addition toa triplet di( cation radical), a tri( cation radical) with a 

quartet ground state has been prepared. These cation radicals are much more stabie than the 

3 
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phosphinyl and phosphoryl radicals, and can be kept in salution at temperatures below 200 K. 

In the last two Chapters, 7 and 8, aniline oligomers are introduced as model 

compounds for polaronic ferromagnetic polymers. It is shown that these oligomers can 

efficiently be oxidized to the corresponding high-spin oligo(cation radical)s, which are stabie 

at ambient conditions. An alternating meta and para connectivity of the aniline units ensures 

ferromagnetic spin alignment and chemica! stability of these polaronic oligomers. Extension 

to higher spin multiplicities in one and two dimensions has been achieved, demonstrating that 

these systems are prornising building blocks for future polaronic ferromagnets . 
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Chapter 2 

High-Spin Molecules 

2.1 Introduetion 

High-spin molecules attract considerable interest as model compounds for organic 

ferromagnetic materials.1•2 In this chapter, a short introduetion into magnetism is given and 

the prerequisites for organic ferromagnets wiJl be addressed. Furthermore, the most important 

developments and analytica! techniques commonly used in this discipline will be discussed. 

2.2 Cooperative Magnetic Behavior 

Ferromagnetism is a materials property, which results from the cooperative behavior 

of a large number of minute magnetic moments that are associated with the electron spin. The 

spin of an electron is either up (t) or down ( -1) and the corresponding magnetic moments have 

opposite signs. Generally, organic molecules have a closed-shell contiguration in which each 

electron is accompanied by an electron with opposite spin. Consequently, the magnetic 

moments cancel out and the corresponding material is diamagnetic (Figure 2.1 ). Radicals are 

open-shell molecules, but to arrive at macroscopie magnetic properties, the interaction 

between the individual unpaired electroos is of eminent importance. lf no interaction is 

present, the material is called paramagnetic; the spins and corresponding magnetic moments 

will be randomly oriented, which also causes cancellation of the spins. When interactions give 

rise toa parallel alignment ofthe spins, they are cal!edferromagnetic This orientation leads to 

a material in which the individual magnetic moments add up to a macroscopie phenomenon. 

Antiferromagnetic interactions, on the other hand, favor an altemate orientation of the spins 

and ferrimagnetic interactions arise when spins of unequal size are aligned alternately. In this 

case the spins can only partly cancel out, and consequently this effect also leads to magnetic 

materials. 

A magnetic material generally consists of several magnetic domains. Within such a 

domain the spins all are aligned over a long range and in three dimensions. In a-iron, the 

microcrystalline particles that forrn single domain structures contain ca. 5000 coupled spins. 

This spin alignment only occurs if the spin-spin interaction energies are larger than the 

therrnal energy (k1) of the system. This implies that spin alignment wil! only occur below a 

certain critica! temperature, called the Curie temperature (Tc). 

5 
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Figure 2.1. Schematic representation of materials exhibiting a) diamagnetism b) 

paramagnetism c) ferromagnetism d) antiferromagnetism e) ferrimagnetism 

2.3 Organic Ferromagnets 

In classica! magnets the electron spins are more or less localized at single atoms in d or 

f orbital spin sites. They are prepared by high-temperature metallurgical methods. Recently, 

organic molecule-based magnetic materials have been developed, which can be prepared 

through low-temperature synthetic procedures.3 Two categories of molecule-based magnets 

can be distinguished. The first category camprises organometallic materials in which the 

interplay between organic molecules and metals gives rise to long-range spin coupling. 

Materials of this category with Curie temperatures well above room temperature have been 

prepared.3 The second category is comprised solely of organic molecules or polymers.4-6 In 

these materials, the s and p orbitals not only have to accommodate the spins, but also have to 

provide a mechanism of spin coup i ing. 

Organic radicals contain unpaired electrans and can, therefore, be used as spin carrying 

moiety. To arrive at a ferromagnetic material, the interaction between individual unpaired 

electrans has to be controlled in such a way that parallel spin alignment is favored. In genera!, 

two different approaches to organic ferromagnets are pursued: one focusing on 

intermolecular, the other on intramolecular interactions. The first approach aims at the spatial 

organization of radicals in a crystal structure. Even though the intermolecular spin-spin 

interactions are relatively weak, a number ofpurely organic ferromagnetic materials have been 

prepared this way (see 2.6.8). The weakness ofthe spin-spin interaction, however, is reflected 

in the Curie temperatures of these materials, most of which are well below I 0 K. 
The second approach uses interactions between unpaired electrans within the same 

molecule, creating so-called high-spin molecules. These open-shell molecules contain several 

unpaired electrous which align ferromagnetically. An advantage of this approach is the 
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generally much stronger spin coupling. In addition, intramolecular spin-spin interactions are 

well understood, making a rational molecular design of high-spin systems possible. However, 

in order to obtain ferromagnetic materials, intermolecular spin coupling between such 

high-spin molecules has to be achieved as wel!. 

In this chapter, several roodels descrihing both intramolecular and intermolecular 

spin-spin interactions will be evaluated. 

2.4 Intramolecu lar Spin Alignment 

For the creation of high-spin molecules, intramolecular ferromagnetic spin alignment 

is essential. Over the years, a number of roodels has been developed descrihing the interaction 

between unpaired electrons in organic multi-spin molecules. Generally, these roodels have a 

good predicting value, allowing a rational design ofnew high-spin systems. 

2.4.1 Exchange Interaction 

In a diradical, the simplest of multi-spin systems, two unpaired electrans are located in 

two (near) degenerate singly occupied molecular orbitals (SOMOs) qJ3 and fPb· The ground 

state can be either a low-spin singlet (S: antiferromagnetic coupling of spins) or a high-spin 

triplet (T: ferromagnetic coupling of spins). The spin-spin interaction can be described by the 

Heisenberg-Hamiltonian: 

(I) 
i <j 

in which s1 and s1 are spin operators and .!;1 is the exchange coupling constant between the 

electrons i and j, which can be either positive or negative, leading to ferromagnetic or 

antiferromagnetic spin alignrnent, respectively. The energy gap between the singlet and triplet 

state (Es -ET= liEsT) is given by 21 and should be positive for ferromagnetic interaction to 

occur. According to the Heitler- London model, J basically has the following form: 7 

J = 2/}S + K (2) 

with (3) 

(4) 

and (5) 

7 
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The value of J is determined by two terms of opposite sign. The product of the resonance 

integral fJ with the overlap integral S is always negative since fJ and S are of opposite sign. 

This factor can be seen as the antiferromagnetic contribution to J. On the other hand, the 

ferromagnetic con tribution is accounted for by the two-electron exchange integral, K, which is 

necessarily positive. The exchange interaction arises from the antisymmetrization of the wave 

function as required by the Pauli exclusion principle. This principle forbids electrans with the 

same spin to occupy the same region of space. As a result, the motions of electrans with alike 

spins are more correlated than when the signs of the spins would have been opposite. This 

correlated motion of electrans keeps them further apart and therefore they experience a 

smaller Coulomb repulsion, resulting in a lower overall energy. 

In genera!, 2fJS dominates, resulting in a negative value for J and a singlet ground 

state. Ferromagnetic interaction occurs, when S approaches zero, i.e. when rp3 and <Pb are 

(quasi) orthogonal. A zero overlap integral does nat necessarily lead to a streng stabilization 

of the triplet state; in addition the exchange integral K must be substantial. Because K 

qualitatively corresponds to the overlap integral, disregarding the sign, this is achieved when 

the two SOM Os rp3 and <Pb occupy the same region of space, somewhere in the molecule. 

S=O K»O 

Figure 2.2. Perpendicular orbitals at a carbene center, illustrating the exact cancellation of 

the overlap integral S and a substantial value for the exchange inlegral K. 

The implications of the above can be illustrated by looking at a carbene which is a 

prototype structure of a triplet diradical (Figure 2.2). The two unpaired electrans are located in 

two near degenerate MOs located on the same carbon atom. One electron accupies a 

sp2 -hybridized orbital, the other a p orbital, perpendicular to the sp2 orbital. Consequently, the 

positive overlap exactly cancels out the negative overlap, i.e. the SOM Os are orthogonal and S 

is zero. For K cancellation does not occur and since both MOs are located on the same carbon 

atom, electron-electron interactions are substantial. Therefore, the ground state will be a triplet 

state, in which the destahitizing Coulomb interactions are greatly diminished by the correlated 

motion of the parallel spins, as compared to the singlet state. In fact, because in the case of 

8 
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carbenes the SOMOs are located on one atom, this is an implication of Hund's rule which 

applies to atomie orbitals. 

Summarizing, in order to create high-spin molecules, molecules need to be designed 

with several (near) degenerate orbitals, which are localized within the same region of space 

and yet have an overlap integral that is zero or at least very smal!. 

2.4.2 Molecular Orbital Degeneracy 

A category of compounds, which is known to have degenerate orbitals is the class of 

non-Kekulé molecules. These altemant hydrocarbons are fully conjugated, but contain at least 

two atoms that are not 7t-bonded.8•9 In 1950 Longuet-Higgins proved that an altemant 

hydracarbon contains at least ( N- 2T) singly occupied non-bonding molecular orbitals 

(NBMOs), where Nis the number of carbon atoms and T the maximum number of double 

honds that occurs in any resonance structure. 10 Looking at isomerie benzoquinodimethanes, 

one can see that the para isomer 1 can be represented as a classica! Kekulé structure with a 

total offour double honds (Figure 2.3). Longuet-Higgins prediets ( N-2T) = 8- 8 = 0 NBMOs 

and a closed-shell configuration. On the other hand, the meta isomer 2 can only be drawn in a 

non-Kekulé fashion, with three double honds at the most, resulting in two NBMOs each 

occupied by one unpaired electron. 

."(). 

PBODM 1 MBQDM 2 

Figure 2.3. Isomerie structures of benzoquinodimethane 

On the basis of Hund's rule, Longuet- Higgins predicted ferromagnetic spin alignment 

between the unpaired electrons in the NBMOs of a non-Kekulé molecule, and a ground-state 

with a spin quanturn nwnber S = n/2, where nis the number ofunpaired electrons. 

This model, however, does not account for the exchange interaction, necessary to 

establish effective coupling between the electron spins. As a consequence, the ground-states 

of only a limited number of non-Kekulé molecules are predicted accurately. Therefore, an 

extended model was proposed by Borden and Davidson, introducing the concept of 

non-disjoint NBMOs. 11 To illustrate this model, we consider trimethylenemethane (TMM, 3). 

This is a non-Kekulé molecule with two singly occupied NBMOs. A simple Hückel 

9 
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representation ofthe NBMOs is depicted in Figure 2.4. In this representation, or in any other, 

the two NBMOs span cornmon atoms; they are so called non-disjoint. Because the electrons 

occupy the same region of space, the exchange interaction is substantial and the diradical has 

a high-spin triplet ground state 

NB MOs 

TMM3 

TME4 

DMCBD 5 

non-disjoint 

S=1 

disjoint 

S=O 

non-disjoint 

8=1 

Figure 2.4. Hückel representations ofthe NMBO structure ofnon-Kekulé molecules 

Tetramethyleneethane (TME, 4) is also a non-Kekulé molecule and according to the 

Longuet-Higgins model this structure has (6-4) = 2 NBMOs, and a triplet ground state. 

However, these two singly-occupied NBMOs can he selected in such a way that the overlap is 

very smal!; they are disjoint Consequently, the exchange is small and the singlet and triplet 

state are expected to be near-degenerate. TME was found to have a triplet ground state12·13 and 

Cl calculations support this observation. 14 In an optimized geometry - with a twist of ca. 45° 

around the central bond- the triplet state lies below the singlet state. In a planar conformation 

the singlet is found to be lowest in energy. 

In TME, two allyl radicals can be recognized, which are connected via the central 

carbon atoms that do not contribute to the NBMOs. Another non-Kekulé molecule can be 

constructed from two allyl radicals: 2,4-dimethylene-l ,3-cyclobutanediyl (DMCBD, S)Y It is 

a C6H6 and has 6 7t-electrons and is considered a non-Kekulé isomer ofbenzene.16 In this case 

the conneetion between the two allylic halves does involve spin carrying carbon atoms. 

Consequently, the NBMOs are non-disjoint and the ground state is a triplet. 

10 
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2.4.3 Valenee Bond Models and Spin Polarization 

More recently, valenee bond theories have been developed, to predict ground state 

multiplicities of non-Kekulé molecules. The carbon atoms in an altemant hydracarbon can be 

starred in such a way that no two starred atoms are adjacent. When n* ~ n, the spin quanturn 

number Sis given by: 17•18 

S = (n*- n) 12 (6) 

This theory offers a very convenient way to predict ground-state multiplicities in a large array 

of conjugated open-shell systems In Figure 2.5, the model is worked out for the prototype 

structures that have been discussed so far. The preclicted values for the spin multiplicity are in 

accordance with experimental results. 

. . 
~ 
.~ 

PBQDM 1 
S= (4-4)/2 = 0 

TME4 

. . . 
n 

MBQDM 2 
s = (5-3)/2 = 1 

. 

)l . . 
TMM3 

S=(3-1)/2= 1 

·==<>==· 

s = (3-3)/2 = 0 
DMCBD 5 

s = (4-2)/2 = 1 

Figure 2.5. Valenee bond representations and prediered spin multiplicities of some prototype 

alternant hydrocarbons. 

In a simple Hückel-MO picture the spin density on the starred and unstarred atoms 

would be positive and zero, respectively. A full MO-calculation requires the admixture of 

excited states with partially occupied anti-bonding MOs into the ground state. This 

contiguration interaction results in spin polarization; the additional spin density inverts on 

each successive atom in a n-conjugated system. Consequently, (large) positive and (small) 

negative spin densities are obtained on the starred and unstarred atoms, respectively (Figure 

2.6). This illustrates the ferrimagnetic nature of the spin-spin coupling. Another method to 

predict the ground-state multiplicity, is simply counting the number of n-electrons between 

the open-shell units. The interaction is ferromagnetic if the spin-carrying rooieties are 

separated by an odd number of n-electrons, whereas, the coupling is antiferromagnetic if this 

number is even. 
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l l· I I ·l 
101 

I 

Figure 2.6. (left): Spin polarization results .from Hund's rule, Javaring parallel spin 

orientation for spins in the a-- and n-orbital on each atom. Inversion of polarization occurs 

because the spins of the electron pair in the a--orbital always are opposite as dictaled by the 

Pauli principle. (right): Ferrimagnetic nature ofthe spin-spin interaction in MBQDM 

The valenee bond model is a very convenient model which successfully prediets the 

ground state of a large number of non-Kekulé molecules. Nevertheless, in some cases this 

description is not sufficient because it only accounts for the sign of the interaction and not for 

its strength. For the m,m'-isomer of a 1,1-diphenylethylene linked diradical, the VB model 

prediets a high-spin ground state whereas experimentally a !ow-spin ground state is found 

(Figure 2.7). 19'20 This observation can be rationalized by consictering the Borden-Davidson 

model which makes a distinction betweenjoint and disjoint MOs. Ifthe conneetion ofthe spin 

units involves carbon atoms that have no substantial spin density, the spin-spin interaction is 

very weak, which leads to a singlet-triplet degeneracy. 

VB description 

.~. 
A)~ 

: '* '* :. 

p,p" 

S = ( 9 • 7) I 2 = 1 

MO descriptlon 

.~~· :~L;y: .N v .v .. v. . . . 
p,m' m.m' 

S = ( 8 • 8) I 2 = 0 S=(9-7)12=1 

~na 
p,p· 

"'joint MOs" 

S=1 

Experlmental 

S=1 

p.m' 

"disjoint Mos·· 

S=O 

S=O 

m.m· 

"doubly disjoint Mos·· 

S=O 

S=O 

Figure 2.7. Topological isomers of a /,1-diphenylethylene linked diradical. Valenee bond 

description prediets a triplet ground state for the m,m '-isomer, but the MO picture illustrates 

that the NBMOs are (doubly) disjoint, formally teadingtoa singlet-triplet degeneracy (open 

circles mark the atoms with a large positive spin density). 
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2.5 lntermolecular Spin Alignment 

Unless it will be possible to synthesize super-high-spin molecules with enough 

coupled spins to act as a single domain particle, intennolecular spin coupling between 

individual magnetic molecules is essential to create ferromagnetic materials. Even though this 

subject is beyond the scope of this thesis, some models descrihing such interactions wi!J 

shortly be addressed. 

2.5.1 Spin Exchange 

The valenee bond theory of topological symmetry as discussed in the previous 

paragraph can be considered as a through-bond interaction. For the description of the 

spin-spin interaction between unpaired electrous on separate molecules, a theory for 

through-space interactions has been put forward, which is quite similar. It was McConnell 

who first proposed such a mechanism (McConnell model I).21 For the magnetic interaction 

between two aromatic radicals A and B the Heisenberg-Hami\tonian can be expanded to: 

(7) 
i,j i.j 

Calculation ofthe exchange coupling constant 1;8 leads to an expression similar to equation 

2 but with the signs inverted.7•22 Hence, since JYAB is negative, the product of the spin 

densities P;A and pf has to be negative as well, for ferromagnetic interactions between A and 

B to occur. In other words, exchange interaction, and thus ferromagnetic spin-coupling takes 

place ifthe interaction occurs between atoms of opposite spin density. 

This prediction has been confinned by ab initio calculations on the combination of a 

methyl and an allyl radical.23 Similar calculations have been perfonned on stacks of benzyl 

radicals?4-26 In this case, only the ortho and para orientations result in ferromagnetic spin 

alignment (Figure 2.8), which is in good agreement with the McConnell model I. 

0 
0 

d b 
0 

~ ~0 
0 0 0 0 

~ 0~ ~ ~ 
geminal: S = 0 orlho: S = 1 meta: S = 0 para: S = 1 

Figure 2.8. Interaction between two benzyl radicals in different orientation. Marleed and 

unmarked atoms carry a positive and negative spin density, respectively. 
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2.5.2 Charge-Transfer Complexes 

Generally, the unpaired electrans generated within one-dimensional altemating stacks 

of donor-acceptor salts (--D+A-D+A-D+A-D+A---), are aligned in an antiferromagnetic fashion. 

This is a result of the admixing of the wave functions of the original ( closed-shell) donor and 

acceptor components into the wave function of the CT complex. A second model proposed by 

McConnell (model IJ) prediets that, when either the donor or acceptor has a triplet ground 

state, the unpaired electrans in the CT complex es will align ferromagnetically. 27 In this case, 

the admixing of the wave function with the initia! wave functions of donor and acceptor ( one 

of which is a triplet), will lead to a parallel alignment of the spins in the complex?8 Later, 

various adaptations of this model have been proposed, 29"32 but no ex perimental results have 

been reported that confirm these models. 

2.6 Literature Survey 

Based on the concepts discussed in the previous paragraphs, several high-spin 

molecules have been prepared. Ever since it has been recognized that these compounds are a 

first step toward organic ferromagnets, the number of papers reporting on high-spin 

compounds has increased enormously. hl this literature survey, the most widely used organic 

open-shell rooieties and spin-coupling units will be discussed. 

In addition some organic molecular assemblies which display bulk ferromagnetic 

behavior will shortly be addressed. 

2.6.1 Carbenes 

In 1967 Itoh33 and Wasserman et al.34 independently reported dicarbene 6 in which 

two phenylcarbene units are attached to the meta positions of a phenylene ring. This 

tetraradical has a quintet (S = 2) ground state, which results from the ferromagnetic coupling 

between the two triplet carbene moieties. The meta-substituted phenyl ring acts as a 

ferromagnetic coupling unit. This finding tumed out to be the onset of both experimental35.36 

and theoretica! interest37•38 into carbenes as potential organoferromagnets. 

Oligocarbenes are generated photochemically at cryogenic temperatures from the 

corresponding diazo precursors. This is a very efficient single photon process, leaving no 

carbenes with unreacted diazo groups. Variabie temperature experiments indicate a large (>> I 

kcal per mole) energy gap between the high-spin ground state and lower spin states. 
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Over the years, linear oligocarbenes with ever increasing spin multiplicities have been 

prepared by the group of lwamura.39-45 The concept was further extended into a 

two-dimensional framework making star-shaped compounds, with a I ,3,5-trisubstituted 

benzene ring as the core.46'47 Nonacarbene 7 has a nonadecet (S = 9) ground state; the highest 

spin state ever reported for a purely organic molecule. lt is also shown that this approach can 

successfully be extended to a cyclic structure 8 , that eventually may lead to two-dimensional 

networks. 

. . 
~ 
V V V 

6 

9 

7 

8 

Recently, highly branched dendritic structures like 9 have been prepared, but the 

observed spin states were lower than expected.48•49 This observation is explained in terms of a 

facile recombination of carbene centers, due to the close proximity enforced by the molecular 

structure. 

In a very elegant manoer lwamura demonstrated that spin aligrunent in the third 

direction (perpenclicular to the molecular plane) is also possible, using [2,2]-paracyclophane 

derivatives 10.50•51 The mode of interaction can bedescribed by the McConnell model I, even 

though this model was originally put forward to describe intermolecular interactions. Of the 

three isomers, with different orientations of the two phenylmethylenyl substituents, only the 

pseudo ortho (lOa) and pseudo para (lOb) isomers satisfy the McConnell condition of 

exchange interaction between sites of opposite spin density. Accordingly, they are expected to 

have a quartet (S = 2) ground state, which was confirmed by experimental results. Exactly as 

predicted by the McConnell model, lOc was found to have a singlet (S = 0) ground state. 
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1 Oa pseudo ort ho 1 Ob pseudo para 1 Oe pseudo meta 

Altogether, oligocarbenes have extensively been used to study the spin-spin interaction 

in organic multi-spin molecules. In the long run, however, carbenes suffer greatly from their 

intrinsic thermal instability. Unsubstituted phenylcarbenes degrade at temperatures well below 

1 00 K, which makes it impossible to use these radicals at ambient conditions. 

2.6.2 Triarylmethyl Radicals 

Another class ofhydrocarbon-based high-spin molecules are the triarylmethyl radicals. 

Classica! examples of this category are the Leo triradical (11)52 and Schlenk's hydracarbon 

(12a).53•54 In these structures the meta-phenylene is also used as a ferromagnetic coupling unit 

between the radical sites. An advantage of this type of radicals over carbenes is their greater 

stability. Highly substituted triarylmethyl radicals are stabie up to ambient temperatures. 

11 

R 

R R 

12a R=R'=R" = H 

b R = 1-Bu, R' = Me, R" = H 
C R = I·Bu, R' = R" = Me 

13 a n = 1. R =Me 
b n = 2, R = H 
c n =3, R = H 

Rajca et al. have synthesized a range of alkyl substituted oligo(triarylmethyl) radicals, 

starting with a diradical (12b) and ending with a heptaradical (13c).55-57 These open-shell 

systems are prepared by oxidation ofthe corresponding oligo anions. To avoid reaction at the 

para positions of the alkyl rings, alkyl substituents have been introduced. This greatly 

stahilizes this type of radicals. 
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Based on the same concept, also a 1 ,3-connected triarylmethyl polyradical has been 

prepared. This polymer has an average of around 30 monomeric units linearly connected in 

each chain. 58 Ho wever, magnetization studies revealed a behavior that fits closely to that of a 

system with a spin multiplicity S = 2 only. This is probably due to an interrupted spin coupling 

within the chains. Defects which result from incomplete reactions or side reactions may be 

responsible for the disconnected spin-spin interactions. As a result, a chain of an average of 30 

units contains a number of isolated spin-coupled segments, with an average of around four 

spin-carrying units per segment. 

Dendritic polyradicals have also been prepared, but these also suffer from the 

interrupted spin coupling.59•60 Especially defects on the inner triarylrnethyl sites are 

detrimentalto the spin multiplicity. For example, one defect in pentadecaradical14 may result 

in three isolated spin systems of S = 3/2, 3/2 and 8/2, instead of one S = 15/2 spin system. The 

dendritic polyradical14 reveals a magnetization behavior comparable toa spin states of7/2 to 

5/2. The 'supposed' untriacontaradical, which is one generation higher should contain 31 

unpaired electrons, but a much lower spin state (5/2 to 4/2) is observed. From these results, a 

conversion of only 80% is estimated. 

14 15 

To get around the problem of interrupted spin-spin interaction in linear and branched 

chains, Rajca introduced the application of multiple spin-coupling pathways.61 •62 The 

calix[4]arene derivative 15 represents a closed loop. In this system, two pathways for 

spin-coupling exist and herree such a topology is oblivious to one defect. Other structures that 

should even be more resilient to defects have also been proposed. 
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Cl Cl 

Cl Cl 

16 17 

Veciana et al. have synthesized the perchlorinated derivative of the Schlenk 

hydrocarbon (16)63 and a higher homologue ofthis compmmd (17).64•65 These compounds are 

stabie in air up to 250 °C. Despite a non-planar conformation due to sterical crowding, both 

compounds have high-spin ground states, and the nearby lower-spin states are thermally 

inaccessible, indicating an energy gap >> 1 kcal per mole. 

2.6.3 Other Carbon-Centered Radicals 

The spin-carrying unit in 18 is a derivative of TMM (see 2.4.2). Due to its topology, 

the two unpaired electrons in this unit interact ferromagnetically. 66 Conneetion of two of these 

triplet moieties via m-phenylene leads to ferromagnetic interaction and a quintet (S = 2) 

ground state. 67•68 

R-o--R 
18 19 

~ 
~ 

20 

In cyclobutanediyl diradieals 19, spin coupling occurs via a through-bond interaction, 

mediated by the CH2-groups. This results in a HOMO-LUMO degeneracy and a triplet ground 

state.69 Based on this observation, Dougherty reasoned that the cyclobutane ring acts as a 

non-conjugated ferromagnetic coupling unit. This was demonstrated by compound 20, which 

combines the triplet spin carrying unit with the cyclobutane coupling unit, and was found to 

have a high-spin quintet (S = 2) ground state, separated from the triplet state by at least a few 

hundreds of calories per mole. 70 
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2.6.4 Nitroxyl Radicals 

The stability of nitroxyl radicals makes these open-shell units very suitable for the 

generation of high-spin molecules. An early example of a nitroxyl diradical which has a high­

spin ground state is compound (21).71 The energy gap between triplet ground state and the 

singlet state is>> 1 kcal per mole. This diradical, however, is not stable. In solution, as well as 

in the crystalline phase it undergoes a topochemical change to the aminoquinone imine 

N-oxide 2la. In the tricyclic diradicat 22 this problem was overcome, because the vulnerable 

positions para to the nitroxyl moieties are protected. 72 ESR spectroscopy reveals a triplet 

state, but no studies have been undertaken to determine whether this is the ground state or a 

thermally populated state. 

0 0 

~)'yy~'f-OAO 
21 21a 22 ' 

Triradical 23 has a quartet ground state and the energy gap (J Ik) to the thermally 

excited doublet state was estimated to be 240 K (= 480 cal per mole).73 This is considerably 

less than for any m-phenylene-coupled carbon based high-spin system. This is ascribed to the 

more localized spins of the nitroxyl radicals. The smaller spin density in the central ring 

makes the spin coupling weaker. 

23 24a R = R' = H 
b R =OMe: R' = H 
CR= R' =OMe. 

25 26 

Substitution on the m-phenylene ring further dimmishes the spin coupling, probably 

due to an out-of-plane twist of the nitroxyl moieties. Compound 24a has a quartet ground 

state, but introduetion of one methoxy group (24b) leads to a reduction of the energy 

difference between quartet and doublet states, and a second methoxy group (24c) results in a 

!ow-spin doublet ground state.74•75 Similar effects are observed for compounds 25 and 26, both 

ofwhich have a singlet ground state.76•77 
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ri-o 
o,m'-27 m,p'-27 28 + 

Stilbenes are of interest as ferromagnetic coupling units, because they can be used as 

the repeat unit of a polymer with pendant radical sites. Several connectivities ofthe open-shell 

moieties are possible, and the spin state of the different nitroxyl diradieals is always in 

agreement with the topology rules. So, both o,m '-27 and m,p '-27 have a triplet ground state.78 

However, the spin-spin interaction is rather weak due to a combination of the localization of 

the spin and the length of the n-system between the spins. If the distance between the radical 

sites is further increased, Msr decreases rapidly. For compound 28 the energy difference is 

only one tenth ofthe value for m,p '-27.79 

2.6.5 Nitrenes 

Nitrenes are the nitrogen analogues of carbenes with two unpaired electrons localized 

in orthogonal orbitals on the nitrogen atom. Consequently, each nitrene unit has a triplet spin 

state. Like carbenes, nitrenes are therrnally unstable and do not survive temperatures higher 

than ca. 100 K. Unlike other radical species discussed in this chapter, nitrenes have only one 

conneetion to other atoms. Consequently they can not be included in the main chain of a 

oligoradical, but can only be used as spin carrying pendants in side groups. This may have a 

certain advantage, though, since in this case incomplete conversion of the precursor groups 

does not necessarily lead to a disrupted connectivity. 

N: 

:N 
X=CH2. 0 

29 p,p': s =0 30 m,p': S= 2 31 p,p': non.<fisjoint S = 2 
m,p': S= 2 m,m' S=O m,p': disjoint S = 0 
m,m': S=O m,m': doubly disjointS = 0 

Various n-conjugated coupling units have been tested in combination with differently 

oriented phenylnitrene groups (29-31). 19'20'8° For these compounds the relation between the 

topology of the connecting units and the nature of the magnetic interactions is generally 
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accurately predicted by the valenee bond theory. Only for the m,m' isoroer of 31 the disjoint 

nature ofthe conneetion has to be considered to account for the observed !ow-spin state (see 

2.4.3). 

--
A B 

32 p,p'.· S=O 
m,p': S =2 
m,m': S=O 

The amide linkage also turns out to be an effective spin-coupling unit, connecting two 

phenylnitrene units in 32. Both theoretica! studies and experimental results indicate that the 

amide bond acts like the C=C double bond of a stilbene coupling unit. This is explained in 

terros of a stilbene-like resonance structure B.81 

2.6.6 Charged High-Spin Molecules 

In addition to the neutral radicals discussed in the previous paragraphs, also ionic spin­

carrying units have been applied for the construction of high-spin molecules. Illustrative 

examples are compounds 33 and 34.82 Reductive doping ofthe neutral 1,3-dinaphthylbenzene 

affords the corresponding di( anion radical) 33, which has a high-spin triplet ground state. In a 

similar fashion oxidative doping ofthe dianthryl compound leads to the triplet state di(cation 

radical) 34. 

33 34 

35 

In an original approach, Baumgarten has also used the oxidized anthryl moiety as 

spin-carrying subunit for the construction of high-spin molecules.83•84 Instead of using a 

ferromagnetic coupling unit, the desired spin-spin interaction is achieved by the perpendicular 

alignment of the spin-carrying moiety 35. Due to this arrangement, the singly occupied MOs 

are also orthogonal, which should lead to ferromagnetic spin alignment. In a number of 
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oligo(9, 1 0-anthrylene )s, high-spin states we re generated, but variabie temperature ESR studies 

revealed that these are thennally populated. 

36 37 R = H. OMe. I·Bu 38 

Di( cation radical) 36, bas a triplet ground state, even though the polaronic units are 

connected via a p-phenylene ring which nonnally acts as a antiferromagnetic coupling unit.85 

This is rationalized by the orthogonal arrangement of the phenothiazine units, giving rise to 

spin alignrnent, similar to the oligoanthrylenes. A number of other high-spin molecules based 

on nitrogen cation radicals such as triarylamines 3786-89 and oligo m-anilines 3890 have been 

prepared, but a major problem encountered with these compounds is the poor stability of the 

molecules after doping. 

2.6.7 High-Spin Polymers 

Straightforward polymerization of methylmetacrylate coupled TEMPO radicals like 39 

and 40 leads to a material with weak antiferromagnetic interactions.91 Similar results are 

obtained with TEMPO groups attached to a polyiminoethylene backbone 41.92 Despite the 

close packing of the spin-carrying units in this helical polymer, no magnetic ordering was 

observed. Replacing the TEMPO radicals by diphenylphenoxyl radicals rendered no 

improvement. 93 

~00 ~ 
~· ·_q 39 0 

NgN N-;0 

~"r ~ 
0 

40 41 42 
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In 1986, Ovchinnikov and coworkers reported on the magnetic properties of polymerie 

samples obtained from the polymerization of a diacetylene monomer containing two TEMPO 

units 42.94-96 However, these observations have been subject to controversy ever since. 

Attempts by other research groups to reproduce these results all failed.97•98 Other attempts to 

prepare high-spin polydiacetylenes failed because most of the radicals sites are destroyed 

during polymerization.99 

Polyacetylenes with pendant stabie radicals ( 43) have a lso been investigated as 

potential high-spin systems. Several spin carrying rooieties have been applied, but in spite of 

the very high spin concentrations that were obtained, no cooperative ferromagnetic behavior 

was observed. IOo-tos The interactions were either predominantly paramagnetic or 

antiferromagnetic. 

R= 

43 M 
? 

Regioregular poly(phenylenevinylene)s (PPVs) have recently been used as a backbone 

in combination with phenoxyl radicals as pendant spin-carrying units. Valenee bond theory 

and model studies on stilbene compounds provide insight into the topology required for 

ferromagnetic spin coupling. 78 Both the polymer with the para substitution pattem 44 and the 

polymer with the ortho pattem 45 display ferromagnetic spin alignment, even though the spin 

concentration did not exceed 0.7 spin/monomer unit. 106-108 Similar results have been reported 

for PPV s with tert-butyl nitroxyl radicals as spin-carrying units.109 

. 
0 

44 45 

The concept of polaronic ferromagnetic polymers has been introduced by Fukutome. 

In this approach the spins are introduced by doping of 7t-conjugated segments. Conneetion of 
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these polaronic open-shell rooieties via ferromagnetic coupling units should lead to parallel 

spin alignment. 110- 112 Preliminary results suggest that this concept may workif probieros like 

poor characterization and insufficiently low doping levels can he solved.113' 116 

2.6.8 Ferromagnetic Molecular Assemblies 

The first purely organic ferromagnetic material reported was a single crystal of the 

stabie nitronyl nitroxyl radical 46. Three different crystal phases have been recognized, all 

showing ferromagnetic interrnolecular interactions.117' 119 In two crystal packings, the ~-phase 
and the y-phase, ferromagnetic transitions to long-range spin ordered states w~re observed. at 

0.60 K and 0.65 K, respectively.12(}-122 The spin-coupling is, therefore, attributed to interaction 

between the SOMO, and the HOMO and/or LUMO. Several slightly different nitronyl nitroxyl 

radicals, which display ferromagnetic behavior to some extent in the crystalline state, have 

been reported. 123-127 It appears that molecular stacks are forrned in the crystal structure with 

relatively strong ferromagnetic interaction between the molecules within the stacks. 

Interaction between the stacks, however, is extremely weak and in some cases even 

antiferromagnetic. For crystalline samples of TEMPO radicals 47, ferromagnetic transitions 

have been observed as well, but the Curie temperatures ofO.l8 and 0.4 K are extremely low. 

*- 0 

~s- ~ -t;:o 
1: o...-: 

~N I \ 
-N N-\ +. I 

N02 Ar ) I. 
-N N-

\ I 

46 47 48 49 

Compound 48 is a stabie diradical which possesses a triplet ground state.128•129 This 

intramolecular ferromagnetic spin alignment is due to the perpendicular arrangement of the 

two nitroxyl moieties, which results in two orthogonal NBMOs. In the crystalline state, 

cooperative magnetic interactions occur. Studies reveal a positive Weiss constant B = + 10 K 

and magnetization behavior of a S = 6 spin system. A ferromagnetic transition is observed at 

1.48 K. Below this temperature spontaneous magnetization occurs. 

The highest Curie temperature for a purely organic material has been reported for a 

charge-transfer complex between C6o and tetrakis(dimethylamino)ethylene (TDAE) 49_'3°·131 

At 16 K a ferromagnetic transition occurs as evidenced by a sudden increase of the 

magnetization. The exact nature of the ferromagnetic interactions is still unclear. 
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2. 7 Analytica I Methods 

Various methods can be applied to characterize the magnetic behavior of multi-spin 

systems.4•5 ESR spectroscopy is the most versatile technique to gain insight into the molecular 

magnetic properties, and can be used to determine spin states of paramagnetic species. 

Additional information, especially about intermolecular interactions can be obtained by 

magnetization and magnetic susceptibility measurements. 132 In this paragraph, a short 

introduetion into these techniques is given. 

2.7.1 ESR Spectroscopy 

To examine intramolecular spin-spin interactions, ESR spectroscopy is the most 

versatile spectroscopie technique available. In (frozen) solution, molecularly dissolved species 

can be studied, in absence of intermol ecular interactions between the spins. Information a bout 

the localization of and distance between the unpaired electroos can be obtained. 

In absence of hyperfme splitting, the spin Hamiltonian for a S = 'h molecule only 

contains the electron Zeeman term. If a molecule contains more than one unpaired electron, 

this Hamiltonian has to be extended with a term taking into account the spin-spin 

interactions: 133 

(8) 

In this expression g is the g factor, /-LB is the Bohr magneton, and H is the magnetic field. The 

spin-spin term, SDS, leads to further splitting of the energy levels and therefore to additional 

speetral transitions. Spin-spin interactions occur regardless of the application of a magnetic 

field, so the effects on the energy levels are called zero-field splitting. D is a tensor which can 

be diagonalized, leading to a new expression for the spin-spin term (equation 9). X, Y and Z 

are the eigenvalues of D in the direction of the three principal axes. Because D is a traceless 

tensor, these three principal values can be reduced to two, which have been denoted as D and 

E. Introduetion of D (= -3/2 Z) and E (= -112 (X- Y)) leads to equation 10 for the Hamiltonian. 

Sns = -XS2 -YS2 -ZS 2 x y z (9) 

= J-L8 HgS + D(s; -1 I 3S(S + 1)) + E(s; - s;) (10) 

The signs of D and E depend on which axis is chosen as Z. Both can either be positive or 
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negative. Usua!ly, the absolute signs are unknown since the speetral transitions only depend 

on their relative signs. Therefore, D and E are often given as absolute magnitudes. Two 

different interactions contribute to the spin Hamiltonian: spin-spin and spin-orbit coupling. In 

organic molecules, the latter is negligible so that D and E are determined by the magnetic 

dipole-dipole interaction (equation 11). Using this expression an estimate of the distance 

between the interacting electronscan be made.134 

(D in l'vlliz, d in Á) (11) 

(JJo = vacuurn permeability; 
h = Planck's constant) 

The energy gap between spin sub levels, and consequently the ESR transition energies 

are smal! (an X-band ESR spectrometer operates at ca. 9.3 GHz, which corresponds to an 

energy of ca. 6.2 10-24 J). The population of the upper spin levels can therefore not be 

neglected at temperatures above 0 K, which leads to a temperature dependent ESR signa! 

intensity. This behavior is described by the Curie law, a Boltzmann-like relation in which 

exp(LIW!kT) is reduced to L!W/kT. The Curie law states that the ditTerenee in population 

between lower and higher spin levels, and consequently the ESR signa! intensity /, is linearly 

proportional to the inverse of the absolute temperature: 

1= c 
T 

(12) 

V ariabie temperature ESR measurements are often used to assess the ground state of 

high-spin molecules. If the intensity of an ESR signa! of a certain spin state increases linearly 

with 1/T, this indicates that no thermal population or depopulation of this state occurs. Th is 

can be interpreted in two ways. First, this spin state is the ground state and separated from 

other states by a substantial energy gap, of at least the therrnal energy kT. On the other hand it 

is also possible that the different states are exactly degenerate.135 

When the energy gap between different spin states is smal!, the magnitude of this gap 

can be deterrnined. If we consider the equilibration of a triplet with a therrnally accessible 

singlet state, the signa! intensity ofthe triplet does not only depend on the distribution over the 

spin states (as described by Curie's law), but also on the distribution over S and T. 

Combination of these two distributions leadstoa Bleany-Bowers-type equation:136 

C' 
1 = - - -----

T 3+exp(-2Jf kT) 
(13) 
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C' is an arbitrary constant, and 2J is the energy difference, 11Esr• between singlet and triplet. 

By fitting the experimental values to equation 13 the magnitude of the energy gap can be 

estimated. Similar equations can be derived to describe the equilibration of other sets of spin 

states. 137 •138 

2.7.2 Magnetization and Magnetic Susceptibility 

Paramagnetism is a bulk property of materials made up of molecules with randomly 

oriented spins in absence of spontaneous magnetization. Upon application of a strong 

magnetic field at low temperatures the spins may order. The maximal possible magnetization 

Msat is given by: 

M,0 , = Nm = NgSf.18 (14) 

N is the number of magnetic di po les of moment m per unit of volume, S is the spin 

quanturn number of total angular momenturn and f-LB is the Bohr magneton. Because of the 

thermal agitation of the spins at T > 0 K, their directions with respect to the magnetic field 

a lso fluctuate. The alignment of the spins and consequently the magnetization, is dictated by 

Boltzmann distributions for all spin sub levels (Sz = -S, -(S-1 ), .... , (S-1 ), S), analytically 

described by the Brillouin function B(a): 

(15) 

with 

and 

2J+l ((2J+l)a) 1 (a) 
B(a)==~ctnh 21 - 21 ctnh 21 

The relative magnetization can be plotted against the ratio of magnetic field and temperature 

(M/Msat vs. HIT). Comparison of experimental results with the theoretica! curves based on the 

Brillouin functions of different S gives insight into the spin state of the species present. 

Furthermore, this method can be used to estimate the average spin number of inhomogeneous 

samples. 

At high temperatures and/or low magnetic field, M becomes linearly proportional to 

HIT. Consequently, the paramagnetic susceptibility x(MJH) becomes inversely proportional to 

the temperature T: 
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for HIT<< 1: 

x= M = NgSp8 B(a) 
H H 

B(a)= gp8 HS(S+1) 
3kT 

(16) 

(17) 

(18) 

This re1ation is the exact expression of Curie's law, and the Curie constant C has fixed va1ues 

for the different spin states, e.g. for S = \4 C has a va1ue of 0.37 K emu/mol and for S = 1 

C = 1.0 K emu/mol. So, in addition to ESR spectroscopy, magnetization measurements can 

also be used to assess the ground statesof high-spin species. 

The above statements only apply to assemblies of independent spin systems. Any 

deviation suggests occurrence of cooperative magnetic phenomena, i.e. interrnolecular ferro-, 

antiferro-, or ferrimagnetic interactions. In that case, the susceptibility at temperatures above 

the spin ordering temperature Tc is described by the Curie-Weiss law: 

1 
x=(T-B) 

(19) 

The Weiss temperature () can be either positive or negative, indicating ferromagnetic or 

antiferromagnetic interactions between the molecules, respectively (Figure 2.9). 

1/C 

1/C 1/C 

0 T O 8>0 T T 

Figure 2.9. Schematic representation ofthe temperature dependenee ofthe susceptibility of a 

paramagnetic species. (left): without intermolecular spin-spin coup/ing. (center): with 

cooperative ferromagnetic interactions. (right): with cooperative antiferromagnetic 

interactions. 
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2.8 Concluding Remarks 

Summarizing, two components are necessary for the construction of high-spin 

molecules: spin-carrying units that provide unpaired electroos and ferromagnetic coupling 

units that afford a parallel orientation of the corresponding electron spins. Doderstanding of 

the mechanisms that govem the intramolecular spin-spin interactions has provided some very 

effective coupling units. By combination with different organic radicals, various high-spin 

systems have already been prepared. All known systems, however, are restricted by poor 

stability of the radical sites, or by weak spin-spin interactions, due to limited spin density at 

the coupling units. Therefore, intensive research is airned at the development of new 

spin-carrying units that can be incorporated in high-spin molecules. 

It must be kept in mind, however, that high-spin molecules do not necessarily afford 

ferromagnetic materials. In order to obtain actual ferromagnetic behavior, a very large number 

of spins has to be aligned. Therefore, spin coupling between the individual magnetic 

molecules must also be achieved. 
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Chapter 3 

Triplet-State Phosphinyl 
Diradieals 

Abstract 

The first example of a triplet-state phosphinyl diradical is reported. 

Photoinduced dissociative electron capture of a meta-phenylene­

bis(phosphonous chloride) in a glassy tofuene matrix at 110 K using an 

electron rich olefin, af!ords the corresponding phosphinyl monoradicals and 

triplet-state diradieals in a 5:4 ratio. The triplet state ESR spectrum gives 

zero-field splitting parameters of D = 260 MHz, E :::: 0 MHz, and fJ = 90°. 

Variabie temperafure ESR experiments reveal Curie behavior for the 

t1Ms =:ti and t1Ms = :t2 ESR signals between 3.8 and 100 K, consistent 

with a low-energy triplet state that either corresponds to the ground state or 

is degenerate with a singlet state. 

3.1 Introduetion 

lntramolecular ferromagnetic interaction within di-, oligo-, and polyradicals attracts 

considerable attention for the design of high-spin organic molecules and molecular 

ferromagnets. 1-6 Taking advantage of the topological symmetry and the in-phase periodicity of 

spin polarization in altemant hydrocarbons, various high-spin molecules have been designed 

and characterized (see Chapter 2). One particularly successful strategy to construct high-spin 

molecules is by coupling n- and a- open-shell centers by a ferromagnetic coupling unit like 

m-phenylene. Although this strategy has been used successfully to align the electron spins of 

various carbon7- 10 and nitrogen-centered radicals, II-IJ the use of other central atoms as radical 

centers has received less attention.14 The possibility of incorporating heavy elements such as 

silicon or germanium has recently been suggested,6 but experimental examples havenotbeen 

described so far. 

In this chapter, the formation of a novel phosphorus-centered diradical 12" is descri bed, 

in which two phosphinyl radicals (R2P) are coupled via a m-phenylene unit. lt is expected that 
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the reduced overlap of the phosphorus valenee 3p orbital with the 2p-n-m-phenylene orbitals 

is not beneficia! for a high-spin ground state in a phosphinyl diradical. On the other hand, 

m-phenylene is known to be a fairly robust ferromagnetic coupling unit, even for significantly 

twisted geometries.9•10•15 In view of these conflicting arguments, one can speculate on the 

possibility of achieving a high-spin ground state for phosphinyl diradicals. 

The diradieals are obtained in situ from a sterically hindered m-phenylene­

bis(phosphonous chloride) precursor 1 in the presence of an electron rich olefin ( ero) at 110 K 

via a photoinduced process. In this reaction, UV irradiation of ero in a toluene glass at low 

temperature produces free electrans which are reactive towards the P-CI bonds.16-19 After 

electron capture, the resulting transient anion radical (with a a* three-e1ectron P-Cl bond) 

dissociates into a phosphinyl radical CR2P') and a chloride anion. 

3.2 Synthesis 

The precursor P,P' -bis(2,4,6-tri-t-butylphenyl)-l ,3-phenylenebis(phosphonous chloride) 

1 was prepared starting from 1,3-dibromobenzene (Scheme 3.1). Conversion ofthe latter to 

the di-Grignard compound and reaction with tetraethylphosphorodiarnidous chloride afforded 

the tetraarnino compound 2. Reaction with hydragen chloride in diethyl ether yielded 

1,3-phenylene-bis(phosphonous dichloride) 3. Finally, the bis(phosphonous chloride) 

precursor 1 was obtained by coupling 3 with two equivalents of 2,4,6-tri-t-butylphenyllithium 

at low temperature in tetrahydrofuran. Characterization using 1H and 31P NMR spectroscopy 

revealed that the phosphorus atoms are stereocenters, affording 1 as a mixture of meso (RS) 

and racemie (RR and SS) diastereoisomers. 

BrMgvMgBr 
I • 2 

;:,... 

HCI 
Cl Cl 
I I 

\_J 
\ 
P-CI 

I rN 
) 

-hexane 

- PY';(P 
Cl/ 0 'Cl 

~u .M -THF 

3 

-
2 

Cl Cl 

x&v~ 

Scheme 3.1. Synthesis of bis(phosphonous chloride) precursor. 
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3.3 ESR Spectroscopy 

Phosphinyl radicals are prepared via a dissociative electron-capture reaction of the 

P-C! bond (Scheme 3.2). Free electroos are provided by an electron-rich olefm (ero), which is 

readily oxidized upon UV irradiation, yielding reactive free electrons. In this study a mixture 

ofthe appropriate phosphonous chloride precursor and an excess ofero (1,1',3,3'-tetramethyl-

2,2'-bi-irnidazolidinylidene)20 is used in a frozen toluene matrix with in situ UV irradiation at 

cryogenic temperatures. 
Me Me 
I I eN \..........IN] ;----'\ (ero) 
N N 
I I 

Me Me 

toluene, 110 K. UV 

Scheme 3.2. Structures of P,P'-bis(2, 4, 6-tri-t-butylphenyl)-1, 3-phenylenebis(phosphonous 

chloride) 1 and the mono- and diradieals observed after a dissociative electron capture 

reaction, induced by UV irradiation of ero in a tofuene matrix. 

The ESR spectrum of a 1 :5 mixture of 1 and ero in toluene at 110 K, obtained after 

UV irradiation for several hours, is a complex superposition of at least three different 

paramagnetic species (Figure 3.1 ). The strong centralline (partially omitted from the spectrum 

for clarity) is readily assigned to ero cation radicals and trapped free electrons. The two strong 

signals (marked 1) in the lateral regions of the ESR spectrum are attributed to phosphinyl 

monoradical 1' and correspond to the Au components of an axially symmetrie 31 P hyperfine 

tensor. The remaining lines in the spectrum are the !!.Ms = ±1 transitions of phosphinyl 

diradical 12' in a triplet state exhibiting both zero-field splitting and 31P hyperfme coupling. 

Unambiguous evidence for the formation of a high spin state in diradical 12' is obtained from 

the ESR spectrum recorded in the g = 4 region were the fonnally forbidden !!.Ms = ±2 

transition of 12' is observed. The A11 component in the wings (marked •) of the !!.Ms = ±2 

spectrum directly relates these transitions to e·. No appreciable decay of phosphinyl 

monoradicals 1' or diradieals 12' is observed at 110 K in toluene. Above 130 K, their signals 

disappear irreversibly from the ESR spectrum. 
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Figure 3.1. ESR spectra of a UV-irradiated mixture of 1 and ero in tofuene at 110 K. (left, 

top): Experimental spectrum. (left, center): Simu/ation of 1". (left, bottom): Simu/ation of 12'. 

(right): L1Ms = ::t2 transition of experimental spectrum. 

The ESR spectrum of monoradical 1' can be sirnwated using an axially symmetrie 31 P 

hyperfine coupling tensor with Au= 850 MHz and AJ. = 20 MHz (Figure 3.1)?1 The hyperfine 

coupling tensor of 1' is used to obtain a speetral simwation for e·. The remaining transitions 

in the ESR spectrum attributed to 12' are reproduced very satisfactorily by taking D = 260 

MHz and E = 0 MHz for the zero-field splitting parameters, setting A11 = 425 MHz and AJ. = 
10 MHz (half the coupling constants of 1 ') for the hyperfine coupling, and using fJ = 90° 

(Ewer angle of D and Au). Double integration and comparison with sirnulated spectra indicates 

that the ratio of monoradicals to diradieals is about 5:4. 

The zero-field splittings and hyperfme couplings obtained from the speetral simwation 

can be used to assess the electronic structure of 1' and e· in some detail. From Au = 850 MHz 

and AJ. = 20 MHz, the isotropie hyperfme coupling A;50 = (An + 2AJ. ) I 3 = 297 MHz and the 

dipolar hyperfine coupling 2Adip = An - A;so = 553 MHz can be obtained. These values can be 

used to approxirnate the spin density in the phosphorus 3s and 3p orbitals.22 This analysis 

gives P3s = 0.02 and /)3p = 0.75, demonstrating that the unpaired electrons are mainly confmed 

to the phosphorus p orbitals. The zero-field splitting of D = 260 MHz for 12' corresponds 

within the dipole approximation (D = 7.8 x 104 d"3) toa distance d between the rad i cal centers 

of about 6.7 A.23 This approximation is in fair agreement with the distance of 5.5 A between 
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the two phosphorus nuclei that has been obtained in the crystallographic X-ray structure ofthe 

oxidized form of 1, as will be discussed in Chapter 4 and in reference 24. 

3.4 Determination of the Ground State 

The results on phosphinyl diradical 12" suggest that spin polarization does occur in the 

central m-phenylene ring, stahilizing a high-spin state. The magnetic interaction within a 

diradical can bedescribed by the Heisenberg exchange Hamiltonian (see paragraph 2.4.1 ): 

i<j 

where 2J is the singlet-triplet energy gap. Several techniques have been used to determine J 

(and hence the multiplicity ofthe ground state) for di-, oligo- and polyradicals (see paragraph 

2.7).4'6 Magnetization and magnetic susceptibility measurements carmot be used directly in the 

present case due to the inhomogeneity of the samples that contain various doublet species in 

addition to the triplet state diradical of interest. ESR spectroscopy can be used in such a case, 

but will only give accurate values for J when IJ I is in the order ofthe thermal energy. 

20 
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Figure 3.2. Tempera/ure dependenee of the ESR signa/ intensity of the iJ.Ms = :ti (•) and 

iJ.Ms = :t2 transition (o) of diradica/12". Solid lines are least-square fits to Curie 's law. 

V ariabie temperature ESR experiments were carried out in an attempt to assess the 

ground state multiplicity of diradical 12". The intensity (I) of the D.Ms = ±1 and D.Ms = ±2 

signa is was measured as function of temperature, between 3.8 and 100 K, with the UV light 

switched off. Saturation of the ESR signa! during variabie temperature experiments was 

avoided by using low microwave powers, well within the range where signa! intensity is 
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proportional to the square root of the microwave power at 4 K. 

The temperature dependenee of both ESR signals follows Curie's law (I = CIT) 

(Figure 3.2). This thermal behavior is completely reversible in the temperature range 

examined, indicating that irreversible loss of diradieals is negligible. The fact that Curie 

behavior is observed has two possible interpretations. Either the high-spin state (triplet) is the 

ground state and separated from an excited !ow-spin (singlet) state by a substantial energy gap 

of a few hundreds of calories per rooie, or an extremely small energy gap is present resulting 

in a (near)degenerate ground state.13'25' 29 Without additional information, such as 

magnetization or magnetic susceptibility data, it is not possible to distinguish between either 

possibility. In principle, a linear variation of the speetral intensity as a function of the 

reciprocal temperature is also expected when no rapid equilibrium between the various states 

of different multiplicity occurs. In the present case, however, this criterion is readily met as a 

result of the relatively high spin-orbit coupling constants of the phosphorus atoms that 

enhance intersystem crossing rates. Therefore, it can he concluded that the triplet state of 

diradical 12" is a low-energy state, either corresponding to the ground state or as part of a 

degeneracy with a singlet state. This demonstrates the versatility of m-phenylene as a 

ferromagnetic coupling unit, even for phosphorus-centered radicals. 

3.5 Conclusion 

lt is shown that phosphinyl diradical e·, coupled via a m-phenylene unit, possesses a 

low-energy triplet state that is either the ground state or degenerate with a singlet state. In 

combination with the phosphoryl diradieals that will he discussed in Chapter 4, these are the 

only known examples of molecules in which heavy-atom radical centers are ferromagnetically 

coupled by a m-phenylene unit. The reduced interaction between the unpaired electrons, which 

is expected for a heavy-atom based radicals, does not rule out ferromagnetic spin coupling. 

Therefore, this study confirms the effectiveness of m-phenylene as ferromagnetic coupling 

unit. Furthermore, it demonstrales the potential application of second-row atoms as entities for 

newly designed high-spin molecules. 

3.6 Experimental Section 

3.6.1 General Methods 

Commercial grade reagents were used without further purification. Solvents were 

purified, dried and degassed following standard procedures. NMR spectra were recorded on a 
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Bruker AM-400 spectrometer, chemica! shifts are given in ppm (&) relative to TMS for 1H and 

13C-NMR spectra and relative to aqueous 85% H3P04 solution (external standard) for 31 P 

NMR spectra. ESR spectra were recorded on a Bruker ER 200D spectrometer, operating with 

an X-band standard or TMH cavity, interfaced to a Bruker Aspect 3000 data system. 

Temperature was controlled by a Bruker ER4111 variable-temperature unit between 100 and 

200 K, or by an Oxford 3120 temperature controller combined with an ESR900 continuous 

flow cryostat in the range 4 - 100 K. 

ESR Samples were prepared by adding 100 11L of a 0.25 M solution of 1,1 ',3,3 '­

tetramethyl-2,2 '-biirnidazolidinylidene20 in toluene to 100 11L of a 0.05 M solution of 1 in 

toluene at room temperature. UV irradiation was performed by focusing the unfiltered light 

from a 500 W high-pressure mercury lamp (Müller Optik) on a sample in the cavity of the 

ESR spectrometer. Saturation ofthe ESR signa! during variabie temperature experiments was 

avoided by using low microwave powers, i.e. 200 nW for the ll.Ms =±I transition and 1 mW 

for the ll.Ms = ±2 transition, which is well within the range where signa! intensity is 

. proportiona1 to the square root ofthe microwave power at 4 K. 

3.6.2 Synthesis 

N,N,N',N'-Tetraethyl-P,P'-1,3-pbenylenebis(phospbonous diamide) 2. Ca. one 

fifth of a solution of 1,3-dibromobenzene (29.49 g, 0.125 mol) in THF (100 mL) was added to 

magnesium (6.08 g, 0.25 mol). Gently heating started the reaction and the remainder of the 

dibromobenzene was added in a rate sufficient to keep the mixture at reflux. After addition of 

all dibromobenzene, THF (100 mL) was added and the mixture was hoiled under reflux for 18 

h. Upon standing at RT for several hours, the white solid settled, and the THF was siphoned 

off. The Grignard compound was suspended in hexane (100 mL) and tetraethyl­

phosphorodiamidous chloride (38.13 g, 0.25 mol) in hexane (IOO mL) was added at ambient 

temperature. After boi1ing under reflux for 18 h, the mixture was filtered and all solvents were 

evaporated. Vacuum distillation ofthe residue afforded pure 2 (36.9 g, 71%) as a pale yellow 

oil: bp 176-177 oe (0.005 mmHg); 31P NMR (CDCh) & 97.9; 1H NMR (CDCi]) & 1.06 (12H, 

t, JHH = 7.0 Hz, CH3), 3.03 (8H, c, JHH = 7.0 Hz, CH2), 7.26 (3H, c, H-4, H-5), 7.52 (lH, t, ]pH 

= 7.0 Hz, H-2); 13C NMR (CDCh) & 14.62 (s, CH3), 42.79 (d, lpc= 16.6 Hz, CH2), 127.85 (c, 

C-5), 129.96 (d, lpc = 16.8 Hz, C-4), 133.40 (t, lpc= 16.7 Hz, C-2), 141.42 (c, C-1). 

1,3-Phenylenebis(phosphonous dichloride) 3. A solution of HCI (45 mol%) in dry 

diethy1 ether (24.14 g, 120 rruno1) was added slowly to a well-stirred solution of 2 (5.55 g, 15 

rrunol) in hexane (75 mL), while keeping the temperature between 0-10 °C. After subsequent 

warming to RT, the arrunonium sa1ts were filtered off, avoiding any contact with air. The 
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solvents were evaporated and distillation of the residue afforded pure 3 (3.05g, 73%) as a 

colorless liquid: bp 97-99 oe (0.004 mmHg); 31 P NMR (eDel)) 8 157.5; 1H NMR (eDe!J) 8 

7.69 (lH, tt, )pH= 8 Hz, JHH = 2 Hz, H-5), 8.08 (2H. c, )pH= 8 Hz, H-4) 8.38 (lH, tt, )pH= 8 

Hz, JHH = 2.5 Hz, H-2); 13e NMR (eDei]) 8 129.94 (t, )pe = 9.9 Hz, e-5), 131.63 (t, )pc= 

31.4 Hz, e-2), 134.13 (d, Jpc = 27.7 Hz, e-4), 141.78 (dd, )pc= 55.3 Hz, Jpc= 10.1 Hz, e-1). 

P,P'-Bis(2,4,6-tri-t-butylpbenyl)-1,3-phenylenebis(phosphinous chloride) 1 

(mixture of RR, SS, RS). A salution of2,4,6-tri-t-butylbromobenzene (6.86 g, 21.1 mmo!) in 

THF (25 mL) was stirred at -78 oe and n-BuLi (1 .. 6 Min hexane, 13.2 mL, 21.1 mmo!) was 

added slowly. After stirring the reaction mixture at this temperature for 1 hr, a salution of 3 

(2.36 g, 8.43 mmo!) in THF (50 mL) was added and the mixture was allowed to warm to RT. 

It was then passed through a thin layer of silica and the solvent was evaporated. Flash 

chromatography (Si02; hexane) afforded pure 1 (2.44 g, 42 %)30 as a white solid: 31P NMR 

(eDel)) 8 75.1, 76.4; 1H NMR (eDel)) 8 1.43, 1.35 (36H, 2 s , o-(eH3) 3C), 1.39, 1.40 (18H, 

2 s, p-(eH3) 3C), 6.22 (lH, b s, H-2), 6.42, 6.45 (4H, 2 b s, H-4), 6.84, 6.93 (2H, 2 m, H-5), 

7.47, 7.48 (4H, 2 s, H-3'). 
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Abstract 

Chapter 4 

Triplet-State 
Phosphoryl Diradieals 

The first example of triplet-state phosphoryl diradieals is reported. 

Photoinduced dissociolive electron capture of two diastereoisomerie 

m-phenylenebis(phosphinic chloride)s in a glossy tofuene matrix at 130 K 

using an electron rich olefin, affords the corresponding phosphoryl 

monoradicals and triplet-state diradieals in a 5:2 ratio. the triplet state 

ESR spectrum is characterized by zero-field parameters of D = 360 MHz, E 

= 45 MHz, and fJ = 90°. Variabie temperafure ESR experiments reveal 

Curie behavior for the .t1Ms = :1:2 ESR signals between 3.8 and 100 K, 

consistent with a low-energy triplet state which either corresponds to the 

ground state or is degenerate with a singlet state. For the corresponding p­

phenylene diastereoisomers, no triplet-state diradieals can be detected 

under identical experimental conditions and the ESR spectra only reveal 

phosphoryl monoradicals and their protonatedforms, as secondary species. 

Attempts to use acylposphine oxides as more efficient precursors for 

phosphoryl radicals were not successful. 

4.1 Introduetion 

In the previous chapter, phosphinyl diradieals have been discussed, as an example of 

high-spin molecules in which ferromagnetic spin coupling is achieved between second-row 

atom centered radicals via m-phenylene. 1 Due to the in-phase periodicity of the spin 

polarization in m-phenylene, a parallel orientation of the electron spins is favored, resulting in 

a triplet ground state. In this chapter, phosphoryl radicals (R2P"O) wil! be addressed as another 

example of a phosphorus-centered radical which can be used to investigate the spin-coupling 

between heavy-atom spin-carrying substituents. 
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Phosphoryl radicals are closely related to nitroxide radicals (R2N"O), having the same 

nwnber of valenee electrons. In contrast to nitroxide radicals, for which single or shallow 

double-well potential energy surfaces are found for out-of-plane distortions/-4 there is no 

doubt that phosphoryl radicals are non-planar. 5 The pyramidal geometry of phosphoryl 

radicals can give rise to stereoisomerism; X-irradiation of single crystals of phosphinic 

chloride 1 at 77 K produces the corresponding phosphoryl radical f (Scheme 4.1) which 

exhibits an enantioselective stereoinversion after annealing to 120 K.6 The large isotropie 

(A;50) and di po lar (A dip) hyperfine couplings observed for 1" indicate that more than half of the 

spin density is localized on phosphorus in a valenee spx hybridized molecular orbital with a 

p/s ratio of about 6. The remaining spin density is predominantly confined to the phosphoryl 

oxygen.6 

X-ray 

Scheme 4.1. Structure of monophosphinic chloride 1 and radica/ l"observed after dissociative 

electron capture reaction of 1. 

Because of the delocalization of spin, phosphoryl radicals are expected to be 

somewhat more stabie than corresponding phosphinyl analogues. On the other hand, the spin 

delocalization onto the phosphoryl oxygen and the pyramidal geometry will further reduce the 

spin coupling as compared to that of the phosphinyl radicals, and it is of interest to investigate 

whether m-phenylene is still capable to provide sufficient spin-spin interactions to achieve 

high-spin ground states. In ordertotest this possibility, m-phenylenebis(phosphinic chloride)s 

3a and 3b have been prepared and their conversion to the corresponding phosphoryl diradieals 

by P-Cl bond fission has been studied. For comparison p-phenylene isomers 2a and 2b have 

been investigated as wel!. All precursors possess two phosphorus stereocenters, resulting in 

three possible stereoisomees (RR, SS, RS). Compounds 2a and 2b (as well as 3a and 3b) 

represent the racemie mixture (RR + SS) and the meso (RS) compound, respectively. Using 

these precursors, speetral evidence of heavy-atom high-spin diradieals linked via m-phenylene 

has been obtained. Furthermore, in an attempt to improve the efficiency of the generation of 

radicals, acylphosphine oxides have been investigated as potential precursor molecules for 

phosphoryl oligoradicals. 
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4.2 Synthesis 

The precursor molecules 2 and 3 were synthesized from the corresponding 

bis(phosphonous chloride )s 4 and 5 (Scheme 4.2). The synthesis of the met a compound 5 is 

described in the previous chapter and the para-substituted isoroer 4 was prepared analogously, 

starting from 1 ,4-dibromobenzene. Oxidation of the bis(phosphonous chloride )s with DMSO 

in dichloromethane afforded the bis(phosphinic chloride)s as a mixture ofthree stereoisomers, 

which were separated by column chromatography into the racemie mixture (RR+SS: 2a, 3a) 

and the meso forrn (RS: 2b, 3b). 

~~'Q;çr ~~ DMSO 
p - "'Qr:( CH2CI2 ;,... I .--:, 

11 
Cl 0 

4 2a RR+SS 
b RS 

Cl Cl 

~~ \û~ ~'tr'~ DMSO p p 
I :;.- I "" - C~CII.--:, CH2CI2 

3a RR+SS 
5 bRS 

Scheme 4.2 Synthesis ofbis(phosphinic chloride)s. 

4.3 X-ray Analysis 

Crystallization from a mixture of acetonitrile and dichloromethane, provided crystals 

of2b, 3a, and 3b swtable for X-ray diffraction analysis. These studies revealed that for both 2 

and 3, the fraction with the highest retention on silica is the racemie mixture (RR+SS: 2a, 

3a).7 

Compound 2b crystallizes in a monoclinic spacegroup (P2/c (No. 14)): a= 10.0259 

(7) A, b = 20.189 (I) A, c = 11.371 (I) A, fJ= 110.342 (8)0 , V= 2158.1 (3) A3, and Z= 2. The 

structure of this para substituted compound reveals a Z-like conforrnation. (Figure 4.1 ). The 

two phosphoryl oxygen atoms are in the plane of the central ring, and due to steric hindrance, 

the outer rings have a twisted, non-planar structure. The P-P distance is 6.40 A. 
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2b 3a 3b 

Figure 4.1. Molecular structures of 2b, 3a, and 3b as determined by X-ray crystallography. 

Hydragen atoms are left out for clarity reasons. 

Compound 3a crystallizes in a triclinic spacegroup (PT (No. 2)): a= 10.905 (2) A, b = 

12.1204 (8) A, c = 16.742 (2) A, a= 86.297 (8)0 , fJ = 85.864 (llt, r = 76.885 (8)0 , V = 

2146.8 (5) A3, and Z = 2. The molecule adopts a cleft-like conformation in which the two 

outer phenylene rings are facing each other. The two phosphoryl oxygens are in the plane of 

the central phenyl ring. The P-P elistance is 5.62 A. 
Compound 3b crystallizes in a monoclinic spacegroup (P2 1/c (No. 14 )): a= 11.9363 

(4) A, b = 18.7967 (6) A, c = 119.4507 (5) A, fJ = 96.984 (2)0 , V = 4331.6 (2) A3, and z = 4. 

The structure is very similar to the structure of 3a, the only difference being the contiguration 

around one of the phosphorus atoms, where the chlorine and oxygen atoms have swapped 

places. The P-P distance in this compound is 5.51 A. 

4.4 NMR Analysis 

At room temperature, the 1H NMR spectra of all precursor molecules display a nurnber 

of very broad transitions, pointing to the existence of different conformers, presurnably as a 

result of rotational harriers caused by the bu1ky t-butyl groups. X-ray analysis shows that in 

the solid-state, the molecules have a preferenee for a conformation in which the phosphoryl 

oxygens are in the plane of the central phenylene ring. With this in mind, two conformers may 

be expected in solution, one in which the phosphoryl rooieties have a syn orientation and one 

in which they are anti. 

For compound 2a all proton signals start to decoalesce at -20 °C. The two t-butyl 

groups on the ortho positions become non-equivalent, indicating restricted rotation around the 

honds between phosphorus and the outer phenyl rings. The same non-equivalence can be 
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noticed for the 3'-hydrogens. Because of tbe restricted rotation around the honds between 

phosphorus and the central phenylene ring, the protons on the central phenylene ring -on 

either side of the phosphorus- also become non-equivalent. One is shielded by the outer 

phenyl ring, the other deshielded by the phosphoryl oxygen. Two conformers can be 

distinguished, which differ with respect to the orientation of the phosphoryl moieties. The syn 

conformation, with the phosphoryl oxygens oriented in the same direction, is expected to give 

rise to the greater shielding and deshielding effects, and seems to be favored in this isomer. 

The 31 P NMR spectrum consists of a single transition over the whole temperature range under 

investigation. 

Similar effects occur for diastereoisomer 2b. The major difference being the observed 

ratio of the two different conformers. A 5: I ratio, in favor of the structure in which the 

phosphoryl moieties are oriented in an anti fashion, is found. This conformation is actually 

found in tbe crystal structure as well. 

For compound 3a, no conformers are observed upon lowering the temperature. The 
1H-NMR spectrum only changes with respect to the signals of the t-butyl groups and 

3'-hydrogens, similar to theeffects observed for 2a and 2b. Tbe 31P NMR does not change. 

The chemica! shift values of the 4- and 2-hydrogens on the central ring are remarkably far 

apart. As is the case in the crystal structure, the 2-hydrogen is sandwiched between the two 

outer phenyl rings, leading to a large shielding effect and a large up-field shift. The 

4-hydrogens, on the other hand, experience a large deshielding effect of the phosphoryl group. 

Upon cooling, the 1H NMR spectrum of isomer 2b becomes very complicated, due to 

a number of asymmetrie conformations. This is also reflected in the 31 P NMR, which displays 

four doublets at -80 oe, indicative of the presence of two different conformers, both with two 

non-equivalent phosphorus atoms. 

4.5 ESR Spectroscopy 

Phosphoryl radicals are prepared via a dissociative electron-capture reaction of the 

P-C! bond, the electrans being provided by an electron-rich alefin (ero), which readily yields 

reactive free electrans upon UV irradiation.8. 10 In this study, a mixture of the appropriate 

phosphinic chloride precursor and an excess of ero (1,1',3,3'-tetramethyl-2,2'­

biimidazolidinylidene)11 is used in a frozen solvent matrix of either toluene or 2MeTHF in 

combination with in situ UV irradiation at cryogenic temperatures. 

Monophosphinic chloride 1. UV irradiation of a 5: I mixture of ero and bis(2,4,6-tri­

t-butylphenylphosphinic chloride) 1 in 2MeTHF at 77 K for 30 min and recording the ESR 

spectrum at 110 K affords an anisotropic 31 P doublet spectrum attributed to Ar2P'ü (1', 

Ar= 2,4,6-tri-t-butylphenyl), featuring well-resolved parallel (A 11 = 1390 MHz) and 
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perpendicular (A1. = 868 MHz) transitions (Figure 4.2). The isotropie and dipolar 

contributions to the hyperfine coupling tensor A;50 = (Au + 2AJ.)/3 = 1042 MHz and 2Act;p = 

Au- A;50 = 348 MHz are in good accordance with the values previously reported for 

radiogenically generated fin glassy toluene as wellas in single crystals (see Table 4.1).6 

2950 3150 3350 

BI Gauss 

3550 3750 

Figure 4.2. ESR spectra recorded at 110 K (top) and 120 K (bottom) of a mixture of 

monophosphinic chloride 1 and ero in 2MeTHF UV-irradiated at 77 K. 

Gradual warming of the sample to 120 K produces a secondary phosphorus-centered 

radicall"-Ir. The ESR spectrum of f-Ir exhibits a large 31P hyperfme coupling (A;50 = 1210 

MHz), tagether with an additional splitting of about 50 MHz by one I= 112 nucleus (Figure 

4.2). A similar additienat hyperfine coupling has been observed for PhP"(O)OH radicals, and 

we tentatively assign 1"-Ir to the Ar2P"OW radical (Scheme 4.3).12 This anisotropic double 

doublet ESR spectrum disappears irreversibly at 130 K, leaving the original doublet spectrum 

of Ar2P"O, which remains up to the melting temperature ofthe host matrix. 

1 

ero/ UV -

Scbeme 4.3. Reaction of monophosphinic chloride 1, induced by UV irradiation of ero in a 

2MeTHF matrix. 
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Racemie 1,4-phenylenebis(phoshinic chloride) 2a. Radicals were generated by UV 

irradiation of a 5: l mixture of ero and 2a in toluene at temperatures around 130 - 135 K for 

several hours. The transitions in the t:..Ms = ±1 region of the resulting ESR spectrum show a 

strong resemblance to those obtained by irradiation of the monophosphinic chloride 1 (Figure 

4.3). Accordingly, they are attributed to a monoradical 2a·, resulting from cleavage of only 

one of both P-Cl honds in the precursor molecule (Scheme 4.4). The central line is due to 

photo-oxidized ero and is slightly more persistent in frozen toluene than in 2MeTHF at the 

temperature at which the UV irradiation is performed. No signals are observed in the 

t:..Ms =±I or t:..Ms = ±2 regions at various different temperatures and/or irradiation times, that 

can be attributed to a triplet state. 

2950 3150 3350 3550 3750 2950 3150 3350 3550 3750 

8 I Gauss 8 I Gauss 

Figure 4.3. (left): ESR spectra of a UV-irradiated mixture of bis(phosphinic chloride) 2a and 

ero in toluene, recorded at 110 K (top) and 130 K (bottom). (right): ESR spectrum of a UV­

irradiated mixture of bis(phosphinic chloride) 2b and ero in toluene, recorded at 110 K. 

Slight annealing results in a complete conversion of phosphoryl radical 2a' to a 

secondary phosphorus-centered radical 2a'-W, exhibiting an additional hyperfine splitting. 

The 31 P hyperfine splitting of2a'-W is similar to that of primary radical 2'. This behavior is 

similar to the formation of 1'-W from I' in monophosphinic chloride l. In this case, however, 

the extra hyperfine splittingis significantly larger: 110 MHz for 2a'-W vs 50 MHz for 1'-W. 

The absence of a triplet state for 2a does not necessarily imply that no diradieals are 

formed, since the radical centers may couple antiferromagnetically to a singlet state (J<<O) 

which is not detected by ESR. In fact, this is to be expected when spin polarization does occur 

in the p-phenylene ring because the topology favors antiferromagnetic interaction by the 

out-of-phase periodicity ofthe spin polarization at the 1,4 positions. 
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2a RR+SS 
2b RS 

ero/UV - ~'OJn;r f('+ 
0 

2a• RR+SS 
2b• RS 

Scheme 4.4. Structures of para isomers 2a and 2b and the radica/s observed after a 

dissociatlve electron capture reaction induced by UV irradiation of ero in a toluene matrix. 

Meso 1,4-phenylenebis(phosphinic chloride) 2b. No triplet state can be observed 

after UV irradiation of a 5:1 mixture ofero and 2b in toluene (Figure 4.3). The ESR spectrum 

recorded at 110 K exhibits signals of Ar2P·o (2b) and Ar2P·ow (2b·-H} monoradicals. 

Analogous to UV irradiation of 2a, no conclusive evidence can be obtained whether diradieals 

are formed in 2b. 

Racemie 1,3-pbenylenebis(phosphinic chloride) 3a. After UV irradiation of a 5:1 

mixture of ero and 3a in toluene at temperatures around 130 - 135 K for several hours, the 

major transitions in the I:!Ms = ±1 region of the ESR spectrum are attributed to monoradical 

(3a'), resulting from cleavage of only one of both P-C! honds in the precursor molecule 

(Figure 4.4). The most interesting features in the ESR spectrum are two pairs oftransitions in 

the outermost low- and high-field regions. These lines are assigned to a triplet-state 

phosphoryl diradical (3a2}, formed by two successive dissociative electron capture reactions 

of both P-Cl honds of the bis(phosphinic chloride) precursor (Scheme 4.5). Direct speetral 

evidence for the existence of a triplet species is obtained from the spectrum in the flMs = ±2 

region, featuring a number of well-resolved transitions, which can only be attributed to a 

triplet state. Diradical 3a2• is stabie in the toluene matrix up to the melting point of toluene. 

Surprisingly, no signals attributable toa secondary radicallike f-W are observed. 

By using the isotropie and dipolar hyperfine couplings of Ar2P·o, a speetral simwation 

of the flMs = ±2 signa! has been obtained, which is in excellent agreement with the 

experimental spectrum. 13 The fact that hyperfine coupling with two identical 31 P nuclei is 

observed while the isotropie and dipolar hyperfine coupling constants are halved, indicates 

that the phosphoryl radicals are strongly coupled in 3a2·, i.e. IJl >> I A11 1, where A11 ::::> 1500 

MHz. The zero-field splitting of triplet diradical3a2• is characterized by D = 360 MHz, E = 45 
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MHz, and /3 = 90° (Euler angle of D and A11 ). The 11Ms = ±1 region of the spectrum is 

reproduced adequately by combining the simulations of mono- and diradieals in a 5:2 ratio. 

This implies a significant concentration of diradieals as compared to monoradicals, possibly 

indicating that the second P-Cl bond within the same molecule is cleaved at a higher rate than 

the first. 

2950 3150 3350 3550 3750 1375 1575 1775 1975 

BI Gauss BI Gauss 

Figure 4.4. L1Ms = :1:1 (left side) and L1Ms = ::t2 region (right side) of ESR spectra of a 

UV-irradiated mixture of ero and bis(phosphinic chloride) 2a (top) or 3b (center) in toluene, 

recorded at 13 0 K. (bottom): Simulations of 5:2 mixture of mono- and diradical. 

Meso 1,3-phenylenebis(phosphinic chloride) 3b. UV irradiation of meso isomer 3b 

reveals essentially the same behavior as compared to racemie form 3a. We conclude that 

monoradicals 3a" and diradieals 3a2" are formed. The 11Ms = ±2 part of the ESR spectrum of 

3a2• is identical to that of the racemie form (Figure 4.4). The 11Ms = ±1 ESR spectrum, 

however, is somewhat different and reveals a total of eight lines in the outermost regions of 

the spectrum, in contrast to the ESR spectrum of 3b2" that exhibits only four lines in this 

section. These eight transitions are Iikely to arise from two different conformations of the 

diradical, originating from the two conformers of the precursor that exist at low temperatures, 

as inferred from variabie temperature NMR spectroscopy studies. Also for this precursor no 

protonated secondary radicals are obtained. 
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3a RR+SS 
3b RS 

ero/UV -
3a• RR+SS 
3b• RS 

3a2• RR+SS 
3b2• RS 

Scheme 4.5. Structures of meta isomers 3a and 3b and the radicals observed after a 

dissociolive electron capture reaction induced by UV irradiation of ero in a tofuene matrix. 

Table 4.1. Isotropie and Dipolar Hyperfine Couplings for Phosphoryl Mono- and 

Diradieals a 

Radical host T(K) Aiso (MHz) 2Actip 

r 2MeTHF 110 31 P 1042 348 

f-Ir 2MeTHF 120 31P 1210 371 

1H~5o 

2a· to1uene 110 31P 1095 338 

2a·-w toluene 130 31P 1068 364 

1H ~ 110 

2b. to1uene 110 31P 1099 349 

2b'-W toluene 110 31P 1099 332 

1H ~ 110 

3a· toluene 130 31P 1123 346 

3a2• to1uene 77 31p 535 b 186b 

3b. to1uene 130 31P 1112 339 

3b2• to1uene 77 31p 535 b 186 b 

• Isotropie and dipolar hyperfine couplings are corrected up to second-order. b For diradical in 

the triplet state. 
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4.6 Determination of Ground States 

The results on phosphoryl radical formation in 2 and 3 suggest that spin polarization 

does occur in the central phenylene ring, stahilizing a high-spin state for meta and possibly 

destabilizing it for para isomers. In the present case, magnetization and magnetic 

susceptibility measurements cannot be used for the assessment ofthe ground state multiplieity 

of diradieals 3a2" and 3b2", due to the inhomogeneity of the samples. Therefore, variabie 

temperature ESR experiments were performed. The intensity (I) of the !1Ms = ±2 signa! was 

measured as funetion oftemperature, between 3.8 and 100 K, with the UV light switched off. 

40 
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30 
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Figure 4.5. Temperafure dependenee of the L1Ms = :t2 ESR signa/ intensity of diradieals 3a2" 

(•) and 3b2" (o). Solid lines are least-square fits to Curie 's law. 

The temperature dependenee of the !1Ms = ±2 ESR signals of 2a and 3a follows 

Curie's law (I = C/1) (Figure 4.5). This thermal behavior is eompletely reversible in the 

temperature range examined, indicating that irreversible loss of diradieals is negligible. The 

observed Curie behavior implies that nothermal population or depopulation ofthe triplet state 

oeeurs. This ean be interpreted in two ways: either the triplet state is the ground state and 

separated from an exeited singlet state by a substantial energy gap of a few hundreds of 

calories per mole, or an extremely small energy gap is present resulting in a (near) degenerate 

ground state.14-18 Therefore, we conclude that the triplet states of diradieals 3a2' and 3b2' are 

low-energy states, either corresponding to the ground state or as part of a degeneracy with a 

singlet state. 
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4.7 Structure Assignment of Diradieals 

The distance d(A) between the two radical sites in 3a2" and 3b2'can be estimated from 

the zero-field splitting by D = 7.8 x 104 d'3 under a point dipole approximation. 19 The 

observed D value of 360 MHz corresponds to a distance of about 6.0 A, which is somewhat 

larger than the actual P-P distance of 5.6 and 5.5 A for precursors 3a and 3b, respectively, as 

deterrnined by X-ray analysis. This small deviation is likely to result from delocalization of 

the unpaired electrons onto the phosphoryl oxygens and the terminal phenyl rings. Similarly, 

one can estimate the zero-field splitting of a hypothetical diradical derived from 2a or 2b 

using the P-P distance of 6.40 A given by the X-ray structure of 2b. The expected separation · 

of the two radical centers would be 6.40 + 0.50 A and gives D = 237 MHz. The absence of 

corresponding signals in the D.Ms =±I region, gives unambiguous evidence for the absence of 

triplet-state diradieals for 2a and 2b. 

Although the spin density distribution on phosphorus indicates a pyramidal geometry, 

there is no conclusive evidence of stereoisomerism between diradieals 3a2' and 3b2', forrned 

from the racemie and meso precursors, respectively. lt is well established that in a frozen 

solvent matrix at cryogenic temperatures, intramolecular motional freedom of free radicals is 

sufficient to allow for monomolecular reactivity. Hence, it is very well possible that 

stereoinversion takes place, though not being observed experimentally in the randomly 

oriented matrix employed in this study. lf this is the case, both 3a2' and 3b2' are the 

energetically favored diastereoisomer, and thus identical. 

The additional pairs of lines observed in the spectrum of 3b2', are likely to arise from a 

different conformation of precursor 3b, based on low-temperature NMR studies. The 

corûorrnational diversity of 3b is a result of the sterically crowded 2,4,6-tri-t-butylphenyl 

substituents and involves syn and anti conforrnations of the two phosphoryl honds with 

respect to the central phenylene ring. A stereochernical effect as discussed above, however, 

cannot be excluded to explain the two triplet ESR spectra in the D.Ms = ±l region. 

4.8 Discussion 

lt is shown that phosphoryl diradieals 3a2' and 3b2', coupled via a m-phenylene unit, 

possess a low-energy triplet state. Apparently, despite the spin diffusion onto the phosphoryl 

oxygen spin and the pyramidal geometry of the radical sites, spin coupling does still occur. 

The triplet-singlet energy gap can not be deterrnined, but most likely, this energy difference is 

at least a few hundeed calories per mole in favor of the triplet, though forrnally, the possibility 

that the energy difference is zero can not be excluded. For nitroxyl diradicals, cases have been 

reported that display much smaller energy gaps or even !ow-spin ground states. However, 
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because 3a2" and 3b2" are the only known examples of triplet-state phosphoryl diradicals, no 

defmite condusion can be drawn from this comparison. As expected for more delocalized 

radicals, the phosphoryl diradieals are more persistent than the corresponding phosphinyl 

diradicals, but the impravement is not spectacular. Whereas the phosphinyl diradieals 

decompose at temperatures above 130 K, the phosphoryl diradieals are stabie up to the 

melting point ofthe toluene matrix at 180 K. No insight is gained into the relative magnitude 

of the spin coupling in both systems, because the temperature dependenee of the ESR signals 

is identical. 

One of the major drawbacks of both phosphoryl and phosphinyl radicals is the 

inefficient generation of these species. Due to the nature of the dissociative electron capture 

process, it is difficult to drive the spin-generating reaction to completion. Though diradieals 

have actually been prepared this way, extension to larger spin systems will be very difficult. 

Therefore, other precursors have to be considered and attempts into that direction are 

presented below. 

4.9 Acylphosphine Oxides Precursors 

4.9.1 Introduetion 

In order to increase the yield of the phosphoryl radicals, acylphosphine oxides have 

been investigated as precursors. These compounds have been developed as photoinitiators for 

the photocuring ofpolymer resins.20-24 UV irradiation results in a homolytical dissociation of 

the bond between the phosphoryl and carbonyl moiety, affording a phosphoryl radical and an 

acyl radical (Scheme 4.6). Especially in solution, this is a very efficient process with quanturn 

yields of50 -70%.25 

0 

Ar~--U R 

Ar""'Y 
0 

6a Ar=Ph 
6b 
6c 
6d 

hv -
7a Ar= 2.4,6-tri-MePh 

7b 

0 
Ar-11 R 

/P. + •( Ar 

R = CH3 

R=t-Bu 
R= Ph 

0 

R = 2,6-di-MeOPh 
R =Ph 
R = 2,6-di-MeOPh 

Scheme 4.6. Structure of acy/phosphine oxide precursors and reaction products after 

homolytical dissociation. 
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Research was focused on monofunctional compounds, to test whether it is possible to 

obtain phosphoryl radicals which are sufficiently stable. Therefore, in addition to 

acyldiphenylphoshine oxides 6a-d (Scheme 4.6; Ar = phenyl), precursors with sterically 

crowded aryl groups on the phosphoryl moiety, 7a,b (Ar = 2,4,6-trimethylphenyl) have been 

prepared, in order to stabilize the phosphoryl radicals that result from irradiation 

4.9.2 Synthesis 

Acyldiphenylphosphine oxide precursors 6a-d were prepared by an Arbuzov-like 

reaction between methyl diphenylphosphinite 8 and the appropriate acid chloride 9 (Scheme 
4.7). 20.22.26 

OMe 

Ph-•• b + 
Ph,..-

8 9a R = CH3 
b R = 1-Bu 
c R =Ph 

-
d R = 2.6-di-MeOPh 

0 
11 Ph-•• p R 

Ph,..-y 

0 

6a-d 

Scheme 4. 7. Synthesis of acyldiphenylphosphine oxide precursors. 

+ MeCI 

The same reaction could not be used for the synthesis of sterically hindered 

acylphosphine oxides. When methyl bis(2,4,6-trimethylphenyl)phosphinite 10 was treated 

with an acid chloride, the reaction did not take place at the phosphorus atom due to steric 

hindrance. Instead, the acid chloride reacted at the oxygen atom, yielding an ester, which 

ultimately afforded bis(2,4,6-trimethylphenyl)phosphine oxide 11 (Scheme 4.8). 

OMe 
I 

~ 
10 

RC(O)CI -

Scheme 4.8. Reaction between acid chlorides and sterical/y hindered methyl phosphinite. 
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An alternative route towards acylbis(2,4,6-trimethylphenyl)phosphine oxides 7a,b started with 

the Grignard reagent of 2,4,6-trimethylbromobenzene (Scheme 4.9). Reaction with 0.5 equiv 

of PCh afforded not only bis(2,4,6-trimethylphenyl)phosphonous chloride, but also a 

significant amount of the corresponding phosphonous bromide, as a result of halogen 

exchange. Reduction of this mixture afforded bis(2,4,6-trimethylphenyl)phosphine 13 as the 

single product. Deprotonation by n-butyllithium, and subsequent reaction with a suitable acid 

chloride provided the acylphosphine 14. Acetyl chloride could not be used in this reaction, 

because of its acidic protons, which readily react with the anion of 13, which is a strong base. 

Reactions with benzoyl chlorides were not hampered by this side reaction. The resulting 

benzoylphosphines were oxidized to the corresponding benzoylphosphine oxides using 

t-butylhydroperoxide. 

Á"MgBr 

2~ +PCI3 

7a Ar= Ph 

THF 

12 X= Br. Cl 

yy 
~ ~--,Pî(Ar 

THF ~0 v-

13 

n-Buli 
ArC(O)CI THF 

b Ar= 2.6-di-MeOPh 
14a Ar= Ph 

b Ar = 2.6-di-MeOPh 

Scheme 4.9. Alternative route to benzoyl bis(2,4,6-trimethylphenyl)phosphine oxides. 

4.9.3 ESR Spectroscopy 

Radicals were generated in situ by continuous UV irradiation of a 0.1 M solution of 

the appropriate precursor in degassed toluene. Spectra were recorded with the UV light souree 

switched on. 

At room temperature, irradiation of acyldiphenylphosphine oxide precursors 6a-d, 

only results in signals corresponding to secondary radicals. The exact nature of these 

secondary radicals is not clear. When the irradiation of the precursors is carried out in a frozen 

solution at ll 0 K, again no signals of phosphoryl radicals are obtained. This can either be due 

to an insufticient reactivity at this temperature, or to fast recombination of the geminal radical 

pairs in the solid matrix. 
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Photolysis of benzoylbis(2,4,6-trimethylphenyl)phosphine oxide 7a at room 

temperature affords weak signals ofthe phosphoryl radical15 (doublet; A;s0 = 1024 MHz) and 

benzoyl radical 16 (singlet) (Figure 4.6). These signals can only be observed under continuous 

irradiation. lbis implies that the radicals are not persistent at this temperature. No secondary 

radicals are obtained. At 110 K, irradiation affords anisotropic ESR signals of the bis(2,4,6-

trimethylphenyl)phosphoryl radical 15 (A;50 =(Au+ 2A.L)/3 = 1040 MHz and Adip = A11 - A;so = 

333 MHz).27 The spectrum however, is dominated by a doublet, characterized by a 

significantly smaller hyperfine coupling. The magnitude of this coupling (Aiso = 63 MHz) 

suggests that this does not concern a phosphorus-centered radical, and therefore, the signa! is 

tentatively attributed to a secondary radical 17, resulting from the reaction between benzoyl 

radical16 and the precursor benzoyl phosphinoxide 7a (Scheme 4.10).28 

* * 

3050 3250 3450 3650 3050 3250 3450 3650 

BI Gauss BI Gauss 

Figure 4.6. ESR spectra after photo/ysis of benzoylphosphine oxide 7a in tofuene at RT (left) 

and at 110 K (right). Transitions attributed to phosphoryl radica/15 are marked (*). 

'Q:?oyO v:~ + p yO V I 0 0 

~0 h 

hv 

~ 
7a y:" - . 

I ~1'0 0 - Ar 
;, 

7a 15 16 17 

Scheme 4.10. Proposed reaction upon photolysis ofbenzoy/phosphine oxide 7a. 

Similarly, photolysis of 2,6-dimethoxybenzoylphosphine oxide 7b, affords carbon­

centered secondary radical 19 (Aiso = 77 MHz) as the only open-shell species, irrespective of 

the temperature at which the irradiation is perforrned (Figure 4.7). 
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3390 

Figure 4.7. ESR spectrum ajier photolysis of 2,6-dimethoxybenzoylphosphine oxide 7b in 

tofuene at room temperature. 13C-satellite peaks can be distinguished. 

Upon irradiation at room temperature, the signa! intensity of this radical levels off 

rapidly (Figure 4.8). Surprisingly, when at that point the UV-light souree is switched off, the 

signa! intensity increases, whereas the signal intensity decreases again when the light souree is 

switched back on. This processcan be repeated, but the amount of 19 decreases as aresult of 

depletion of starting materiaL 

~UV on 

::J 

«i 
Wolf 

~ 
UI 
c 
2 
c 
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Time I sec 

Figure 4.8. ESR signa! intensity of secondary radical 19 vs time, as a function of the UV 

irradiation. 

Apparently, the UV light not only initiates the formation of the secondary radical, but 

it also accelerates its degradation. One of the products of this photodegradation somehow 

accounts for the increasing concentration of 19, when no irradiation takes place. This species 

has to be ESR silent, because it is not observed in the spectrum, and via a relatively slow 
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process it affords benzoyl radicals, which react with the starting material to give 19. Based on 

these considerations, a hypothetical mechanism is proposed, that accounts for all the observed 

phenomena (Scheme 4.11 ). 
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(15)2 
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Scheme 4.11. Proposed mechanism for the photochemical behavior of 2,6-dimethoxy­

benzoylbis(2,4,6-trimethylphenyl)phosphine oxide 7b. 

The fact that no phosphoryl radicals are observed is attributed to a facile dirnerization 

of this species. This presurnption is supported by 31P NMR analysis of the products of the 

photolysis of 7b, which reveals that diphosphine oxide (15)2 is the major phosphorus­

containing product. The proposed intennediate 20 is a carbene, which slowly dissociates into 

two benzoyl radicals. Carbenes readily react with alkenes, and when the photolysis of 7b is 

carried out in cyclohexene, the additional generation of 19 in the dark is largely suppressed, 

indicating that a carbene rnay indeed be involved in the mechanism. 

4.10 Conclusion 

Phosphoryl diradieals 3a2" and 3b2", posses a low-energy triplet state, which is most 

likely the ground state, though strictly, the possibility of a ground state degeneracy can not he 

excluded. Together with the phosphinyl diradieals discussed in Chapter 3, these are the only 

known examples of heavy-atom radical centers, ferromagnetically coupled by m-phenylene. 

Though the spin coupling is expected to be weaker than in the case of phosphinyl diradicals, 

this is not reflected in the variabie temperature ESR measurements. Therefore, this study 
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contirrus the effectiveness of radicals of second-row atoms as spin carrying units in high-spin 

molecules as well as the versatility of m-phenylene as a ferromagnetic coupling unit. 

Finally, it can be concluded that acylphosphine oxides are not suitable as precursors 

for the generation of phosphoryl radicals which can be incorporated in polyradicals, due to 

instability of the phosphoryl radicals at the temperature at which they are generated and the 

reactivity ofthe acyl radicals, leading to secondary products 

4.11 Experimental Section 

4.11.1 General Methods 

For general procedures see Chapter 3. For X-ray crystal structure deterruination/ data 

collection was perforrued at room temperature on a Enraf-Nonius CAD4F diffractometer with 

Zr-filtered Mo Ka radiation, using the co-20 scan mode and 20max = 55°. Lattice parameters 

were obtained by least-square refinement of the setting angles of 25 reflections. Intensities 

were corrected for Lp effects, but not for absorption. The structures were solved by direct 

methods with SHELX86,29 and the refinements were perforrued with SHELX76.30 The non-H 

atoms were refmed anisotropically, and the H-atoms were placed at calculated positions (C-H 

1.00 À) and refmed riding on their bonded atoms with general isotropie therrual parameters. 

The refmement weights were calculated as OJ = JICY2(Fa). The scattering factors were those of 

Cromer and Marm31 and the anomalous-dispersion terrus are from Cromer and Lieberruan.32 

The program package EUCLID was used for the calculation of geometries.33 All calculations 

were carried out on an ULTRIX DEC system-5000. 

UV irradiation was carried out using a 500 W high-pressure mercury lamp (either 

Müller Optik or Philips SP 500 W). Elemental analyses were perforrued on a Perkin Elmer 

Element Analyzer Model 240. 

4.11.2 Synthesis 

The synthesis of P,P'-Bis(2,4,6-tri-t-butylphenyl)-l ,3-phenylenebis(phosphinous 

chloride), 5, has been described in the previous chapter. The preparation of the para 

substituted isoroer 4 has been carried out analogously and the speetral data of all interruediates 

are presented below. 

Bis(2,4,6-tri-t-butylphenyl)phosphinic chloride 1 was synthesized from bromo-

2,4,6-tri-t-butylphenyllithium and phosphoryl chloride according toa literature procedure.34 
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N,N,N',N'-Tetraethyl-P,P'-1 ,4-phenylenebis(phospbonous diamide ). Synthesis was 

carried out as described for 2 in paragraph 3 .6.2, starting with I ,4-dibromobenzene. 

Recrystallization from hexane afforded pure product (43.2 g, 83%) as white, need1e-shaped 

crysta1s: mp 101 oe; 31P NMR (CDCb) ö 97.7; 1H NMR (CDCh) ö 1.06 (12H, t, JHH = 7.1 

Hz, CH3), 3.03 (8H, c, JHH = 7.1 Hz, CH2), 7.34 (4H, t, JpH= 4.0 Hz, H-2); 13C NMR (CDCh) 

ö 14.53 (s, CH3), 42.71 (c, Jpe = 16.6 Hz, CH2), 130.66 (c, Jpe = 18.7 Hz, C-2), 140.72 (c, 

C-1). 

1,4-Phenylenebis(phosphonous dicbloride). A procedure carried out as described for 

3 in paragraph 3.6.2, afforded the product (3.6 g, 86%) from the bis(phosphonous diamide), as 

a white crystalline so1id, pure enough to be used in the next reaction step without further 

purification: 31P NMR (CDCh) ö 157.3; 1H NMR (CDCh) ö 8.01 (4H, dd, JPH = 6.0 Hz, JpH= 

3.9 Hz); 13C NMR (CDCh) ö 130.29 (dd, Jpe = 30.6 Hz, Jpc = 7.1 Hz, C-2), 144.78 (d, Jpc = 

54.9 Hz, C-1). 

P,P'-Bis(2,4,6-tri-t-butylphenyl)-1,4-pbenylenebis(pbosphinous chloride) 4. The 

compound was prepared according to the procedure as described for 1 in paragraph 3.6.2, 

yie1ding a white solid (5.9 g, 102%35). 31 P NMR (CDCh): ö 75.4, 76.3. 

P,P'-Bis(2,4,6-tri-t-butylphenyl)-1,4-pbenylenebis(pbospbinic chloride) 2a and 2b. 

Crude 436 (obtained from 8.43 mmo! 1 ,4-phenylenebis(phosphonous dichloride)) was 

dissolved in CH2Ch (75 mL), DMSO (4 mL) was added, and the mixture was heated under 

reflux ovemight. The solvent was removed and the diastereoisomers (RS; RR + SS) were 

separated by flash chromatography (Si02; hexane/EtOAc 5:1). Finally, 2a and 2b were 

recrystallized from CH2Cb/CH3CN. 

Racemie (RR + SS) 2a: yield 1.56 g (25%, calculated from bis(phosphonous 

dichloride)): mp 251-253 oe; 31P NMR (CD2Cb) ö 43.3; 1H NMR (CD2CI2) ö 1.30 (36H, s, o­

(CH3)3C), 1.34 (18H, s, p-(CH3)3C), 7.30 (4H, b s, H-2), 7.35 (4H, d, JPH = 5.4 Hz, H-3'); 13C 

NMR (CD2Ch) ö 31.08 (s, p-(CH3)3C), 33.27 (s, o-(CH3)3C), 35.12 (s, p-(CH3)3C), 41.20 (s, 

o-(CH3)3C), 124.10 (c, Jpe = 16.9 Hz, C-3'), 124.93 (d, Jpe = 134.2 Hz, C-1'), 130.88 (t, Jpe = 

12.1 Hz, C-2), 145.63 (dd, Jpc = 123.6, Jpc = 2.5 Hz, C-1), 154.58, (s, C-4'), 160.04 (d, Jpc = 

9.7 Hz, C-2'). Anal. Calcd for C42~2Ch02P2: C, 69.01; H, 8.56. Found: C, 68.87; H, 8.48. 

Meso (RS) 2b: yield 1.97 g (32% from bis(phosphonous dichloride)): sub!. 260 oe; 
31 P NMR (CD2Ch) ö 43.3; 1H NMR (CD2Ch) ö 1.27 (36H, s, o-(CH3)3C), 1.35 (18H, s, 

p-(CH3)3C), 7.27 (4H, b s, H-2), 7.35 (4H, d, JPH = 5.3 Hz, H-3'); 13C NMR (CD2Ch) ö 31.09 

(s, p-(CH3)3C), 33.18 (s, o-(CH3)3C), 35.13 (s, p-(CH3)3C), 41.12 (s, o-(CH3)3C), 124.06 (c, 

Jpc= 17.0 Hz, C-3'), 124.91 (d, Jpc= 130.9 Hz, C-l'), 130.96 (t, Jpe= 12.1 Hz, C-2), 145.55 
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(dd, Jpc = 123.6, )pc= 2.5 Hz, e-1), 154.63, (s, e-4'), 160.05 (d, JPC = 10.3 Hz, e-2'). Anal. 

ealcd for edf62ei202P2: e, 69.01; H, 8.56. Found: e, 68.87; H, 8.92. 

P,P'-Bis(2,4,6-tri-t-butylphenyl)-1,3-phenylenebis(phosphinic chloride) 3a and 3b. 

Prepared from crude 1,3-phenylenebis(phosphonous chloride) 1 (paragraph 3.6.2)36 by a 

procedure as described for the synthesis of 3a and 3b. 

Racemie (RR +SS) 3a: yield 2.16 g (35%, calculated from 3 (2.5.2)): subl 260 oe; 
31P NMR (eD2eh) 8 43.6; 1H NMR (eD2eh) 8 1.20 (36H, b s, a-(eH3)JC), 1.24 (18H, s, 

p-(eH3)3C), 5.93 (lH, b s, H-2), 7.12 (4H, b s, H-3'), 7.60 (1H, tt, JPH = 17.2 Hz, JHH = 8.9 Hz, 

H-5), 8.20 (2H, b s, H-4); 13e NMR (eD2el2) 8 31.29 (s, p-(CH3)JC), 33.09 (s, a-(CH3)3C), 

34.98 (s, p-(eH3)3C), 41.12 (b s, o-(eH3)3C), 123.92 (c, Jpc = 17.1 Hz, e-3'), 125.95 (d, JPC = 

132.4 Hz, e-1'), 127.29 (t, JPC= 13.0 Hz, e-5), 135.01 (c, e-4), 136.98 (b s, e-2), 141.91 (dd, 

Jpc = 124.3, )pc = 13.0 Hz, e-1), 153.60, (s, e-4'), 160.08 (b s, e-2'). Anal. ealcd for 

e42~2eh02P2 : e, 69.01; H, 8.56. Found: e, 68.90; H, 8.78. 

Meso (RS) 3b: yield 1.42 g (23%, calculated from 3 (2.5 .2)): mp 210-212 oe; 31P 

NMR {eD2e12) 8 43.1; 1H NMR (eD2el2) 8 1.22 (36H, b s, o-(eH3)JC), 1.33 (18H, s, 

p-(eH3)3C), 6.93 (lH, b s, H-2), 7.29 (4H, d, JPH = 1.4 Hz, H-3'), 7.40 (1H, c, H-5), 7.53 (2H, 

b s, H-4); 13e NMR (eD2el2) 8 31.15 (s, p-(CH3)3C), 33.22 (s, a-(CH3)3C), 35.07 (s, 

p-(eH3)3C), 41.07 (b s, o-(eH3)3C), 124.12 (c,Jpc= 17.1 Hz, e-3'), 125.44 (d, Jpc= 131.2 Hz, 

e-1'), 127.73 (t, JPC= 13.3 Hz, e-5), 134.54 (d, JPC= 8.5 Hz, e-4), 135.13 (b s, e-2), 141.93 

(dd, Jpc = 125.1, Jpc= 12.3 Hz, e-1), 154.31, (d, Jpc = 4.2 Hz, e-4'), 160.70 (b s, e-2'). Anal. 

ealcd for e42~2eh02P2: e, 69.01; H, 8.56. Found: e, 68.46; H, 8.54. 

Acyldiphenylphosphine oxides 6a-d were prepared according to known 

procedures?1•22·26 

Benzoyl-bis(2,4,6-trimethylphenyl)phosphine 14a. To a solution of dimesity1-

phosphine, 13,37 (0.27 g, 1.0 mmol) in THF (10 mL) at room temperature was added 1.6 M n­

BuLi in hexane (0.65 mL, 1.05 mmol), and the mixture was hoiled under reflux for 1 h. 

Benzoyl chloride (0.16 g, 1.12 mmo!) was added and the mixture was refluxed for 1 h. After 

cooling to room temperature, ca. 10 mL of water was added. The THF was removed under 

reduced pressure, another 10 mL of water was added and the mixture was extracted with 

hexane. The organic phase was dried over MgS04 and the hexane was evaporated. Flash 

chromatography ofthe residue (Si02; hexane I EtOAc 9:1) afforded pure 14a ( 0.21 g, 56%) 

as a yellow solid. 3tp NMR (eDel3) 8 -1.31; 'H NMR (eDel3) 8 2.23 (12H, s, o-eH3), 2.24 

(6H, s, p-eH3), 6.83 (4H, d, )pH= 3.2 Hz, H-3), 7.31 (2H, t, JHH = 7.8 Hz, H-3'), 7.43 (lH, t, 

JHH = 7.4 Hz, H-4'), 7.88 (2H, m, H-2). 
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2,6-Dimethoxybenzoylbis(2,4,6-trimethylphenyl)phosphine l4b. The title 

compound was prepared from 13 and 2,6-dimethoxybenzoyl chloride using the same 

procedure as for the synthesis of 14a. Yield 60 % : 3lp NMR (CDC13) ö 5.47; lH NMR 

(CDC13) ö 2.15 (12H, s, o-CH3), 2.24 (6H, s, p-CH3), 3.51 (6H, s, OCH3), 6.31 (2H, d, JHH = 

7.9 Hz, H-3'), 6.77 (4H, d, JPH = 2.8 Hz, H-3), 7.11 (IH, t, JHH = 8.4 Hz, H-4'); 13C NMR 

(CDCl)) ö 20.83 (s,p-CH3), 23.28 (d, Jpe =12Hz, o-CH3), 55.30 (s, OCH3), 103,32 (s, C-3'), 

121.19 (d, Jpc =41Hz, C-1), 126.82 (d, }pc =12Hz, C-1'), 129.02 (s, C-3), 130.60 (s, C-4'), 

138.26 (s, C-4), 143.34 (d, Jpe =14Hz, C-2), 157.03 (s, C-2'), 210.56 (d, Jpe =39Hz, CO). 

Benzoyl-bis(2,4,6-trimethylphenyl)phospbine oxide 7a. Toa solution of 14a (0.217 

g, 0.5 mmo!) in THF (5 mL) t-butylhydroperoxide (0.12 g 80% in di-t-buty1peroxide, 1.0 

mmo!) was added. After stirring at RT for 30 min the solvent were evaporated. Flash 

chromatography ofthe residue (Si02; hexane I EtOAc 7:3) afforded pure 7a (0.162 g, 72%) as 

a white solid: mp 143 oe; 31P NMR (CDC13) ö 31.3; 1H NMR (CDC13) ö 2.26 (6H, s, p-CH3), 

2.32 (12H, s, o-CH3), 6.86 (4H, d, }pH= 3.8 Hz, H-3), 7.43 (2H, t, JHH = 7.6 Hz, H-3'), 7.54 

(lH, t, JHH = 7.4 Hz, H-4'), 8.45 (2H, d, JHH = 7.4 Hz, H-2'); 13C NMR ö 20.95 (s, p-CH3), 

23.29 (s, o-CH3), 127.82 (d, }pc= 91 Hz, C-1), 128.58 (s, C-3'), 130.10 (s, C-2'), 130.97 (d, 

}pe = 11 Hz, C-3), 133.98 (s, C-4'), 136.77 (d, }pe =48Hz, C-1'), 141.66 (s, C-4), 142.24 (d, 

Jpe =10Hz, C-2), 205.22 (d, }pc= 77Hz, CO). 

2,6-Dimethoxybenzoylbis(2,4,6-trimethylphenyl)phospbine oxide 7b. The title 

compound was prepared from 14b, using sameprocedure as described for the synthesis of7a. 

Yield 58%: mp 168 oe; 31P NMR (CDC13) ö 31.3; 1H NMR (CDC13) ö 2.27 (s, 6H, p-CH3), 

2.28 (s, 12H, o-CH3), 6.55 (2H, d, JHH = 8.5 Hz, H-3'), 6.83 (4H, d, Jpe = 5.4 Hz, H-3), 7.36 

(IH, t, JHH = 8.4 Hz, H-4'); 13C NMR ö 20.96 (s, p-CH3), 23.39 (s, o-CH3), 55.74 (s, OCH3), 

104.23(s,C-3'), 117.38(d,Jpe=50Hz,C-1'), 129.16(d,Jpe=90Hz,C-1), 130.51 (d,Jpe = 

11 Hz, C-3), 133.48 (s, C-4'), 140.78 (s, C-4), 142.64 (d, lpc =10Hz, C-2), 159.12 (s, C-2'), 

210.32 (d, Jpe =80Hz, CO). 
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Chapter 5 

High-Spin Cation Radicals of 
Methylene Phosphoranes 

Abstract 

Navel di(cation radical)s and tri( cation radical)s are prepared by oxidation 

of 1, 3-phenylenebis{ [ ( 4-t-butylphenyl)methylene 1 -triphenyl phosphorane} 

and 1, 3, 5-benzenetriyltris{ { ( 4-t-butylphenyl)methylene 1 triphenyl phospho­

rane} precursors. The oligo(cation radical)s are investigated in frozen 

solutions using ESR spectroscopy. The di(cation radical) has a triplet state 

as evidencedfrom a LlMs = ±2 ESR transition exhibiting hyperfine coupling 

to two identical phosphorus nuclei and is characterized by zero-field 

splitting parameters D = 350 MHz and E = 0 MHz. The corresponding 

tri(cation radical) possesses a quartet state with D = 262 MHz and E = 0 

MHz, and exhibits a LlMs = :1:3 transition Tempera/ure dependent studies 

(4- 100 K) reveal that the ESR intensities follow Curie 's law, consistent 

with high-spin ground states. The stability of these oligo(cation radical)s is 

assessed via cyclic voltammetry at room tempera/ure in THF solution. In 

addition, sterically crowded bis and trisphosphines have been synthesized 

as precursors for phosphine cation radicals, but electrochemical oxidation 

of these molecules affords species, which are nol stabie enough to be 

measured by ESR spectroscopy. 

5.1 Introduetion 

For the design of high-spin molecules, the nature of the radical center is an important 

aspect, since it determines the chemica! stability and the spin density at the coupling unit. For 

effective spin alignment, the spin density at the coupling unit must be high, whereas the 

stability usually increases with the extension of the de\ocalization of the unpaired electron. In 

Chapters 3 and 4, phosphinyl and phosphoryl diradieals have been discussed, as examp\es of 

heavy-atom based radicals, which can be ferromagnetically coupled, when m-phenylene is 
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used as coupling unit. 1•2 It was shown, that -in spite of the geometry at phosphorus and the 

limited overlap of the phosphorus valenee 3p orbital with the 2p-7t-m-phenylene orbitals­

parallel spin alignment occurs between the unpaired electrons. One of the disadvantages of 

these radicals, however, remains their inherent instability. Therefore, other more stabie 

spin-carrying units have been pursued. 

Diphenylmethylene phosphorane cation radicals (Ph2C'PPh3 +) form a class of radicals, 

which are more stabie than phosphinyl and phosphoryl radicals. Compared to the well-known 

triarylmethyl radicals,3·6 substituted diphenylmethylene (Ph2C)C) radicals may provide a 

higher spin density at the methylene carbon atom directly linked to the l ,3-phenylene ring, 

which may be beneficia! for a stronger exchange interaction. For example, ketyl radicals 

(Ph2C.O\ which are isoelectronic with nitroxyl radicals (R2N'O), have recently been used for 

the preparation of high-spin moleculesY While appealing fortheir stability, ketyl radicals and 

nitroxyl radicals exhibit an appreciable delocalization of the spin density onto the oxygen 

nucleus, which is estimated to be on the order of 50% for nitroxyl radicals.9 

Diphenylmethylene phosphorane cation radicals (Ph2C'PPh3 +) can be expected to give a 

higher spin density at the methylene carbon atom, because almost no direct delocalization of 

electron spin occurs onto the phosphorus nucleus. 10-13 These open-shell molecules can be 

prepared by chemica! oxidation of neutral precursors, affording the methylene phosphorane 

cation radicals as the only spin-carrying species. In this chapter, the formation and 

characterization of two novel high-spin molecules (laN+ and lbJoJ+) is described, which 

contain methylene phosphorane cation radicals as spin centers, linked via m-phenylene and 

1 ,3,5-benzenetriyl coupling units, respectively. 

Phosphine cation radicals (R3p•+) form a second class of charged phosphorus-related 

radicals. These open-shell molecules can be generated by removing one electron from the 

phosphorus non-bonding orbital of a neutral phosphine. Triaryl phosphine cation radicals 

(Ar3P.+) may evenbestabie at ambient temperature ifthe 2- and 6-positions ofthe aryl groups 

are substituted. This indicates that in this case the stability results from steric crowding around 

the radical center and not from the delocalization of the unpaired electron. 14•15 With this in 

mind, two precursor molecules have been designed, in which sterically crowded 

diarylphosphininyl groups are linked via a m-phenylene ring and a 1,3,5-triazinetriyl ring, 

respectively. A two-electron oxidation of bisphosphine 7 is expected to afford the di( cation 

radical), in which two phosphorus-centered radicals are ferromagnetically linked via 

m-phenylene. Theoretica! studies have indicated that the l ,3,5-triazine ring also acts as a 

ferromagnetic coupling unit. 16 Hence, three-electron oxidation of trisphosphine 8 is expected 

to afford the corresponding tri( cation radical), in which three unpaired electroos are 

ferromagnetically coup led. 2,4,6-Trimethylphenyl rings were chosen as additional bulky 

substituents on the phosphorus atoms, in order to stabilize the cation radicals. 
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5.2 Synthesis of Methylene Phosphoranes 

The synthesis of linear la and star-shaped lb is outlined in Scheme 5.1. lsophthaloyl 

chloride or 1,3,5-benzenetricarbonyl trichloride were reacted with t-butylbenzene in a 

Friedel-Crafts acylation to afford I ,3-phenylene diketone (2a) and 1 ,3,5-benzenetriyl triketone 

(2b), respectively. Reduction to the corresponding diol (3a) and trio! (3b) was accomplished 

with lithium aluminum hydride in TIIF and subsequent conversion to the corresponding 

bromides 4a and 4b was carried out using phosphorus tribromide in toluene. Reaction of 4a 

and 4b, respectively with triphenylphosphine provided the bis(phosphonium bromide) Sa and 

tris(phosphonium bromide) Sb. 31 P NMR and electraspray mass speetrometry confirm the 

proposed structure. Deprotonation with potassium methoxide or sodium amide in TIIF 

afforded the methylene phosphoranes la and lb. These precursor compounds are stabie at 

-20 °C, but slowly decompose at room temperature. 

1a 

t-butylbenzene 

AICI3 -CH2CI2 

Sa 

a Wo 
X~.-2b- 3b- 4b- Sb 
0 Cl 

Scbeme 5.1. Synthesis of bis and tris(methylene phosphorane)s Ja and lb. 

4a 
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5.3 Cyclic Voltammetry 

Cyclic voltammetry in THF solution containing 0.1 M tetrabutylammonium 

hexafluorophosphate (TBAH) was used to assess the stability of the different redox states of 

the methylene phosphoranes. The cyclic voltammogram of the parent ( diphenylmethylene )­

triphenyl phosphorane (6, Scheme 5.2) displays a quasi-reversible one-electron oxidation at 

0.18 V vs SCE, which is associated with the formation of a diphenylmethylene phosphorane 

cation radical (Figure 5.1). This cation radical has a limited stability and in a second scan an 

additional oxidation wave is observed at -0.08 V vs SCE. This secondary product is identified 

by ESR spectroscopy as 4,4'-biphenylenebis(methylene triphenyl phosphorane), formed by 

coupling of the cation radical with a second molecule of 6 via the para positions (Scheme 

5.2). 

The cyclic voltammogram of la recorded at ambient temperature reveals two quasi­

reversible one-electron oxidation waves at -0.14 and 0.23 V vs SCE (Figure 5.1 ). The quasi­

reversible wave indicates that the doubly oxidized state of bis(methylene phosphorane) la is 

moderately stabie at room temperature. In this case, however, coupling reactions as observed 

for 6, are effectively suppressed by the para t-butyl substituents on terminal phenyl rings. In a 

similar experiment, one-electron oxidations ofthe tris(methylene phosphorane) lb occurred at 

-0.29, -0.01, and 0.27 V vs SCE (Figure 5.1). 

20~ I 

10~ I 

-0.4 -0.2 0.0 0.2 0.4 0.6 

E/V 

Figure 5.1. Cyclic voltammogram of methylene phosphoranes recorded at RT in THFITBAH 

(0.1 M), scan rate 100 m VIs. (top): Parent methylene phosphorane 6. (center) : Bis(methylene 

phosphorane) 1 a. (bottom): Tris(methylene phosphorane) 1 b. Potential vs SCE calibrated 

against Fe/Fe+ (0.47 V). 
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+ 

d:o 
PPh3 

-e d-'0 6 - -:". 

6 6 ... 

Scheme 5.2. Oxidation of methylene phosphorane 6. 

The electrochemical experiments demonstrate that the first oxidation potential 

decreases by nearly 0.5 V when the number of methylene phosphoranes linked to the central 

benzene unit increases from one to three. This decrease results from the increasing repulsive 

Coulombic interaction of the negative charges at the methylene carbon atoms. The effect of 

conjugation on the oxidation potentialis likely to besmallas aresult ofthe non-resonant meta 

substitution pattem at the central ring. The frnal oxidation step for 6, la, and lb occurs at 

almost the same potential (0.18 - 0.27 V vs SCE). Similar effects have been described for 

perchlorotriarylmethyl ani ons. 17 

5.4 ESR Spectroscopy 

Chemica! oxidation of 6 at room temperature in THF -using iodine or AgBFc 

produces the cation radical6 ... , which exhibits a well-resolved ESR spectrum due to hyperfrne 

coupling with a phosphorus nucleus (A(P) = 74.5 MHz) a:nd the protons of the 

diphenylmethylene moiety (A(H-1) = 7.60 MHz, A(H-2) = 3.28 MHz, and A(H) = 8.32 MHz) 

(Figure 5.2). 18 Under these conditions the cation radical is moderately stable. 

When prepared via in situ electrochemical oxidation, the ESR spectrum initially 

indicates the formation of 6-+, which under these conditions, however, rapidly couples 

oxidatively with a second molecule of 6 at the para positions to the adduct cation rad i cal 6-6-+ 

(Scheme 5.2). The ESR spectrum of6-6-+ (Figure 5.2) features a triplet of pentupiets resulting 

from hyperfrne coupling with two identical 31P nuclei (A(P) = 32.82 MHz) and four identical 
1H nuclei (A(H) = 4.96 l\.11-lz, at 3, 3', 5, and 5'-positions), identical to the ESR spectrum 

obtained after oxidation of 4,4' -biphenylenebis[phenylmethylenetriphenyl phosphorane] 

(6-6). 19 When electrochemical oxidation is carried out at 240 K, the coupling reaction is 

suppressed. 
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3340 3360 3380 

BI Gauss 

Figure 5.2. ESR spectra. (top): cation radical ~ obtained via iodine-oxidation of 6 in THF. 

(bottom): the adduct cation radical 6-~. prepared via electrochemical oxidation of 6 in 

THFITBAH (0. 1 M). Hyperfine parameters are described in the text. 

To prevent side reactions, chemica! oxidation of the bis and tris(methylene 

phosphoranes) la and lb was carried out at 195 K (Scheme 5.3). At that temperature chemica! 

oxidation of la with AgBF4 in THF initially produces the corresponding mono( cation radical) 

la"+, which is characterized by a partially resolved ESR spectrwn. Hyperfine interactions with 

one 31P nucleus (A(P) = 72.5 MHz) and three different sets oftwo equivalent 1H nuclei (A(H) 

= 11.5, 3.75, and 2.75 MHz) indicate appreciable spin delocalization over both the terminal 

and central benzene rings. Further oxidation of la .... produces la2"2+. An excessof oxidant has 

to be avoided, because each singly oxidized methylene phosphorane can be further oxidized to 

the dication state, thereby Ioosing the open-shell character. 

1a -
THF 

2•2+ 
1a 

Scheme 5.3. Oxidation of bis(methylene phosphorane) 1 a. 

The anisotropic ESR spectrwn recorded in frozen THF at I 20 K reveals a 

superposition of the spectra of the mono(cation radical) and the triplet di(cation radical) 

(Figure 5.3). The two strong central transitions are attributed to the mono( cation radical) la .... , 

possessing an essentially isotropie 31P hyperfine coupling. The broad lines in the lateral 
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regions ofthe spectrum are the ó.Ms = ±1 transitions ofthe di( cation radical) ta2:2+, exhibiting 

a zero-field splitting characteristic of a triplet state. No 31P hyperfine coupling is resolved in 

the ESR spectrum of laN+. Further evidence for the formation of di( cation radical) laN+ in a 

triplet state is obtained from the ESR spectrum recorded in g = 4 region, were the fonnally 

forbidden llMs = ±2 transition of laN+ is observed (Figure 5.3). The ó.M5 = ±2 ESR spectrum 

exhibits a well-resolved l :2:1 three-line pattem, resulting from hyperfine interaction of the 

S = 1 spin with two equivalent 31P nuclei, which exhibit half the hyperfme coupling constant 

observed for mono(cation radical) la-+. The identical hyperfine coupling with two 31 P nuclei 

directly relates the spectrum to the proposed structure of la2·2+. 

D 

D~ 
T 

T 
1580 1680 1780 

experimental T 
T 

slmuiatien 

3100 3200 3300 3400 3500 3600 

8 I Gauss 

Figure 5.3. ESR spectra after oxidation of la with AgBF4, recorded in THF at 120 K. (top): 

Experimental spectrum showing the transitions assigned to la-+ (DJ and laN+(T). The inset 

shows the ilMs = :t2 ESR spectrum of JaN+. (bottom): Simuialed spectrum is a 2:5 

superposition ofthe spectra ofmono(cation radical) Ja-+ and di(cation radical) JaN+. 

The ESR spectrum of mono(cation radical) la-+ can be simulated, assuming an 

isotropie 31 P hyperfme coupling constant of A(P) = 65 MHz and a Gaussian line width of 45 

MHz. The hyperfine coupling constant of 1 a-+ was used as starting point to obtain a speetral 

simulation for la2•2+. The remaining transitions in the ESR spectrum, attributed to laN+ are 

reproduced satisfactorily by taking D = 350 MHz and E = 0 MHz for the zero-field splitting 

parameters, an isotropie hyperfine constant of A(P) = 32.5 MHz (i.e. half the coupling 

constant of la-+), and a Gaussian line width of 85 MHz (Figure 5.3). The increased line width 
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of laN+ as compared to la'* explains the lossof hyperfine structure in the t!..Ms = ±1 triplet 

spectrum. Adding the simulated spectra of la'* and laN+ in a 2:5 ratio provides a good 

agreement with the experimental spectrum (Figure 5.3) and demonstrales the fairly efficient 

production of di( cation radical)s. 

The zero-field splittings and hyperfine couplings obtained from the speetral simulation 

can be used to assess the electronic structure of la'* and laN+ in some detail. The isotropie 

hyperfine coupling A(P) = 65 MHz of la'* suggests that the spin density at the methylene 

carbon is about 57%, when compared to A(P) = 114 MHz of the methylenetriphenyl 

phosphorane cation radical (Ph3PCH2 '*), for which unit spin density on carbon can be 

assumed.11 The zero-field splitting of D = 350 MHz for laN+ corresponds within the point­

dipole approximation to a distance between the radical centers of a bout 6.1 A. Standard bond 

lengtbs suggest a distance of only 4.85 A between the two methylene carbon nuclei. The 

increase is attributed to delocalization of spin density into the terminal 4-t-butylphenyl rings. 

AgBF4 
1b­

THF 

Scheme 5.4. Oxidation oftris(methylene phosphorane) lb. 

The ESR spectrum oflb recorded at 150 Kafter oxidation with AgBF4 in THF at 195 

K (Scheme 5.4), reveals the preserree of the corresponding mono( cation radical), di( cation 

radical), and tri( cation radical) (Figure 5.4). In the central region of the ESR spectrum, the 

strong partially-resolved 31P doublet of lb'* is observed, accompanied on each side by the 

transitionsof triplet-state lbN+ showing some poorly resolved hyperfme structure. The broad 

lines in the outer parts are attributed to the tlM5 = ± 1 transitions of 1 b3' 3+ in a quartet state. 

The preserree of high spin states can further be inferred from the ESR spectra at lower fields. 

Intheg = 4 region (Figure 5.4), the I :2:1 three-line pattem ofthe t!..M, = ±2 transition of lbN+ 

is observed, resulting from a triplet state with a hyperfine coupling to two identical 31 P nuclei 

with a coupling constant of about 33 MHz. In the outer regions of the half-field spectrum a 

weak pattem can be discemed, which is attributed to the t!..Ms = ±2 of lb3' 3+ in a quartet state. 

The t!..Ms = ±2 spectrum of a quartet state is expected to exhibit four lines with a spacing of 

D/2, D, and D/2 respectively?0-22 Experimentally, the two inner lines appear as clear 

76 



High-Spin Cation Radicals of Methylene Phosphoranes 

shoulders on the f>.Ms = ±2 transition of lbN+, while the outer two lines could not be 

identified with certainty. The seemingly weak intensity of the f>.Ms = ±2 transition of 1 bJ•J+ 

compared to the f>.Ms = ±2 transition of 1 bN+ is a result of the increased speetral width. Direct 

speetral evidence of a quartet state for lb3•J+ is obtained in the g = 6 region, where the 

f>.Ms = ±3 transition is observed. This leaves no doubt on the formation of a quartet state. In 

literature only few organic polyradicals have been reported that exhibit a f>.Ms = ±3 transition 

in the ESR spectrum. 7•21 "24 

Q 

experimental Q 

simuiatien 

3100 3200 3300 3400 3500 3600 

BI Gauss 

1525 

T 
1060 1110 1160 

D/2 D/2 D/2 D/2 

1625 1725 1825 

BI Gauss 

Figure 5.4. (left): iJMs = :t1 ESR spectrum after oxidation of 1b with AgBF4, recorded in 

THF at 120 K, showing the transitions assigned to I b-+ (0), 1 bM+ (T), and 1 b3•3+ (Q). The 

simu/ation is a 1:6:14 superposition of the spectra of mono(cation radical) 1 b -+, di(cation 

radical) 1 bN+, and tri(cation radical) 1 b3•3+. (right): iJMs = :1::2 ESR spectrum of di(cation 

radical) 1bN+ (T) and tri(cation radical) 1b3•J+ (Q). The signa/ marked with an asterisk is a 

background signa/. The ins et shows the iJMs = :t3 ESR spectrum of 1 b3•3+. 

The speetral simulation of the g = 2 region of the mixture of the three oxidation states 

lb-+, lbN+, and lbJoJ+ is shown in Figure 5.4. For this simulation the hyperfine and zero-field 

parameters of lb-+ (S = 1/2, A(P) = 65 MHz, Gaussian line width of 16 MHz) and lbN+ 

(S = 1, D = 350, E = 0, A(P) = 32.5 MHz, Gaussian line width of 11.5 MHz) are identical to 

those of la-+ and laN+, except for the A(P) value of lbN+ which is now used explicitly as a 

parameter to explain the partially resolved hyperfine coupling in the triplet spectrum. For 

1 b3•J+ the experimental spectrum can be simulated by taking S = 3/2, D = 262 MHz, E = 0 
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MHz and a Gaussian line width of35 MHz (no 31 P hyperfme coupling was used in this case). 

By adding the spectra of lb ... , lbN+, and lb3' 3+ in a 1:6:14 ratio, an acceptable 

correspondence was obtained with the experimental spectrum. The decreased zero-field 

splitting for lb3' 3+ (D = 262 MHz) compared to laN+ and lblol+ (D = 350 MHz) indicates a 

small increase in the distance between the unpaired electrons. Within a point-dipole 

approximation, the average distance increases from 6.1 A to 6.7 A. 

5.5 Determination of Ground States 

V ariabie temperature experiments in the range from T = 4 to I 00 K on the llMs = ± 1 

and llMs = ±2 ESR transitions of laN+ reveal Curie behavior (I = C/1), indicating that the 

population of the triplet state is independent of temperature (Figure 5.5). Hence, the triplet 

state is separated from the corresponding singlet state by either a very large or a very srnall 

energy gap.25 Although it is not possible to resolve this ambiguity using ESR, it can he 

concluded that in either case the triplet state corresponds to a low-energy state. 
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Figure 5.5. Temperafure dependenee of the ESR signa/ intensity. (left): L1Ms = :!:I (•) and 

L1Ms = :!:2 signa! (o) of di(cation radical) JaN+. (right): L1Ms = :!:I of tri(cation radical) 

1 b3'3+. Solid lines are least-square fits to Curie 's law. 

The signals at g = 4 and g = 6 of 1 b3' 3+ were too weak to he measured accurately at 

temperatures above 4 K, but the llMs =±I transitions follow Curie's law, when changing the 

temperature in the range from T = 3.8 to I 00 K. It is therefore concluded that the triplet state 

of lb3' 3+ is the ground state, although a near degeneracy with the corresponding doublet state 

cannot he excluded from this experiment. 
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5.6 Synthesis of Bis and Trisphosphines 

I ,3-Phenylenebis[bis(2,4,6-trimethylphenyl)phosphine] 7 was synthesized from 

1,3-phenylenebis(phosphonous dichloride) 9 (Chapter 3), which was reacted with 4 equiv of 

the Grignard compound of 2,4,6-trimethylbromobenzene (Scheme 5.5). Purification of the 

product was the major difficulty, because the bisphosphine readily oxidized. Eventually, pure 

material was obtained by column chromatography, carried out in a glove box. 

- ** THF ~PyYP~ 
AJl_ V AJl_ 

9 7 

Scheme 5.5. Synthesis ofbisphosphine 7. 

Additional methyl substituents at the 2, 4, and 6-positions of the central m-phenylene 

ring are expected to give rise to more stabie cation radicals after oxidation. The synthesis of 

compound 14, however, could not be achieved (Scheme 5.6). Compound 12 has been 

prepared, but the fmal two reaction steps were seriously hampered by poor yields and 

instability ofthe reaction products. 

Br~MgBr 
AJl_ 

14 13 12 

Scheme 5.6. Attempted synthesis of2,4,6-trimethylphenylene linked bisphosphine 14. 

1 ,3,5-Triazinetriyl linked trisphosphine 8 was prepared in a single reaction step from 

bis(2,4,6-trimehylphenyl)phosphine (Scheme 5.7). Deprotonation with n-butyllithium and 

reaction with cyanuric chloride afforded 8, which was isolated by column chromatography. 
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4 0 
P, n-BuLi ff~ 

H - p u• 
THF r I 

:,.... 

15 

Scheme 5.7. Synthesis oftrisphosphine 8. 

5.7 Cyclic Voltammetry 

-THF 

8 

To examine the redox behavior of compounds 7 and 8, and determine the stability of 

the different redox states, cyclic voltammetry measurements were perforrned. Measurements 

were carried out at ambient temperature in dichloromethane, containing 0.1 M 

tetrabutylammonium hexafluorophosphate (TBAH) as supporting electrolyte. The cyclic 

voltammogram of bisphosphine 7 reveals an oxidation wave at 0.79 V vs SCE (Figure 5.6). 

The conesponding reduction wave is significantly smaller, indicating that this oxidation step 

is only partially reversible. When the potential is increased, a second oxidation wave appears 

at 1.13 V vs SCE, which is nearly completely irreversible. In addition, the reduction wave of 

the frrst oxidation step further decreases. From these measurements it can be concluded that at 

room temperature the singly oxidized radical cation 7 ... is only moderately stabie and that the 

di( cation radical) is unstable under these circumstances. 

ESR experiments with a combined ESR/electrochemical cell between 220 and 290 K 

fail to produce any signa! that can be attributed to either mono or di( cation radical)s of 

compound 7.26 Because of the limited stability of the open-shell species, no further attempts 

have been made to generate the cation radicals by other methods. Introduetion of methyl 

groups on the central phenylene ring is expected to give rise to more stabie cation radicals, but 

the synthesis of such a compound turned out to be too complicated. 

The cyclic voltammogram of compound 8 reveals two irreversible oxidation waves at 

significantly higher potential, due to the electron-withdrawing property of the central triazine 

ring (Figure 5.4). The absence ofreduction waves indicates that at room temperature no stabie 

cation radicals can be generated from this precursor. Therefore, no efforts were made to 

oxidize compound 8 by other methods, nor to measure the resulting cation radicals by ESR 

spectroscopy. 
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0.0 0.2 0.4 0.6 0.8 1.0 1.2 1.4 0.6 0.8 1.0 1.2 1.4 1.6 1.8 2.0 

E/V E/V 

Figure 5.6. Cyclic voltammograms recorded at RT in CH2CVTBAH (0.1 M), scan rate 100 

mV!s. (left): Bisphosphine 7. (right): Trisphosphine 8. Potenfiat vs SCE, calibrated using 

Fe/Fe+ (0.40 Jo]. 

5.8 Conclusion 

Novel oligo(cation radical)s laN+ and lb3"3+ ha~e been prepared by chemica! 

oxidation of the corresponding oligo(methylene phosphoranes). Using this method, the 

conversion of each methylene phosphorane moiety to the singly oxidized state is efficient, 

affording the desired di- and tri(cation radical)s in reasonable yields. This method of 

preparation of the open-shell moieties is much more effective than the in situ generation of 

phosphinyl and phosphoryl radicals described in Chapters 3 and 4. Moreover, the methylene 

phosphorane oligo( cation radical)s, are persistent in cold solution up to 200 K, which is also a 

significant improvement. The stability of triarylmethyl radicals or ketyl radicals -some of 

which are stabie at room temperature- is not matched.3•7 Di- and tri( cation radical)s laN+ and 

lb3"3+ have been fully characterized using ESR spectroscopy and possess a triplet and quartet 

ground state, respectively, as a consequence of the meta substitution pattem at the central 

benzene ring. Hence, it can be concluded that the spin coupling between the radical sites in 

these systems is sufficient. Because no deviation from Curie behavior is observed between 4 

and 100 K, no magnitude for the triplet-singlet energy gap is obtained. 

Bis and trisphosphines 7 and 8 have been preparedas precursors for phosphine di- and 

tri( cation radical)s. However, oxidation of these species leads to cation radicals which are not 

persistent enough to be measured by ESR, even though oxidation of similar monophosphines 

affords cation radicals, which are stabie at ambient temperature. 
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5.9 Experimental Section 

5.9.1 General Methods 

For general procedures and equipment see Chapter 3. Electrochemical measurements 

were carried out with 0.1 M tetrabutylammonium hexafluorophosphate as supporting 

electrolyte using a Potentioscan Wenking POS73 potentiostat. The working electrode was a 

platinum disc (0.2 cm\ the counter electrode was a platinum plate (0.5 cm2), and a saturated 

calomel electrode was used as reference electrode, calibrated against a Fe/Fe+ couple. 

Electrospray mass spectra were recorded using a API 300 MS/MS mass spectrometer 

(PE-Sciex). The sample solutions were delivered directly to the ES-MS by a syringe pump 

(Harvard Apparatus) at a flow rate of5 IJL/min. 

5.9.2 Synthesis 

1,3-Phenylenebis[(4-t-butylphenyl)methanone] 2a. Isophthaloyl chloride (10.15 g, 

0.05 mol) in CH2Ch (20 mL) was added slowly toa suspension of AICh (16.0 g, 0.12 mol) in 

CH2Ch (50 mL) with stirring and cooling in an ice bath. Then t-butylbenzene (16.1 g, 0.12 

mol) was added keeping the temperature at 20 oe. After stirring for 18 h at RT the mixture 

was poured onto ice. The organic phase was separated and the aqueous phase was extracted 

with CH2Ch. The combined organic fractions were consecutively washed with dilute NaOH 

solution and water and dried over MgS04. Evaporation of the solvent and recrystallization 

from ethanol afforded pure 2 (14.6 g, 74%) as a white crystalline material: mp 153 oe; 1H 

NMR (CDCI3) 8 1.36 (18H, s, CH)), 7.51 (4H, d, J= 8.6 Hz, H-2'), 7.62 (lH, t, J= 7.7 Hz, 

H-5), 7.78 (4H, d, J= 8.6 Hz, H-3'), 8.02 (2H, dd, J = 7.7 Hz and 1.8 Hz, H-4), 8.17 (lH, t, J 

= 1.8 Hz, H-2); 13C NMR (CDCl)): 8 31.10 (CH3), 35.16 (CCH3), 125.44 (C-3'), 128.41 

(C-5), 130.17 (C-2'), 131.13 (C-2), 133.21 (C-4), 134.26 (C-1), 138.01 (C-1 '), 156.67 (C-4'), 

195.63 (CO). 

1,3,5-Benzenetriyltris((4-t-butylphenyl)methanone] 2b. Compound 2b was 

prepared from 1,3,5-benzenetricarbonyl trichloride using the sameprocedure as described for 

2a. Yield (3.52 g, 63%) as white crystals (2.65 g, 10 mmo!): mp 181 oe; 1H NMR (CDCh) ö 

1.36 (27H, s, CH3), 7.53 (6H, d, J= 8.4 Hz, H-2'), 7.81 (6H, d, J = 8.4 Hz, H-3 '), 8.39 (3H, s, 

H-2); 13C NMR (CDCh): 8 31.03 (CH3), 35.14 (CCH3), 125.56 (C-3'), 130.16 (C-2'), 133.80 

(C-l + C-2), 138.36 (C-1'), 157.03 (C-4'), 194.67 (CO). 

a.,a.'-Bis(4-t-butylphenyl)-1,3-benzenedimethanol 3a. A solution of compound 2a 

(9.96 g, 25 mmo!) in THF (50 mL) was added slowly toa suspension of LiAlfu (1.9 g, 50 
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mmol) in THF (50 mL) with stirring and cooling in an ice bath. After completion of the 

addition, the ice bath was removed and the mixture was stirred at RT for 30 min. Then water 

was added carefuJly to quench the excess of LiAIIL, whereafter the mixture was concentrated 

and extracted with diethyl ether. The collected organic fractions were wasbed with water, 

dried with MgS04 and concentrated to afford 3a (9.73 g, 97%) as a white solid: 1H N1'vfR 

(CDCb) o 1.29 (18H, s, CH3), 2.15 (2H, b s, OH), 5.77 (2H, 2 s, CHOH), 7.24-7.34 (llH, m, 

H-4, H-5, H-2', H-3'), 7.47, 7.49 (lH, 2 s, H-2); 13C NMR (CDCI3): o 31.32 (CH3), 34.48 

(CCH3), 76.00 (COH), 124.59, 124.62 (C-2), 125.39 (C-3 '), 125.55, 125.65 (C-4), 126.30, 

126.35 (C-2 '), 128.53 (C-5), 140.76 (C-1'), 144.02, 144.08 (C-l), 150.51 (C-4'). 

a., a.· ,a. .. -Tris( 4-t-butylphenyi)-1,3,S-benzenetrimetbanol 3b. The ti tie compound 

was prepared from 2b (2.24 g, 4 mmo!), using the same procedure as described for 3a, 

affording 3b as a white solid. Yield (2.16 g, 96%): 1H NMR (CDCI3) 8 1.29 (27H, s, CH3), 3.2 

(3H, 2 b s, OH) 5.67 (3H, m, CHOH), 7.24 - 7.34 (15H, m, H-2, H-2 ' , H-3 '); 13C N1'vfR 

(CDCh): o 31.27 (CH3), 34.39 (CCH3), 75.76, 75.80 (COH), 123.83 (C-2), 125.22 (C-3'), 

126.34, 126.36 (C-2'), 140.63 (C-1'), 144.21, 144.27 (C-1), 150.22 (C-4'). 

1,3-Bis[bromo(4-t-butylphenyl)methyl]benzene 4a. PBr3 (5.41 g, 20 mmo!) in 

toluene (40 mL) was added slowly toa stirred suspension of3a (4.02 g, 10 mmol) in toluene 

(20 mL) at RT. The salution became clear and was stirred for 1 h. The mixture was poured 

onto ice and extracted two times with toluene. The combined organic layers were wasbed with 

water, dJied over MgS04 and the solvent was evaporated affording 4a (4.91 g, 93%) as a light 

yellow solid: 1H NMR (CDCb) o 1.30 (18H, s, CH3), 6.25 (2H, 2 s, CHBr), 7.2- 7.4 (llH, m, 

H-4, H-5, H-2', H-3'), 7.62 (lH, s, H-2); 13C NMR (CDCb): 8 31.23 (CH3), 34.57 (CCH3), 

54.96 (CBr), 125.54 (C-3'), 128.09 (C-2'), 128.15 (C-4), 128.58, 128.70 (C-2, C-5), 137.74, 

137.81 (C-1 '), 141.27, 141.39 (C-1), 151.22 (C-4'). 

1,3,S-Tris[bromo( 4-t-butylphenyl)methyl]benzene 4b. The ti tie compound was 

prepared from 3b (1.69 g, 3 mmo!), using the sameprocedure as described for 4a, affording 

4b as a light brown solid. Yield (2.05 g, 91 %): 1H NMR (CDCh) 8 1.29 (27H, s, CH3), 6.22 

(3H, m, CHBr), 7.2- 7.4 (15H, m, H-2 ', H-3'), 7.55 (3H, m, H-2); 13C N1'vfR (CDCi]): o 31.22 

(CH3), 34.58 (CCH3), 54.45 (CBr), 125.60 (C-3 '), 129.09 (C-2 '), 128.35 (C-2), 137.43, 

137.53, 137.63 (C-l'), 141.46, 141.59, 141.75 (C-1), 151.35 (C-4'). 

1,3-Phenylenebis{[(4-t-butylpbenyl)methyl]tripbenylpboshonium bromide} Sa. A 

salution of 4a ( 1.06 g, 2 nunol) and triphenylphosphine ( 1.31 g, 5 mmo!) was heated under 

reflux for 24 h. After cooling, the solvent was evaporated. Column chromatography of the 

residue (Si02, CHC13/MeOH 95:5- 9:1) afforded Sa (0·.90g, 43%) as a white so1id. 31 P NMR 

83 



Chapter5 

(CDCh) 8 23.14, 23.18.27 ES-MS mlz (M-Br") calcd 971.4, obsd 971.3. 

1,3,S-Benzenetriyltris{[(4-t-butylphenyl)methyl)triphenylphoshonium bromide} 

Sb. The title compoW1d was prepared from 4b (0.75 g, I mmo!) using the sameprocedure as 

described for Sa, affording Sb as a white solid. Yield (0.60 g, 41 %): 31P NMR(CDCI3) ö 

23.34, 23.78, 24,08?8 ES-MS mlz (M-B{) calcd 1457.5, obsd 1457.5. 

1,3-Phenylenebis{[(4-t-butylphenyl)methylene)triphenyl phosphorane} la. NaNH2 

(4.0 mg, 0.1 mmo!) was added toa suspension of Sa (21 mg, 0.02 mmo!) in THF (2 mL) at 

RT. The reaction mixture quickly turned deep red. After stirring at RT for 1 h, the conversion 

was complete as evidenced by NMR spectroscopy, using a small a1iquot of the reaction 

mixture: 31 P NMR (THF/9 8 6.39; 1H NMR (THFi9 ö 6.25 (2H, d, J = 8.0 Hz, H-4), 6.31 

(4H, d, J= 8.6 Hz, H-2'), 6.36 (1H, t, J= 8.0 Hz, H-5), 6.61 (4H, d, J= 8.6 Hz, H-3'), 6.73 

(1H, s, H-2), 7.23-7.30 (12 H, m, H-3"), 7.33-7.39 (6H, m, H-4"), 7.41-7.48 (12H, m, H-3"). 

1,3,S-Benzenetriyltris[[(4-t-butylphenyl)methylene)triphenyl phosphorane) lb. 

The title compoW1d was prepared from Sb (0.75 g, 1 mmo1), according to the procedure 

described for la: 31 P NMR (THF)29 ö 5.80; 1H NMR (THF)29 ö 6.06 (6H, d, J= 8.3 Hz, H-2'), 

6.33 (3H, s, H-2), 6.54 (6H, d, J= 8.3 Hz, H-3'), 7.21-7.26 (18 H, m, H-3"), 7.29-7.45 (27H, 

m, H-2" + H-4"). 

Oxidation of bis(methylene phosphorane) la. A fresh1y prepared solution of 

phosphorane la (0.02 mmo!) in THF (2 mL) was cooled to -78 oe in a Schlenk vessel and a 

solution of AgBF4 (0.5 mL, 0.08 M in THF) was added slowly by syringe. After stirring at 

-78 oe for 30 min., the mixture was transferred as quickly as possible into a pre-cooled ESR 

tube equipped with a groW1d-glass joint. After sealing, the sample was cooled to 77 K using 

liquid nitrogen. 

Oxidation of tris(methylene phosphorane) lb. Freshly prepared lb (0.02 mmo!) in 

THF (2 mL) was reacted with AgBF4 (0.75 mL, 0.08 Min THF), using the sameprocedure as 

described for the oxidation of la. 

1,3-Phenylenebis[bis(2,4,6-trimethylphenyl)phosphine) 7. Ca. one tenth of a 

solution of 2,4,6-trimethyl-bromobenzene (2.0 g, 10 mmo!) in THF (20 mL) was added to 

magnesium (0.24 g, 10 mmo!), and the mixture was heated carefully Wltil an exothermic 

reaction started. The heating was removed and the remaining 2,4,6-trimethyl-bromobenzene 

solution was added at a rate sufticient to keep the solvent boiling. When the addition was 

complete the reaction mixture was heated Wlder reflux for 1 hr. After cooling, the mixture was 
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decanted -preventing contact with air- in order to remove the remaining magnesium. 

Subsequently, tetrachloride 930 (0.56 g, 2 mmo!) in THF (10 mL) was added slowly and the 

mixture was stirred at RT for 4h. The THF was evaporated, diethyl ether was added and the 

mixture was washed with aqueous Nl-LJCI and water. After drying over MgS04, the solvent 

was evaporated. Column chromatography of the residue (Si02; hexane I EtOAc 4: I), 

performed under a nitrogen atmosphere, afforded pure 7 (0.42 g, 34%) as a white solid:31 1H 

NMR (CDCi]) o 1.93 (24H, s, o-CH3), 2.24 (12H, s, p-CH3), 6.70 (8H, d, JPH = 2.7 Hz, H-3'), 

7.09 (1H, b t, ]pH= 5.5 Hz, H-2), 7.22 (lH. t t, Jlffi = 7.5 Hz, ]PH= 2.2 Hz, H-5), 7.43 (2H, b t, 

J= 8.2 Hz, H-2); 13C NMR (CDCi]) o 22.67 (s,p-CH3), 22.85 (d, lpc= 15Hz, o-CH3), 127.71 

(t, lpe =20Hz, C-5), 19.91 (s, C-3'), 130.14 (d, lpc = 19Hz, C-1 '), 134.45 (d, lpc =34Hz, C-

4), 137.34 (d d, JPC = 13Hz, ]pc= 3 Hz, C-1), 137.77 (s, C-4'), 138.24 (t, ]pc= 20Hz, C-2), 

142.44 (d, ]pc= 15Hz, C-2'). 

2,4,6-Tris[bis(2,4,6-trimethylpheoyl)phosphino]-1,3,5-triazioe 8. To a solution of 

dimesity1phosphine 15,32 (0.54 g, 2.0 mmo!) in THF (25 mL) was added n-BuLi (1.3 mL, 1.6 

Min hexane, 2.1 mmo!) at RT, and subsequently, the mixture was hoiled under reflux for I 

hr. After cooling to RT, cyanuric chloride (0.09 g, 0.5 mmo!) was added and the mixture was 

hoiled under reflux ovemight. After cooling, the THF was evaporated and dietheyl ether (50 

mL) was added. The organic phase was washed with aqueous Nl-LJCl solution and water, dried 

over MgS04 and the solvents were evaporated. Column chromatography (Si02, hexane I 

CHCh 1:1) afforded pure 8 (0.30 g, 67%) as a yellow solid: mp 199 °C; 31P NMR (CDCh) 8 

-15.5; 1H NMR (CDCI3) 8 1.98 (36H, s, o-CH3), 2.25 (18H, s, p-CH3), 6.66 (12H, d, ]pH= 

2.7 Hz, H-3'); 13C NMR (CDCb) o 20.96 (s, p-CH3), 23.10 (d, lpc = 15 Hz, o-CH3), 127.88 (d, 

JPC = 12Hz, C-1'), 129.34 (d, JPC = 4 Hz, C-3'), 138.08 (s, C-4'), 143.18 (d, JPC = 16Hz, 

C-2'), 183.94 (d t, ]pc= 6 Hz, ]PC= 5 Hz, C-1). 
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Chapter 6 

Stabie High-Spin Cation Radicals of 
m-p-N-Phenylaniline 

Oligomers 

Abstract 

A series of linear and branched high-spin di- and tri( cation radical)s (IN +, 

33'3+, and ~·J+) has been prepared by oxidation of the corresponding 

oligo(meta-para-N-phenylaniline)s. These oligo(cation radical)s are stabie 

under ambient conditions. The formation and properties of the cation 

radicals has been studied in detail by cyc/ic voltammetry and 

UV/visible/near/R spectroscopy. ESR spectroscopy has provided the 

zero-field splittings, which are consistent with the topology of the molecules 

and the localization of the unpaired electrons. Variabie temperafure ESR 

measurements reveal that the high-spin stales correspond to the lowest 

energy state. The stability of the high-spin m-p-aniline oligomers, and the 

possibility to extend these systems demonstrate that alternating meta and 

para aniline oligomers are promising building blocks for future polaronic 

ferromagnets. 

6.1 Introduetion 

In the previous chapters, different phosphorus-related radical centers have been 

evaluated as spin-canying moieties in high-spin molecules. Using m-phenylene as ferro­

magnetic coupling unit, high-spin states were indeed observed, but the limited stability of the 

radical sites is a major drawback of these systems. 

A particularly interesting alternative method to generate spin carrying units in an 

organic molecule or material is the oxidative or reductive doping of neutral n-conjugated 

segments, as put forward by Fukutome. 1 When these segments are linked via a ferromagnetic 
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coupling unit, doping of such a polymer may result in polaronic (radical ion) units, which are 

ferromagnetically coup led, yielding a high-spin polaronic polyradical (Figure 6.1 )_2·3 

Preliminary results suggest that this concept may work, but poor characterization and low 

doping levels aJe the most serious probieros encountered so far. 4-6 

~eduction 

Figure 6.1. Schematic representation of a polaronic ferromagnetic chain. Oxidative or 

reductive doping of neutral n-conjugated segments creates unpaired electrons, which are 

aligned via a ferromagnetic coupling unit. 

The doping of 1t-conjugated polymers is well known and leads to conducting materia is. 

At high doping levels, however, most conjugated polymers have a low spin density, due to the 

formation of spinless bi po larons or 7t-dimers. 7-9 One noticeable ex ception is the emeraldine 

salt of polyaniline, in which po larons are favored over the bipolaronic structure, resulting in a 

conducting polymer with considerable spin density. The repeat unit of the emeraldine salt 

comprises one polaron, effectively stabilized by delocalization of the unpaired electron and 

positive charge within two aniline units. 10•11 

Moreover, nitrogen cation radicals have previously been incorporated in several 

high-spin oligoradicals as well, but the systems reported until now suffer from 

irreproducability,4 insufticient doping,6 poor stability, 12-16 or they cannot easily be extended to 

larger systems. 17•18 

With this in mind, poly(meta-para-N-phenylaniline) has been designed as a candidate 

for a polaronic ferromagnetic chain. This polymer comprises an altemating sequence of meta 

and para substituted phenylene rings in the main chain. Upon oxidation to an intermediate 

oxidation state -in which one electron per two aniline units is removed- each p-phenylene­

diamine unit is expected to stabilize the unpaired electron, whereas the meta substituted 

phenylene ring will give rise to ferromagnetic coupling between the individual spins. 
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ter~ 
' n H 

Conducting 
Poly-p-aniline 

High-Spin 
Poly(m-p-N-phenylaniline) 

To verify this concept, linear and branched oligomers 1, 3, and 4 have been prepared. 

Oxidation of these precursor aniline oligomers to the intermediate oxidation state, results in 

groW1d-state high-spin molecules with a remarkable chemica! stability. 

6.2 Synthesis 

Tetra(arnine) 1 was synthesized from N,N'-diphenyl-1,3-benzenediamine and 2 equiv 

of 4-iodo-N,N-diphenylaniline in diphenyl ether at 200 oe, using n-butyllithium and copper(I) 

iodide as a catalyst (Scheme 6.1 ). The product was isolated by flash column chrornatography 

and recrystallization from benzene. 

n-Buli l Ph20 
Cu I 

n-Buli 
Cu I -

Scheme 6.1. Synthesis oflinear oligomers 
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When only 1 equiv of 4-iodo-N,N-diphenylaniline was used, a mixture of 1 and the 

singly coupled product 2, as well as some lUlfeacted N,N'-diphenyl-1,3-benzenediamine was 

obtained. These were separated by flash column chromatography. Reaction of2 with 0.5 equiv 

of 1,4-diiodobenzene afforded hexa(amine) 3. Star-shaped hexa(amine) 4 was synthesized 

from N,N',N"-triphenyl-1 ,3,5-benzenetriamine and 4-iodo-N,N-diphenylaniline (Scheme 6.2). 

Scheme 6.2. Synthesis of star-shaped oligomer 

6.3 Cyclic Voltammetry 

NaH 
Cu i -

Electrochemical studies on N-phenyl substituted oligomers 1, 3, and 4 were carried out 

in dichloromethane with 0.1 M tetrabutylarnmonium hexafluorophosphate (TBAH) as 

supporting electrolyte to investigate the redox behavior and the stability of the different redox 

states. The results are surnmarized in Table 6.1. 

The cyclic voltammogram of 1 reveals four consecutive one-electron oxidation waves 

(Figure 6.2). The anodic and cathodic waves are separated by 62- 65 mV, independent ofthe 

scan rate between 50 and 200 m V /s. These measurements demonstrate that at room 

temperature, oxidation of 1 is a chemically reversible process, in which up to four electrons 

can be removed, illustrating the outstanding stability ofthe generated cation radicals. The first 

two waves that occur at a potential of ca. 0.6 V, are due to the removal of one electron from 

each of the two p-phenylenediamine rooieties present in the molecule. At a potential of ca. 1.1 

V, both units are oxidized fora second time, giving rise toa third and fourth wave. The first 

and second set of oxidation waves occur at potentials comparable to the first and second 

oxidation wave of N,N,N',N'-tetraphenyl-1 ,4-benzenediamine (TPBD) (Figure 6.2). 

Comparison of the oxidation potentials of 1 with the values reported for the corresponding 

all-para-substituted isoroer (0.42, 0.68, 1.15 and 1.31 V)19 reveals that E~ and E~ are 

identical, whereas E 1° and E~ of 1 are higher and lower, respectively. The decreased 

separation between E 1° and E~, as well as between E~ and E~, is consistent with the 

non-resonant nature of the central meta-phenylene unit. 
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0.2 0.4 0.6 0.8 1.0 1.2 1.4 1.6 

E/V 

0.2 0.4 0.6 0.8 1.0 1.2 1.4 1.6 

E/V 

Figure 6.2. Cyclic voltammogram of oligo(N-phenylaniline)s recorded at RT in 

CH2CliTBAH (0.1 M), scan rate 100 mV/s. (top, lefl): TPBD. (bottom, lefl): Tetra(amine) 1. 

(top, right): Linear hexa(amine) 3. (bottom, right): Branched hexa(amine) 4. Potential vs 

SCE, calibrated against Fe/Fe+ (0.4711 

The cyclic voltanunogram of 3 also reveals four reversible redox waves, but the 

currents associated with the frrst and third wave are twice as large as for the second and the 

fourth wave (Figure 6.2). Hence, the first and third waves correspond to two-electron 

oxidations, while the second and fourth waves are one-electron oxidations. The peak-to-peak 

separations of the first and third wave (ca. 120 and 90 m V) are significantly larger than the 

theoretica! value of 59 mV, while the second and fourth waves have peak-to-peak separations 

of 65 and 68 mV, respectively. This behavior can be rationalized, assuming that electrostatic 

repulsion favors the localization of the first two charges in the two outer p-phenylenediamine 

units. In this view, the third oxidation wave corresponds to the removal of an electron from 

the central unit, and occurs at significantly higher potential as a result of the charges in the 

two adjacent units. Similar effects occur at higher potential, when a second electron is 

removed from each unit. 

In the cyclic voltammogram of 4 (Figure 6.2), six reversible oxidation waves of equal 

magnitude can be distinguished. Some of these transitions only show up as shoulders and it is 

not possible to determine the peak-to-peak separation accurately. However, for all six waves it 

is close to the theoretica! value of 59 mV. In contrast to the linear hexamer 3, the star-shaped 

isomer 4, contains three equivalent p-phenylenediamine units. As a consequence, the charges 

in the dication cannot keep away from each other and six separate oxidation/reduction waves 

are observed. 
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Table 6.1. Redox Potentials ofOligomers vs SCE a 

Eo(V) E 0 (V) Eo(V) Eo(V) Eo(V) E 0 (V) 

TPBD 0.55 1.08 

1 0.54 0.68 1.13 1.22 

3 0.56 b 0.56 b 0.75 1.14 b 1.14 b 1.29 

4 0.52 0.66 0.74 1.16 1.29 1.34 

a Ce !I is calibrated against Fe/Fe+ (0.4 7 V). 6 Peaks are unresolved. 

Since exploratory experiments showed that the presence of a trace of a Bmnsted acid 

has a very pronoilllced effect on the ESR spectra of the oxidized oligomers, the influence of 

acid on the redox properties was investigated. The addition of smal! portions of trifluoroacetic 

acid (TF A) to the electrolyte salution has a distinct effect on the voltanunograms of the 

N-phenyl oligo(aniline)s 1, 3, and 4. The first set of oxidation waves shifts 0.4 - 0.5 V to 

higher potential, whereas the reduction waves remain at the same position (Figure 6.3). 

Remarkably, this effect occurs much more rapidly in case of the star-shaped hexa(amine) 4. 

With only 0.1% (v/v) of TF A the oxidation waves of 4 start shifting, whereas ten times more 

acid is needed to cause the same effect for compoilllds 1 and 3. 

0.2 0.4 0.6 0.8 1.0 1.2 1.4 1.6 

E/V 

Figure 6.3. Effect ofTFA on the cyclic voltammogram of oligo(N-phenylaniline)s recorded at 

RT in CH2Cl)ITBAH (0.1 M), scan rate 100 mV!s. (top) : Tetra(amine) I without TFA (······~ 

and with 4% (vlv) TFA (--). (bottom): Branched hexa(amine) 4 without TFA (······~ and 

with 4% (v/v) TFA (--) . Potential vs SCE, calibrated against Fe/Fe+ (0.45 V). 
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The increase of the frrst oxidation potentials in the presence of TF A can be 

rationalized by protonation of the p-phenylenediamine units at one of the nitrogen atoms. 

Since protonated amines carry a positive charge, withdrawal of an electron will be more 

difficult. Acid has no effect on the position of the second set of oxidation waves in the 

investigated acidity range, suggesting that deprotonation occurs as soon as a protonated 

p-phenylenediamine unit is oxidized. The fact that the reduction waves are not influenced by 

the acid is in full agreement with this explanation. Remarkably, the threshold for the 

acid-induced shift of the first oxidation waves is much lower for compound 4 than for the 

linear compounds 1 and 3. Furthermore, on TPBD, lacking a 1 ,3-benzenediamine unit, 

addition of acid bas no effect at all .20 These differences are tentatively ascribed to a 

stabilization of the protonated 1 ,3-benzenediamine and I ,3,5-benzenetriamine rings via 

tautomerie intermediates (Figure 6.4). 

---
Ar Ar 

~~~ 
Ar~ 0 Ar 

Figure 6.4. Stabilization ofprotonated 1,3-benzenediamines via tautomerization. 

6.4 UV/visible/neariR Measurements. 

Quantitative conversion of the amines to the different oxidation states has been 

achieved by chemica! oxidation with either thianthrenium perchlorate (ThtCI04-/1 or 

phenyliodine(ITI) bis(trifluoroacetate) (PIF A/2 in dichloromethane or acetonitrile. The 

reaction was monitored by UV/visible/neariR spectroscopy (Table 6.2). 

The absorption spectrum of neutral 1 in dichloromethane shows a maximum at 

3.93 eV and does not differ much from the absorption spectrum of TPBD. Apparently, the 

addition of a second p-phenylenediamine unit at the met a position of one of the outer phenyl 

rings does not influence the effective conjugation length significantly. Upon stepwise addition 

of smal! portions of Thi+Cl04-, the absorption of neutral amine decreases, and new bands 

appear at 1.44 and 3.02 eV, with an isosbestic point at 3.42 eV (Figure 6.5). The new 

absorption bands have a close resemblance to the bands of singly oxidized TPBD. When 1 

equiv of oxidant is added, the band at 3.93 eV has decreased to half the original intensity. 

Based on the difference between the oxidation potentials for the removal of the frrst and the 

second electron, one can expect that no significant disproportionation will occur, and most 

molecules will be singly oxidized to the mono( cation rad i cal) 1-+. Apparently, the op ti cal 

spectrum of 1 ... can be described with a superposition of the absorption bands of neutral and 
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singly oxidized p-phenylenediamine units. After addition of2 equiv, the absorption at 3.93 eV 

has disappeared completely and the bands at 1.44 and 3.02 eV have reached maximum 

intensity. This demonstrates that in the di(cation radical) e·2+ one electron is removed from 

each p-phenylenediamine unit. Further oxidation leads to a constant decrease in the bands at 

1.44 eV and 3.04 eV, which are replaced by a new band at 2.09 eV. During this process 

isosbestic points are observed at 1.86, 2.80, and 3.81 eV. The absorption at 2.09 eV is similar 

to the absorption band of doubly oxidized TPBD, indicating that a secoud electron is removed 

from each p-phenylenediarnine unit. When fmally an excess of a reducing agent, like 

hydrazine monohydrate, is added to the fully oxidized aniline oligomer, the initia! spectrum of 

1 is recovered, demonstrating the reversibility ofthe oxidation process. 

ei 
ö 

2 3 
Energy I eV 

4 2 3 4 

Energy leV 

Figure 6.5. UV/visiblelnear!R spectra ofthe stepwise oxidation of 1 with Th+ C/04- in CH2Cl2 

at 295 K. (left): Oxidation of neutral 1 to the intermediale oxidation state 1N+_ (right): 

Further oxidation to 1'3+. 23 The band at 4. 80 e V is caused by neutral thianthrene. 

Careful analysis of the near-infrared region of the spectrum of 1-+ reveals a very weak 

band around 0.9 eV, which reaches a maximum after addition of 1 equiv of oxidizing agent 

(Figure 6.6). Because this band is not only very weak, but also very broad and partially 

overlapped by the much stronger band at 1.44 eV, the energy of the absorption maximum 

cannot be deterrnined accurately. The broad band has the characteristics of an intervalenee 

transition. Because 1-+ is a mixed-valenee compound, intramolecular electron transfer can 

occur, giving rise to an intervalenee band.24•26 For this band, the evolution of the optica! 

density as a function of the average number of removed electrous is expected to increase 

linearly, until one electron is removed. At that stage 1-+ has reached the maximal 

concentration, and upon further oxidation to 12-2+ the intensity of the intervalenee band will 

decrease again. The observed behavior of the absorption at 0.9 e V is in excellent agreement 

with this prediction (Figure 6.6). An intervalenee band of 1'3+/3 which is a mixed-valenee 
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compound as well, is not observed in the region between 0.4 eV and the onset of the 

low-energy cation band. This may be due to a low intensity, or the absorption may be 

obscured by another band. 

0.20 0.025 

0.020 ... 
0.15 • • 

• • • 0.015 • 
d 0.10 • 
ö • 

0.010 • 
0.05 • • • 0.005 • • • 
0.00 0.000 

0.6 0.8 1.0 1.2 0.0 0.5 1.0 1.5 2.0 

Energy I eV Ne-

Figure 6.6. (left): Enlarged near!R region of the electronic spectra during the stepwise 

oxidationfrom 1 to IN+. (right): Evolution ofthe intensity ofthe intervalenee band of 1-+ as a 

function of the average number of electrons removed. 

Camparabie optica! spectra are recorded for the stepwise oxidation of the linear and 

star-shaped hexamers 3 and 4 (Table 6.2). The evolution of the intervalenee bands for these 

compounds, however, is somewhat different. For the oxidation of 3 to 33'3+, the intensity of 

the intervalenee bands goes through a maximum, whereas further oxidation again leads to an 

increasing signal. Unlike in the case 1'3+, an intervalenee band for 32-4+ and 3·S+ is observed. 

The expected final decrease of this intervalenee band intensity is not observed, because the 

oxidation strength of thianthreniurn perchlorate is not sufticient to reach the 36+ state. 

Remarkably, the intensity of the intervalenee band related to 4-+ and 42-l+ already decreases 

well befare an average of one electron per molecule has been removed. This indicates that for 

this oligomer a disproportionation equilibrium may exist, which favors tri( cation radical) 43'3+ 

over the m~no and di( cation radical). For higher oxidation states 32-4+ and 3'5+ a more distinct 

intervalenee band is obtained. 

When PIF A is used as oxidizing agent in dichloromethane/trifluoroacetic acid (9: 1 

v/v) salution the reaction does oot progress beyond the intermediate oxidation state, which is 

characterized by the bands at 1.4 and 3.0 eV, even when an excess ofPIFA is added. So, this 

method is very convenient to obtain the intermediate oxidation states lN+, 33' 3+, and 43' 3+. 
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Table 6.2. Speetral Data for the Oligo(amine)s and Corresponding Cation Radicals in CH2Ch 

Neutral compound Interrnediate oxidation state Fully oxidized state 

eV (nrn) eV (nrn) eV (nrn) 

TPBD 3.97(312) : TPBD-+ 1.44 (861 ); 3.05 ( 407) TPBD2+ 2.09 (593) 
I 

1 3.93(316) 
I 12o2+ 1.44 (861); 3.02 (411) 14+ 2.10 (590) I 
I 

3 4.01 (309) 33•3+ 1.44 (861); 3.07 (404) 36+ 2.11 (588) 

4 (3 .93 (316) 43-3+ 1.34 (925); 2.97 ( 418) 46+ 2.08 (596) 

6.5 Electraspray Mass Speetrometry 

Electrospray mass speetrometry (ES-MS) is a very gentie technique, which allows 

pre-existing ions in solution to be transferred to the gas phase with minimal fragmentation. It 

has been widely used in the study of large biomolecules, such as proteins, which are converted 

to poly-cationic species by addition of dilute acid to the solution. Because doped aniline 

oligomers are charged species, no additional ionization technique is needed to obtain an 

ES-MS of these oligo(cation radical)s. Using a syringe pump, solutions of doped oligo 

anilines in dichloromethane were directly injected into the spectrometer. 

3.0x1 07 373.1 

2.5x1 07 12-2+ 

1/) 

fr 2 Ox107 

~ 1.5x107 
1/) 
c 845.3 Q) 1.0x107 242.1 -c 

12-2+ + CIO • 
5.0x106 4 

0.0 
100 300 500 700 900 

M/z I amu 

Figure 6.7. ES-MS of di(cation radical) IN+ in CH2Cl2. The peak at 242 amu results from a 

tetrabutylammonium cation contamination. 27 
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During the stepwise oxidation of compound I with Thi+Cl04-, a series of ES-MS 

spectra is recorded. Even when no oxidant is added, significant signals are obtained that can 

be attributed to mono(cation radical) (m/z = 746.3), di(cation radical) (m/z = 373.1), and an 

adduct of a perchlorate anion to the di( cation radical) (m/z = 845.3). This is an indication that 

some oxidation occurs during the measurement. Upon addition of Thi+Cl04-, the signa! of 

mono( cation radical) decreases in favor of the signals of the doubly charged compound 

(Figure 6.7). There is, however, no quantitative correlation between the degree of oxidation 

and the ratio of the observed signals. Similar effects have also been encountered with ES-MS 

measurements on thiophene oligomers. Oxidation states with more than two charges are not 

observed, even if the average oxidation state -as inferred from UV/visible/neariR 

measurements- is well beyond the doubly charged state. For oligomers 3 and 4, no ES-MS 

measurements, other than the detennination ofthe ~-peaks, have been carried out so far. 

6.6 ESR Spectroscopy 

When < 1 equiv ofThtCI04- is added toa solution of 1 in dichloromethane, the ESR 

spectrum at room temperature reveals nine poorly resolved lines which arise from hyperfme 

interaction (Aiso(N) = 8 :MH.z) with all four nitrogen nuclei in the molecule (Figure 6.8). This 

suggests a fast intramolecular electron-transfer between the neutral and singly oxidized 

p-phenylenediamine moieties of 1' .... , which is in agreement with UV/vis/neariR measurements 

on the same species. The electron-transfer can be suppressed by lowering the temperature as 

demonstrated by the anisotropic spectrum recorded in frozen solution. This spectrum results 

from interaction with only two 1"N nuclei and can be simulated with A11(N) = 37 and A.L(N) = 5 

:MH.z. Addition of acid also results in the localization of the unpaired electron in one of the 

p-phenylenediamine moieties, as evidenced by the five-line ESR spectrum with Aiso(N) = 16 

:MH.z recorded in the presence of TF A at room temperature (Figure 6.8). This effect can be 

explained by protonation of the unoxidized half of the molecule, making this unit a weaker 

electron donor. By heating the acidified sample, the nine-line pattem reappears. Apparently, 

the charge transfer is a thermally activated process. 

When 2 equiv of oxidant are added to 1, the lines in the room temperature spectrum 

broaden significantly, Jeaving one featureless transition. This broadening is ascribed to the 

presence of triplet-state diradicals, causing line broadening via efficient spin-spin relaxation. 
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Figure 6.8. ESR spectra. (top, left): Cation radical 1* in CH2Ch recorded at RT. (bottom, 

left) : Cation radicall* in CH2C/iTFA (99:1 vlv), recorded at RT. (right): Di(cation radical) 

JN+ in CH2C/iTFA (99:1 vlv), recorded at 1 JOK. The centralfine in the L1Ms =:ti spectrum 

is due tosome doublet impurity. Inset shows half-field signa! recorded at 4 K. 

The anisotropic spectnun of 1 oxidized with 2 equiv of Thi+CI04-, recorded in 

dichloromethane containing some TFA at 110 K, reveals the characteristic zero-field splitting 

associated with a high-spin state and a 11Ms = ±2 transition at half field. These ESR signals are 

attributed to the di( cation rad i cal) IN+ in a triplet state. The zero-field parameters (D = 110 

MHz; E ~ 0 MHz) have been determined by simulation ofthe 11Ms = ±1 transitions ofthe ESR 

spectrum. Assuming a point-dipole approximation for the zero-field splitting, D = 110 MHz 

corresponds to an average distance between the unpaired electrons of 8. 7 A. This is consistent 

with a separation of 9.8 A between the centers of the p-phenylenediamine moieties, as 

estimated from standard bond lengths, assuming a stretched planar geometry. In 

dichloromethane without TF A, the anisotropic spectnun reveals just one strong line at g = 2 

and no transition at half field. In other solvents like chloroform, acetonitrile, and THF no 

additional acid is needed to bring about the zero-field splitting and half-field signa!. 

Therefore, the unusual behavior in pure dichloromethane cannot simply be attributed to the 

absence of acidic protons and it is tentatively ascribed to conformational effects that may 

occur in a dichloromethane matrix. 

The ESR spectnun of 3* is obtained after oxidation of 3 with < 1 equiv of oxidant. 

The room temperature spectnun reveals a 1:2:3:2:1 five-line pattem (AisoCN) = 16 MHz), 

irrespective of the presence of acid. This pattem results from interaction with only two 

nitrogen atoms (Figure 6.9). Due to the inequiva1ence of the three p-phenylenediamine units, 

the singly oxidized hexa(amine) 3* does not display intramolecular electron transfer, as 
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observed for 1-+ . When more oxidant is added, the spectrum changes gradually into a nine­

line pattem (A;50{N) = 8 MHz) , which is reached just before 2 equiv are added (Figure 8). 

This pattem is caused by a diradical with a strong exchange interaction ( IJ I >> I A(N) I ), but 

weak dipolar spin-spin interaction between the unpaired electrons. Electrochemical studies 

indicated that in the di(cation radical) 3N+ the charges -and therefore also the unpaired 

electrons- are localized within the two outer p-phenylenediamine units as a result of 

electrostatic repulsion. The long distance will reduce the dipolar spin-spin interaction. 

Generally, when the exchange interaction is large as compared to the hyperfine coupling 

( IJ I » I A(N) I ), the ESR spectrum of the diradical exhibits a hyperfine pattem 

corresponding to twice the number of nuclei, with a coupling constant A(N)/2.28•29 The 

experimental nine-line spectrum with A;50(N) = 8 Jlv1Hz is in agreement with this description. 
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Figure 6.9. ESR spectra. (top, left): Cation radica/3-+ in CH2Cl2, recorded RT. (bottom, left): 

Di(cation radical) 3N+ in CH2Cl2, recorded at RT. (right): Tri(cation radical) _t·J+ in 

CH2C/iTFA (99: 1 v/v), recorded at 110 K. Jnset shows halffield signa/ recorded at 4 K. 

Oxidation beyoud the dicationic state causes broadening of the room temperature 

spectrum due to the presence of a high-spin species. In frozen solution, the anisotropic 

spectrum of the tri( cation radical) 3J•J+ is dominated by a strong transition at g = 2 

(Figure 6.9). Alongside of this line, broad shoulders are observed that are attributed to the 

tri( cation rad i cal) 3JoJ+ in a quartet state, and can be simulated using D = 77 MHz and E ~ 0 

MHz as zero-field parameters. According to the simulation, the quartet spectrum does oot 

completely account for the intense central transition. The 11Ms = ±2 transitïon of 33"3+ is 

significantly broader than the half-field signa! of the triplet state 12-2+. This is consistent with 

the expected zero-field splitting on the half-field signa) of a quartet state.30.32 The actual 
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D-splitting on the ö.Ms = ±2 transition, however, is obscured by the broad lines that result 

from hyperfme interaction with the nitrogen nuclei. A ö.Ms = ±3 transition could not be 

detected, not even at 4 K. This can be rationalized by the theoretica! ratio of the lö.Ms I = 1, 2, 

and 3 transitions which is 1 : (D!Bo)2 : (D!Bo)4.32•35 Due to the relatively small D value, the 

ö.Ms = ±3 transition signa! is extremely weak and not detected. 

In a dipolar approximation, the magnitude of D is proportional to d ·3, where d is the 

average distance between the unpaired electrons. In case of a triradical, the experimental D 

wil! be the average of the interactions between each pair of electrons. Assuming the di stance 

between the unpaired electrons in adjacent units of 33 ... to be similar to the di stance in 12-2+, it 

is possible to make an estimate for D(3N) ::::; [2 D(ll-2) + D(ll-2+) I 8] I 3 ::::; 78 MHz, which 

is in excellent agreement with the experimental value of 77 MHz. 

3315 3335 3355 

8/Gauss 

3375 3395 3280 3320 3360 3400 3440 
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Figure 6.10. ESR spectra. (lefl) : Branched oligomer 4, oxidized to a minimal extent in 

CH2Ch recorded at RT (right) : Tri(cation radical) ~·J+ in CH2Cl/TFA (99: 1 v/v), recorded 

at 4 K. Inset shows half-field signa/ recorded at 4 K. 

In contrast with oligomers 1 and 3, oxidation of 4 immediately leads to one broad ESR 

transition at room temperature, even when much less than 1 equiv of oxidant is used 

(Figure 6.10). This behavior does not change when TFA is added. Apparently, high-spin 

species are generated at a very low oxidation level. This is confirmed by the spectra recorded 

at low temperature. After addition of only 1 equiv of oxidant the spectrum reveals the five-line 

pattem of a quartet state, which, apart from an increasing intensity, does not change upon 

addition of more oxidant up to 3 equiv (Figure 6.1 0). In the g = 4 region a very broad flMs = 
±2 transition is detected, but again no signals could be observed in the ö.Ms = ±3 region. These 

signals are attributed to the tri( cation radical) 43"3+ in a quartet state. The observation of the 

quartet tri(cation radical) at low doping level can be explained by a disproportionation 
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equilibriwn that favors the tri(cation radical) over the mono(cation radical).36•37 The early 

decrease of the intensity of the intervalenee band in the optica! spectra recorded during the 

stepwise oxidation of 4 is in agreement with this explanation. Speetral simulation of the 

llMs = ±1 part ofthe ESR spectrum provides an estimate ofthe zero-field splitting parameters 

D = 68 MHz and E "" 0, suggesting an average distance of 10.5 A between the unpaired 

electrons. The increased average distance for 43"3+ as compared to 1 N+ and 33"3+ can be 

explained by the încreased e1ectrostatic repulsion resulting from the star-shaped topology of 
43•3+. 

6. 7 Determination of Ground States 

6.7.1 Variabie Temperature ESR Spectroscopy 

Variabie temperature ESR experiments were carried out between 4 and 1 00 K, in order 

to determine the ground states of the observed high-spin molecules. In this temperature range, 

the signa! intensity of both the llMs = ±I and llMs = ±2 transitions of 12-2+ follows Curie's law 

(/ = CIT), indicating that no popu1ation or depopulation of the triplet state occurs in this 

temperature region (Figure 6.11 ). This means that the energy gap from the triplet to the singlet 

state is either much larger or much smaller than the thermal energy in this temperature range 

( 4-1 00 K: L1Esr < 8 cal/mole or L1Esr > 200 callmole ). 38-4° In either case, the high-spin state 

corresponds to a low-energy state. 
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Figure 6.11. Temperature dependenee of the ESR signa/ intensity. (left): 11Ms = :1:1 (o) and 

t1Ms = :1:2 signa/ (•) of di( cation radical) JaN+. (right) : t1Ms = :1:1 signa/ (o) of tri( cation 

radical) 43"3+ and 11Ms = :1:2 signa/ (•) of tri(cation radical) 33"3+. Solid lines are least-square 

fits to Curie 's law. 
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For tri( cation radical) 33"3+, only the llMs = ±2 transition was monitored as a function 

of the temperature, because the central peak in the llMs = ± 1 spectrum interferes too much 

with the quartet signa] in this region. For tri( cation radical) 43"3+, on the other hand only the 

llMs = ±1 transitions were monitored, because the half-field signal was too weak to be 

measured accurately at temperatures above 10 K. Both quartet signals exhibit Curie behavior, 

consistent with a high-spin ground state. 

6.7.2 Magnetization Studies 

In addition to ESR measurements, preliminary rnagnetization studies were carried out 

to ga in insight into the ground state of the di( cation radical) 1 N+. Because this metbod is less 

sensitive than ESR, more concentrated samples ( [1 N+] :::; 1 mM) had to be prepared. A small 

excess ofThtCI04- was used in combination with TFA to generate the intermediate oxidation 

state. 

ESR measurements on these samples revealed a relatively large doublet 

contamination, which according to UV /visible/neariR spectroscopy was not due to mono- or 

tri( cation radical). Furthermore, the intensity of the doublet peak was higher when the sample 

was cooled down slowly. Because of its sensitivity towards cooling rate and concentration, 

this doublet peak is attributed to molecular aggregates in which part of the spins are canceled 

out, due to intermolecular antiferromagnetic interactions. This association behavior was 

suppressed by the addition of a large excess of camphorsulfonic acid in combination with fast 

cooling. Exchange of the trifluoroacetate anion for the much bulkier camphorsulfonate 

counter ion results in samples with significantly less doublet impurity. 
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Figure 6.11. Susceptibility of IN+ vs temperature, measured at 0.1 Tesla. Solid fine is 

least-squarefit to Curie-Weiss law, correctedfor the diamagnetic contribution. 
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Magnetic susceptibility measurements between 2 and 100 Kat 0.1 Tesla were carried 

out in a SQUID magnetometer.41 The experimental susceptibility data were fitted to the 

Curie-Weiss law with an additional diamagnetic contribution. From the fit a Weiss constant 

e = -1.5 K is obtained, indicating weak antiferromagnetic intermolecu lar interactions 

(Figure 6.11 ). Th is temperature dependenee is in agreement with the variabie temperature 

ESR experiments. 
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Figure 6.12. Normalized magnetization of zN+ vs the ratio of magnetic field and 

temperature, measured at 2.1 K. Lines re present Bril/ou in junelions for different spin states. 

The magnetization measurements were carried out at 2.1 K, varying the magnetic field 

between 0 and 5 Tesla. The plot of the normalized magnetization (MIMsat) vs the ratio of 

magnetic field and temperature (HIT) is consistent with a Brillouin function of a spin state of 

S = 1 (Figure 6.12). Because the exact spin content of the sample was unknown, no decisive 

answer can be given whether the triplet is the ground state, or degenerate with a singlet state. 

Therefore, additional quantitative measurements on 1 2-2+ are required. Measurements on 

tri( cation radical)s 33"3+ and 4N+ have not performed so far. 

6.8 Discussion 

One of the major ebaHenges in the field of organic ferromagnets is the design and 

preparation of open-shell .units that combine stability with the possibility to be incorporated in 

a chain or network proving the ferromagnetic interaction between the unpaired electrons. In 

this chapter it bas been demonstrated that it is possible to apply the concepts used in the area 

of (semi)conducting polymers to prepare high-spin molecules with intramolecular 

ferromagnetic coupling. Taking advantage of the opeo-shell character of the charge carriers in 
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conducting polyaniline, ferromagnetic spin alignment has been achieved in a series of 

oligomers, by simply changing the interconnection of the aniline units from an all-para to an 

altemating met a and para topology. 

The precursor oligo(m-p-aniline)s are accessible via a series of copper-catalyzed 

U11mann-type reactions. At room temperature, these compounds can be oxidized to the 

corresponding high-spin oligo( cation radical)s. The ferromagnetic spin-spin interaction 

between two adjacent singly oxidized p-phenylenediamine units is a consequence of the 

topology of the connecting meta phenylene rings. Delocalization of the unpaired electron 

within each p-phenylenediamine unit provides the desired chemica! stability. Reversible 

oxidation has been achieved electrochemically or chemically, using Thi+CI04- or PIFA in 

combination with TF A. 

Comparison with previously reported oligo(cation radical)s of aryl amines shows that 

the stability of the doped m-p-aniline oligomers is unprecedented. Papers conceming 

1 ,3,5-tris( diarylamino )-benzene derivative Sa, initially claimed a stabie quartet tri( cation 

radical) after oxidation.12 Recent studies, however, demonstrate that the observed species is a 

doublet radical cation of a benzidine-like structure, resulting from oxidative coupling at the 

para position of one of the outer phenyl rings.13•14 Introduetion of substituents at these 

positions as in compounds Sb and Sc affords more stabie cation radicals, especially if an 

electron-releasing methoxy group is used. Quartet state tri( cation rad i cal) Sc3"3+ has .actually 

been prepared, but its stability is still very limited; this species can only be kept at -80 oe for a 

few minutes. 14 Facile intramolecular coupling at the ortho positions, leading to carbazole-like 

products, is thought to be responsible for the observed instability of these cation 

radicals. 15•16•42 The same reaction probably accounts for the instability of cation radicals of 

meta aniline oligomers43 and the extremely low spin concentration (< 1 spin per 60 aniline 

units) observed for doped poly-m-anilines.44•45 

Sa R=H 
b R=I-Bu 
c R =OMe 

~~ta~p, V ::-..1 ::-.. 
n 

6 n = 1,2,3 

7aR= H 
b R = C12H2s 

ESR spectroscopy bas provided insight into the spin distri bution and the nature of the 

intramolecular spin-spin interaction of the various redox states of the oligo(m-p-aniline)s. 
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High-spin states have been observed for all aniline oligomers in the intermediate oxidation 

state, despite the extended delocalization within the p-phenylenediamine units. Due to this 

delocalization, the zero-field splitting parameterDis small compared to high-spin molecules 

with more localized unpaired electrons like carbenes and triarylmethyl radicals.46•48 However, 

no direct relation exists between the zero-field splitting and the exchange energy (121 1), which 

determines the actual energy difference between the high-spin and !ow-spin states. Variabie 

temperature ESR measurements on all high-spin m-p-aniline oligomers presented in this 

study, reveal Curie behavior between 4 K and 100 K, consistent with a high-spin ground state. 

The strength of the spin alignment probably results from the fact that most of the spin density 

is found at the two nitrogen atoms of each p-phenylenediamine unit, one of which is directly 

coupled with the m-phenylene linking moiety. Clearly, the p-phenylenediamine radical cation 

is a very suitable spin-carrying unit for high-spin systems, because it meets the required 

delicate balance between localization and delocalization of spin. 

6.9 Conclusion 

lt has been shown that a polaronic triplet di( cation radical) 12-2+ can he generated by 

oxidative doping of neutral precursors. Moreover, this triplet di( cation radical) structure can 

successfully be extended to higher spin multiplicities in one and two dimensions. The 

outstanding chemica! stability of the cationic oligoradicals and their intramolecular 

ferromagnetic spin-spin interaction, demonstrate the feasibility of the concept of altemating 

meta and para oligo(aniline)s as building blocks for future polaronic ferromagnetic polymers. 

6.10 Experimental Section 

6.1 0.1 General Methods 

For general procedures and equipment see Chapter 3. The electrochemical setup that 

has been used for cyclic voltammetry measurements has been described in Chapter 5, the 

electrospray mass spectrometer in Chapter 6. The UV /visible/neariR spectra were recorded on 

a Perkin Elmer Lambda 900 spectrophotometer with a sealed I 0 mm cuvette. 

6.1 0.2 Synthesis 

The syntheses of 4-iodo-N,N-diphenylaniline, 19 and N,N',N"-triphenyl-1 ,3,5-benzene­

triamine,49 have been carried out according to literature procedures. 
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N.N'-Bis[4-(diphenylamino)phenyl]-N,N'-diphenyl-1,3-benzenediamine 1. 

n-Butyllithium (1.0 mL 1.6M in hexane, 1.6 mmo!) was added slowly to a solution of 

N,N'-diphenyl-1,3-benzenediamine (0.18 g, 0.70 mmol) in diphenyl ether (15 mL) at room 

temperature. After stirring for 15 min 4-iodo-N,N-diphenylaniline (0.52 g, 1.40 rn.nlol) and 

copper(D iodide (13 mg, 0.07 mmo!) were added and the mixture was heated to 200 oe for 

48 h. After cooling, ethyl acetate (50 mL) was added and the reaction mixture was fittered 

over hyflo. The filtrate was wasbed with a saturated aqueous solution of ammonium chloride 

and dried over magnesium sulfate. Evaporation of the solvent, flash column chromatography 

of the residue (Si02, hexane/CHCh 3:1 - 2:1) and recrystallization from benzene afforded 

pure 1 (0.32 g, 61 %) as white crystals: mp 216-218 oe; 1H NMR (CDCh) o 6.68 (2H, dd, J= 

8.0 Hz and 2.0 Hz, HA-4), 6.86 (lH, t, J = 2.0 Hz, HA-2), 6.94-7.01 (l4H, m, H8 -4, Hc-2, 

Hc-3, H0 -4), 7.06-7.12 (13H, m, HA-5, Ha-2, Ho-2), 7.19 (12H, m, Ha-3, H0 -3); 13C NMR 

(CDCl)): o 117.43 (CA-4), 118.57 (CA-2), 122.40 (Ca-4, C0 -4), 123.69 (C8 -2), 123.77 (C0 -2), 

125.33 (Ce-3), 125.56 (Ce-2), 129.08 (Ca-3), 129.17 (C0-3), 129.65 (CA-5), 142.58 (Ce-l), 

142.96 (Ce-4), 147.57 (Ca-l), 147.87 (C0 -l), 148.60 (Cd). Anal Calcd for C54H12N4 : 

C, 86.83; H, 5.67; N, 7.50. Found: C, 86.76; H, 5.78; N, 7.66. ES-MS mlz ~) calcd 746.3, 

obsd 746.3. 

N-[4-(Diphenylamino )phenyl]-N,N'-diphenyl-1,3-benzenediamine 2. In a procedure 

similar to the synthesis of 1, N,N'-diphenyl-1,3-benzenediamine (0.78 g, 3.0 mmo!) was 

reacted with n-BuLi, 4-iodo-N,N-diphenylaniline (1.11 g, 3 mmo!) and copper(D iodide 

(0.04 g, 0.2 mmo!). Flash column chromatography (Si02, hexane/CHCh 3: I - 2: 1) afforded 1 

(0.29 g, 13%) and 2 (0.65 g, 43%) as a grey solid: mp 178 oe; 1H NMR (CDCb) o 5.6 (lH, b 

s, NH), 6.63 (lH, m, HA-6), 6.66 (lH, m, HA-4), 6.77 (lH, t, J= 2.1 Hz, HA-2}, 6.89 (lH, tt, J 

= 7.3 Hz and l.l Hz, Ha·-4), 6.9-7.0 (9H, m, Ha·-2, Hc-2, He-3, Ha-4, H0 -4), 7.05-7.15 (7H, 

m, HA-5, H8-2, H0 -2), 7.15-7.25 (8H, m, Ha-3, Ho-3, Ha·-3); 13C NMR (CDCb) o 111.58 

(CA-4), 112.67 (CA-2), 116.00 (CA-6), 117.61 (Ca·-2), 120.82 (C8·-4), 122.36 (C0 -4), 122.52 

(Ca-4), 123.69 (Co-2), 124.03 (Ca-2), 125.42 (Ce-3), 125.63 (Ce-2), 129.15 (Ca-3, C0 -3), 

129.22 (Ca·-3), 129.84 (CA-5), 142.73, 142.82, 142.89, 143.78 (CA-3, C8·-l, Ce-l, Ce-4), 

147.66 (Ca-l), 147.82 (Co-l), 148.96 (CA-l) . 

. N.N'-Bis{3-[N-(4-diphenylamino)phenyl-N-phenyl]aminophenyi}-N.N'-diphenyl-

1,4-benzenediamine 3. To a solution of 2 (0.46 g, 1.1 mmol) in diphenyl ether (10 mL), 

sodium hydride (0.05 g, 2 mmo!), 1,4-diiodobenzene (0.17 g, 0.5 mmo!), and copper(D iodide 

(20 mg, 0.1 mmo!) were added and the mixture was heated to 200 °C for 48 h. After cooling, 

ethyl acetate (50 mL) was added and the reaction mixture was filtered over hyflo. The filtate 

was wasbed with a saturated aqueous solution of ammonium chloride and dried over 

magnesium sulfate. Evaporation of the solvent and flash column chromatography (Si02, 
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hexane/CHCh 3:1- 2:1) afforded 3 (0.28g, 51 %) as a light grey solid: mp 234 oe; 1H NMR 

(CDC13) ö 6.61 (2H, dd, J= 8.0 Hz and 2.1 Hz, Hc-6), 6.65 (2H, dd, J= 8.0 Hz and 2.1 Hz, 

Hc-4), 6.85 (2H, t, J= 2.1 Hz, Hc-2), 6.9-7.0 (20H, m, HA, Hs-4, Ho-4, HE-2, HE-3, Hr-4), 

7.05-7.08 (18H, m, Hs-2, Hc-5, Ho-2, HF-2), 7.15-7.25 (l6H, m, Hs-3, Ho-3, Hr-3); 13C NMR 

(CDCI3) ö 117.41 (Cc-4, Cc-6), 118.53 (Cc-2), 122.36, 122.37 (C8 -4, C0 -4), 122.39 (CF-4), 

123.65, 123.68 (C8 -2, C0-2), 123.76 (Cr-2), 125.32 (CE-3), 125.51, 125.54 (CA-2, CE-2), 

129.07 (Cs-3, Co-3), 129.14 (CF-3), 129.67 (Cc-5), 142.57, 142.62 (CA-l, CE-l), 142.91 

(CE-4) 147.52, 147.54 (Cs-1, Co-l), 147.85 (Cr-1), 148.54, 148.57 (Cc-I, Cc-3). ES-MS m/z 

(hl'") calcd for C1sH6oN6 1080.5, obsd 1080.5. 

N,N' ,N"-Tris[ 4-( diphenylamino )phenyi]-N,N' ,N"-triphenyl-1 ,3,5-benzenetriamine 

4. Toa solution of N,N',N"-triphenyl-1,3,5-benzenetriamine (0.74 g, 2.0 mmol) in diphenyl 

ether (25 mL) sodium hydride (0.25 g, 10 mmol), 4-iodo-N,N-diphenylaniline (2.71 g, 

7.3 mmo1) and copper(I) iodide (0.12 g, 0.6 mmo!) were added and the mixture was heated to 

200 oe for 48 h. After cooling, ethyl acetate (50 mL) was added and the reaction mixture was 

fittered over hyflo. The fi1trate was washed with a saturated aqueous solution .of ammonium 

chloride and dried over magnesium sulfate. Evaporation of the solvent and flash column 

chromatography ofthe residue (Si02, hexane/CHCb 3:1 - 2:1) afforded pure 4 (0.80 g, 37%): 

mp 239 oe; 1H NMR (330K, CDCh): ö 6.36 (3H, b s, HA), 6.8-6.94 (21H, m, Ha-4, Hc-2, 

Hc-3, H0 -4), 6.95-7.05 (18H, m, Hs-2, Ho-2), 7.13 (6H, t, J= 7.5 Hz, Hs-3), 7.17 (12H, t, J= 

7.5 Hz, Ho-3); 13C NMR (330K, CDCI3): ö 112.79 (CA-2), 122.48 (Cs-4), 122.51 (Co-4), 

123.85 (Cs-2), 123.93 (Co-2), 125.34 (Cc-3}, 125.69 (Cc-2}, 129.00 (Cs-3), 129.19 (C0 -3), 

142.64 (Ce-l), 143.24 (Cc-4), 147.56 (Ca-1), 148.09 (Co-l), 149.28 (CA-l). ES-MS mlz (M'") 
ca1cd for C1sH6oN6 1080.5, obsd 1080.5. 
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Chapter 7 

Stabie High-Spin Cation Radicals of 
m-p-Aniline Oligomers by 

"Acid Doping" 

Abstract 

The formation of stabie cation radicais of aniline oiigomers (32-2+ and 53'3+) 

via a proton-triggered redox reaction between afully oxidized oligo(amine) 

and corresponding fu/ly reduced oligo(imine) is described In this reaction 

the amine is oxidized, whiie the protonated imine is reduced, both yieiding 

the same oligo(cation radicai). The cation radicals are characterized with 

UV/Visibie!NIR and ESR spectroscopy (32' 2+: D = 118 MHz; E:::: 0 MHz; 

53'3+: D = 73 MHz; E:::: 0 MHz). Variabie temperafure ESR measurements 

are consistent with high-spin ground states. The high stability under 

ambient conditions demonstrales that alternating meta and para aniline 

oligomers are interesting building biocks for future poiaronic ferromagnets. 

7.1 Introduetion 

In the previous chapter it was shown that poly(m-p-aniline) is a very promising 

candidate for a polaronic fermmagnet in which dopable segments are interlinked by 

ferromagnetic coupling units. Oxidation of oligomers to an interrnediate oxidation state in 

which one electron per two aniline units is removed, affords stabie high-spin oligo(cation 

radical)s, because the altemating sequence of meta and para connected anilines in the repeat 

unit, combines chemica! stability from the p-phenylenediamine units with ferromagnetic 

interaction via a m-phenylene ring. 1 

In contrast to the doping of other 7t-conjugated polymers, the preparation of 

conducting polyaniline from the emeraldine base involves a completely different type of 

process. This "acid doping" process is a proton-triggered intemal redox reaction.2-4 The 
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emeraldine base consists of an alternating sequence of fully oxidized p-benzoquinonediimine 

and fully reduced p-phenylenediamine Wlits, which are Iinked via p-phenylene rings. 

Protonation of the emeraldine base at the imine nitrogen atoms induces an internal redox 

reaction, in which one electron is transferred from each p-phenylenediamine to a 

p-benzoquinonediiminiurn unit. In the resulting conducting emeraldine salt, all aniline units 

have the same intermediate oxidation state and all nitrogen atoms are equivalent (Figure 7.1). 

This internal redox reaction exactly produces one Wlpaired electron per two aniline units. 

~ndUJ~ {a~~~t 
emeraldine base 

! 
- {a~ïû~J 

emeraldine salt 

Figure 7.1. Mechanism ofthe "acid doping" process ofthe emeraldine base ofpolyaniline to 

the conducting emeraldine salt. 

In principle, the same proton-induced spin unpairing can also be used to generate 

high-spin polyaniline. Totest this proposition, high-spin aniline oligomers have been prepared 

via a similar "acid doping" process. For this purpose, oligo(aniline)s in a fully reduced form 

(3, 5) and fully oxidized form ( 4, 6) have been synthesized. A 1:1 mixture of a fully reduced 

oligomer and corresponding fully oxidized oligomer, has the required overall oxidation state 

and by simply adding a drop of acid a redox reaction is initiated that produces the oligomer in 

the intermediate oxidation state as the single product. 

7.2 Synthesis 

Tetra(amine) 3 was synthesized starting from N-phenyl-1,4-benzenediamine (Scheme 

7.1). Diacetylation with acetic anhydride in acetic acid gave compound 1, and subsequent 

coupling with 1 ,3-dibromobenzene, using potassiurn carbonate and copper(l) iodide as a 

catalyst, afforded tetra(amide) 6. Finally, hydrolysis with sodiurn hydroxide in water/ethanol 
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led to compmmd 2 (Scheme 7.1 ). Oxidation of 3 with lead(IV) oxide in chloroform gave 

tetra(imine) 4 as a mixture of three cis-trans isomers. These isomers could not be separated 

because isomerization takes place during column chromatography. 

H 
I a Nn AcOAc 
I­

::,.,. NH2 AcOH 

4 

1 ,3-dibromo­
benzene 

~~;,)~ ~ 0 ~t~t~ 0 
V ~NHAc l!.._ANA)J V ~N~ 

ethoxyethyl Ác 2 Ac 
ether 

NaOH! H20/EtOH 

H H 
I I 

- ~N~NûNûND 
I I 

H J H 

Scheme 7.1. Synthesis oflinear oligomers 3 and 4. 

Hexa(amine) 5 was prepared by an iodine-catalyzed condensation reaction between 

phloroglucinol and N-phenyl-1,4-benzenediamine (Scheme 7.2). Oxidation to the hexa(imine) 

6 with lead(IV) oxide was carried out in dioxane. 

p/ 
dioxane 

5 

Scheme 7.2. Synthesis ofbranched oligomers 5 and 6. 
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7.3 Cyclic Voltammetry 

Cyclic voltammetry of compounds 3 and 5 was carried out in acetonitrile with 0.1 M 

TBAH, in the presence of 0.01 M perchloric acid, because it is well-known that the removal 

of two electroos from a p-phenylenediamine unit with secondary amines leads to 

deprotonation and irreversible oxidation processes. 5•6 In the presence of acid, deprotonation is 

suppressed and the voltammogram of tetra( amine) 3 reveals two broad reversible oxidations 

(Figure 7 .2). The peak-to-peak separations of 95 m V and 81 m V are significantly larger than 

59 mV. From the rather large peak-to-peak separation between the oxidation waves observed 

for compound 3 and comparison with the values reported for N,N'-diphenyl-1,4-benzene­

diamine (DPBD), we conclude that these waves each represent a two-electron process. 

Apparently, both p-phenylenediamine moieties are oxidized sirnultaneously under these 

conditions. 

2o IJÄI 

0.2 0.4 0.6 0.8 1.0 1.2 

E/V 

Figure 7.2. Cyclic voltammogram of aniline oligomers recorded at RT in CH2C/2! TBAH (0.1 

M) I HC/04 (0.01 M), scan rate 100 mV/s. (top) : Tetra(amine) 3. (bottom): Hexa(amine) 5. 

Potential vs SCE calibrated against Fe/Fe+ (0.43 V). 

Hexa(amine) 5 was measured at lower concentration because otherwise the 

voltammogram only reveals very broad uninformative oxidation/reduction waves. At lower 

concentration, only one oxidation wave is observed at a potential, which is comparable to the 

second oxidation wave of 3 (Figure 7.2). During the reversing scan, two waves are detected, 

but their currents are smaller than the current of the oxidation wave. Identical behavior is 

observed for successive scans. Because the oxidation wave is twice as large as either one of 

the reduction waves, we assume that the frrst wave, which is associated with the simultaneous 

oxidation of all three p-phenylendiamine units, is overlapping the second wave. A si mi lar shift 

of the first set of oxidation potentials has been observed for N-phenyl substituted 

oligo(aniline)s (see paragraph 6.3) and is ascribed to protonation. 
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7.4 UV/visible/neariR Spectroscopy 

Quantitative conversion of the amines to the different oxidation states has been 

achieved by chemica! oxidation with either thianthrenium perchlorate (Thi+CJ04-)7 or 

phenyliodine(Ill) bis(trifluoroacetate) (PIF A)8 in dichloromethane or acetonitri Ie with 10% 

(v/v) ofTFA added to the salution to stabilize the generated cation radicals. The reaction was 

monitored by UV /visible/neariR spectroscopy (Table 7.1 ). 

The optica! spectrum of 3 recorded in dichloromethane exhibits only one band at 

4.05 eV, very similar to the spectrum of DPDB (4.08 eV). In dichloromethane/TFA, the 

spectrum of3 displays two absarptien bands at 3.31 eV and 4.27 eV, whereas in acidic media 

the spectrum ofDPDB changes only with respect to the position ofthe single absarptien band, 

which is shifted to higher energy ( 4.31 e V). The fact that 3 is more sensitive towards acids is 

camparabie to the behavier of different N-phenyl aniline eligomers with respect to acid (see 

6.3). The shift of the absarptien to higher energy is ascribed to protonation, leading to 

quaternization of the amines, shortening the effective conjugation length. The absorption 

around 3.31 eV in the spectrum of 3 is tentatively attributed to an intramolecular 

electron-transfer. This explanation is in agreement with the absence of such a band in the 

corresponding spectrum ofDPDB. Acidification ofhexa(amine) 5 in dichloromethane affords 

two absorption bands at 3.00 and 3.92 eV, respectively. 

3.5 3.5 

3.0 3.0 

2.5 2.5 

2.0 2.0 

ei 
ö 1.5 1.5 

1.0 1.0 

0.5 0.5 

0.0 0.0 
2 3 4 2 3 4 

Energy /eV Energy /eV 

Figure 7.3. UV/visible/near!R spectra of the stepwise oxidation of 3 with PIFA in 

CH2Cl/TFA (9: I v/v) at 295 K. (left) : Oxidation of neutral 3 to the intermediale oxidation 

state 3N+. (right): Further oxidation to 3'3+. 9 

Oxidation of 3 in dichloromethane/TF A with PIF A results in cation bands at 1.67 and 

3.17 eV, and an isosbestic point at 3.90 eV (Figure 7.3). For 5, similar cation bands are found 

at 1.67 and 3.13 eV. The maximum absorbance corresponds to the interrnediate oxidation 
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states 3N+ and 5JoJ+, and is reached after addition of 2 and 3 equiv of oxidant for 3 and 5, 

respectively. Eventually, when more equivalents are added, the cation bands decrease and a 

new band at 2.31 eV (3) or 2.33 eV (5) emerges which is attributed to doubly oxidized 

p-phenylenediamine units. The oxidation potential of PIF A is not high enough to achieve 

complete conversion to the fully oxidized states 34+ and 56+.9 Ouring the oxidation processes, 

no absorption bands can be detected at low energy, which can be attributed to intervalenee 

transitions. 

Table 7.1. Speetral Data for the Oligo(amine)s, Oligo(imine)s, and Cation Radicals 

Neutral compound 

eV (nm) 

OPBD 4.08 (304t 

4.31 (288) b 

3 4.05 (306) 0 

5 

4 

3.31 (374); 4.27 (290t 

4.01 (309t 

3.00 (413); 3.92 (316)b 

2.74 (452); 4.05 (306) 0 

6 2.72 (456); 4.01 (309)0 

Intermediate oxidation state Fully oxidized state 

eV (ruri) eV (nm) 

DPBD* 1.78 (697); 3.25 (381) DPB02+ 2.30 (539) 

1.67 (743); 3.17 (391) 2.31 (537) 

1.67 (743); 3.13 (396) 56+c 2.33 (533) 

a In dichloromethane. b In dichloromethane/TFA 9:1 v/v. c Complete conversion is not 
achieved. 

7.5 "Acid Doping" 

In addition to chemica! oxidation, the intermediate oxidation states of the secondary 

oligo(amine)s, 3N+ and 53' 3+, can conveniently be obtained via an "acid doping" process. 

When equimolar amounts of oligo(amine) (3, 5) and corresponding oligo(imine) (4, 6) are 

dissolved in acetonitri Ie, no reaction occurs, as indicated by the UV /visible/neariR spectrum, 

which is a superposition of the absorptions of amine and imine. U pon addition of I% (v/v) of 

TF A, the spectrum changes completely; The initia! bands disappear and two new peaks 

emerge, identical to the absorptions of the intermediate oxidation state, 3N+ and 5JoJ+, 

obtained in the oxidative doping experiment. The mechanism is a proton-triggered redox 

reaction between the amine and corresponding imine (Scheme 7.3), similar to the acid doping 

process used for the preparation of conducting polyaniline from the emeraldine base. 
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4 

Scheme 7.3. "Acid doping" of a 1:1 mixture of oligo(amine) 3 and oligo(imine) 4 to the 

di(cation radical) 32-2+. 

In this process the amine is oxidized to the intermediate oxidation state by the 

protonated imine, while at the same time the protonated imine is reduced to exactly the same 

species. The spectra ofthe neutral oligo(amine)s can be retrieved when an excessof hydrazine 

monohydrate is added to the sample. Because the overall process then is reduction of the 

oligo(imine), a double intensity ofthe oligo(amine) absorption is found. 

2.5 

2.0 

1.5 

0 
0 1.0 

0.5 

2 3 
Energy I eV 

4 

Figure 7.4. UV/visible/near!R spectra of a 1:1 mixture of 3 and 4 in acetonitrile (·····~ and 

after the addition of 1% (vlv) ofTFA (-). 

7.6 ESR Spectroscopy 

The ESR spectrum of 3 ... is obtained after doping of 3 with < 1 equiv of PIF A in the 

presence of TF A, and exhibits a well-resolved complex pattem, dominated by hyperfme 

interaction with two 1~ nuclei and two amine protons (Figure 7.5). The isotropie couplings of 
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A;s0 (N) = 15 and A;s0 (H) = 18 MHzare in good agreement with values reported for the cation 

radical of DPBD.5 Interaction with only two nitrogen nuclei demonstrates that the unpaired 

electron is localized within half of the molecule, and that no fast charge transfer occurs on the 

ESR timescale. 

The di( cation radical) 3lo2+ is most conveniently prepared from the 1:1 mixture of 3 

and 4, by the "acid doping" process. The triplet ESR spectrum recorded at 110 K reveals 

zero-field splitting (D = 118 MHz; E <::; 0 MHz) and a llMs = ±2 transition at half-field (Figure 

7.5). Assuming a point-dipole approximation for the zero-field splitting, D = 118 MHz 

corresponds to an average distance between the unpaired electroos of 8.7 A. This is consistent 

with the separation of 9.8 A between the centers of the two p-phenylenediamine units, as 

estimated from standard bond lengths, assuming a stretched planar geometry. 

3330 3340 3350 

BI Gauss 

3360 3370 3280 3320 

1640 1680 1720 

3360 

BI Gauss 

3400 3440 

Figure 7.5. ESR spectra. (left): Cation radical 3-+ in CH2Cl/TFA (9:1 v/v) recorded at RT. 

(right): Di(cation radica/) 3N+ in CH2Cl/TFA (9:1 v/v) recorded at 110 K. The centralline 

in the L1Ms = :H spectrum is due to some doublet impurity. Inset shows half-field signa/ 

recorded at 4 K. 

For compound 5 a similar but less well-resolved room-temperature ESR spectrum is 

recorded for a partially oxidized sample. If > I equiv of oxidant is used, the anisotropic 

spectrum clearly displays zero-field splitting, and gradually changes from a combination of 

doublet and triplet to a combination of triplet and quartet signals. Eventually, after the 

actdition of 3 equiv, a five-line spectrum is obtained (D = 73 MH.z; E <::; 0 MHz), as well as a 

broad llMs = ±2 transition at half-field (Figure 7.6). 
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0 x2j'V 
_/ ~ 1640 1680 1720 

3315 3335 3355 3375 3395 3280 3320 3360 3400 3440 

8 I Gauss 8 I Gauss 

Figure 7.6. ESR spectra. (left) : Cation radical 5-+ in CH2CVTFA recorded at RT. (right): 

Tri(cation radical) 53"3+ in CH2CVTFA (99:1 v/v) recorded at 110 K. Jnset shows half-field 

signa/ recorded at 4 K. 

These signals are attributed to sJ•J+ in a quartet state. The !!.Ms = ±2 transition of sJ•J+ is 

significantly braader than the half-field signa! of the triplet state 3N+ due to zero-field 

splitting on the half-field signa! of a quartet state. The actual D-splitting on the !!.Ms = ±2 

transition, however, is obscured by the broad lines that result from hyperfme interaction. A 

!!.Ms = ±3 transition could not be detected, not even at 4 K. This can be rationalized by the 

theoretica! ratio ofthe I !!.Ms I= 1, 2, and 3 transitions which is I: (D!B0)2 : (D/B0) 4 •10- 13 Due 

to the relatively small D value, the !!.Ms = ±3 transition signa! is extremely weak and therefore 

not detected. 

The zero-field parameters suggest an average distance of 10.2 A between the unpaired 

electrons, consistent with an estimate of 9.8 A fora planar structure. The increased average 

distance for 5JoJ+ as compared to 3N+ has also been observed for the N-phenyl substituted 

derivatives, and can be explained by the increased electrastatic repulsion resulting from the 

star-shaped topology of sJ·J+. 

The "acid doping" of a 1:1 mixture of 5 and 6 also affords the quartet tri( cation 

radical) 53"3+ displaying identical ESR spectra. 

7.7 Determination of Ground States 

To assess the ground statesof 32"2+ and sJoJ+, Curie studies were performed between 4 

and I 00 K. The observed Curie behavior of both the !!.Ms = ± 1 and !!.Ms = ±2 transitions of 

tetra(amine) in the intermediate oxidation state 3N+, is consistent with a high-spin ground 

state, but the possibility of a ground-state degeneracy can not be excluded. 14- 16 
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The !l.Ms = ±2 transition of tri( cation radical) 53' 3+ was too weak to be monitored 

accurately at temperatures above 10 K. Therefore, only the temperature dependenee of the 

!l.Ms = ±l transition is presented. This thermal behavior also follows Curie's law, which is in 

good agreement with a high-spin quartet ground state. By quantitative magnetization 

measurements one can discriminate between a high-spin ground state and the possibility of a 

ground-state degeneracy. Therefore, these experiments eventually wilt have to be carried out, 

in order to obtain a decisive answer conceming the ground state of the high-spin aniline 

oligomers. 

20 

::i 
~ 15 

~ 
ëii 
c:::: 10 

~ 
1\:i 

c:::: 5 
Cl 
ü5 

0~~-,,-~-.--~.-~--.-~-.-

0.00 0.05 0.10 0.15 0.20 0.25 0.00 0.05 0.10 0.15 
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0.20 0.25 

Figure 7.7. Temperafure dependenee of the ESR signa/ intensity. (left): IJMs = :!:1 (•) and 

IJMs = :i:2 signa/ (o) of di(cation radical) JaN+ (right): IJMs = :ti transition of tri(cation 

radical) 53'3+. Solid /i nes are least-square fits to Curie 's law. 

7.8 Conclusion 

It is demonstrated that in addition to redox doping, acid doping can be used as a very 

convenient method to generate polaronic high-spin molecules. The remarkable chemica! 

stability of the oligo( cation radical)s, 3N+ and 53' 3+ confirms the feasibility of altemating met a 

and para oligo( aniline )s as building blocks for future polaronic ferromagnetic polymers. 

7.9 Experimental Section 

7.9.1 General Methods 

For general procedures and equipment see Chapter 3. The electrochemical setup that 

has been used for cyclic voltammetry measurements and the electraspray mass spectrometer 
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have been described in Chapter 5 and 6, respectively. The UV/visible/neariR spectra were 

recorded on a Perkin Elmer Lambda 900 spectrophotometer with a sealed l 0 mm cuvette. 

7.9.2 Synthesis 

N-Phenyi-N,N'-1,4-phenylenebis(acetamide) 1. Acetic anhydride (3 .8 mL, 40 mmo!) 

was added slowly to N-phenyl-1,4-benzenediamine (3.68 g, 20 mmo!) in acetic acid (20 mL). 

After the actdition was complete, the reaction mixture was heated to 70 oe for 2 h. The acetic 

acid was removed by distillation under reduced pressure. Column chromatography of the 

residue (Si02, EtOAc) and subsequent recrystallization from hexane/EtOAc ( l: I) provided 1 

(3.83 g, 87 %) as a white crystalline solid: mp 137 oe; 1H NMR (330 K, CDCi])17 o 2.09 (3H, 

s, CH3), 2.16 (3H, s, CH3), 7.18 (2H, d, J= 8.7 Hz, HA-2), 7.20-7.25 (3H, m, H8 -4, H8 -2), 

7.30 (lH, bs, N-H), 7.33 (2H, dd, J = 8.4 Hz and 6.9 Hz, Hs-3), 7.43 (2H, bd, J = 8.7 Hz, 

HA-3); 13C NMR (330K, CDCI3): o 23.45 (CH3), 23.86 (CH3), 120.80 (CA-3), 126.87 (C8 -4), 

127.23, 127.60 (CA-2, Cs-2), 129.19 (Cs-3), 137.41 (CA-4), 138.61 (CA-l), 143.15 (C8-l), 

168.73, 170.53 (CO). Anal. Calcd for C1Jf16N202: C, 71.62; H, 6.01; N, 10.44. Found: C, 

72.14; H, 5.94; N, 10.54. 

N,N'-Bis[4-(N-pbenyl)acetylaminophenyl]-1,3-phenylenebis(acetamide) 2. A mixture 

of diamide 1 (2.69 g, 10 mmol), 1,3-dibromobenzene (l.l8 g, 10 mmol), K2C03 (1.38 g, 

10 mmo1), and Cul (0.05 g, 0.25 mmo1) in ethoxyethyl ether (25 mL) was heated under reflux 

for 24 h. The hot reaction mixture was filtered over Hyflo and the residue was thoroughly 

extracted with EtOAc. The combined organic fractions were concentrated by vacuum 

distillation, and the crude product was purified by column chromatography (Si02, 

CHCh/MeOH 9:1) and additiona1 recrystallization from hexane/EtOAc, providing 2 (3.11 g, 

51 %) as a white solid: mp 160-165 °C; 18 1H NMR (330 K, CDCh): o 1.98 (6H, s, CH3), 1.99 

(6H, s, CH3), 7.06 (2H, d, J = 8.1 Hz, HA-4), 7.16 (4H, d, J = 8.8 Hz, Hc-2), 7.2-7.3 (12H, m, 

HA-2, HA-5, H8 -2, Hs-3, Hc-4), 7.35 (4H, t, J = 7.7 Hz, Hc-3); 13C NMR (330 K, CDCh): o 
23.74 (CH3), 125.46 (CA-4), 126.65 (CA-2), 127.44, 127.54, 127.87, 128.06 (Cs-2, Cs-3, 

Cc-2, Cc-4), 129.61 (Cc-3), 129.91 (CA-5), 140.72, 141.86 (Ca-l, Ca-4), 143.13 (Ce-l), 

143.83 (Cd), 170.ûl, 170.10 (CO). Anal. Calcd for C3oH26N4: C, 74.74; H, 5.61; N, 9.17. 

Found: C, 74.30; H, 4.89; N, 9.39. 
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N,N'-Bis[4-(pheoylamino )phenyl]-1,3-beozeoediamioe 3. A solution of tetra( amide) 

2 (1.22 g, 2 mmol) and sodium hydroxide (l.O g, 40 mmol) in EtOHIH20 (1 :1, 40 mL) was 

heated under reflux for 48 h. During the reaction the initially homogeneous solution 

underwent a liquid/liquid phase separation and eventually precipitation occured. After 

cooling, the precipitate was fittered off, wasbed with water, and dried under reduced pressure. 

Recrystallization from benzene gave pure 3 (0.73 g, 83 %) as a white crystalline solid: mp 

211 oe (dec); 1H NMR (CDCb): o 5.52 (2H, b s, NH), 5.56 (2H, b s, NH), 6.48 (2H, dd, J = 

8.0 and 2.2 Hz, HA-4), 6.59 (IH, t, J = 2.2 Hz, HA-2), 6.86 (2H, tt, J = 7.3 and 1.1 Hz, Hc-4), 

6.97 (4H, m, Hc-2), 7.05 (8H, s, Hs-2, Hs-3), 7.09 (lH, t, J = 8.0 Hz, HA-5), 7.23 (4H, m, 

Hc-3); 13C NMR (CDCb) o 103.75 (CA-2), 108.29 (CA-4), 116.45 (Cc-2), 120.15 (Cc-4), 

120.79, 121.33 (Cs-2, Cs-3), 129.34 (Cc-3), 130.19 (CA-5), 136.92, 137.25 (Cs-1 , C8-4), 

144.26 (Ce-l), 145.58 (CA-l); ES-MS mlz (M') calcd 442.2, obsd 442.4. Anal . Calcd for 

C3oH2~4 : C, 81.42; H, 5.92; N, 12.66. Found: C, 81.54; H, 5.85; N, 12.71. 

N,N'-Bis-[4-(pbenylimino)-cyclobexa-2,5-dienylidene]-1,3-benzenediamine (EE + 

EZ +ZZ) 4. To tetra(amine) 3 (110 mg, 0.025 mmol) in chloroform (5 mL) was added Pb02 

(0.6 g, 2.5 mmol). The mixture was stirred at room temperature for 15 min. The dark red 

solution was fittered over silica, and the solvent was removed from the filtrate by evaporation. 

The product (98 mg, 90 %) was isolated as a mixture of three cis-trans isomers ( 4a-c ). These 

isomers could not be separated by column chromatography due tofast isomerization: 1H NMR 

(CDCb) o 6.37, 6.41 , 6.46 ((0.2+0.5+0.3) H, 3 t, J = 1.9 Hz, HA-2a-c), 6.67 (0.4H, dd, J = 8.0 

and 1.9 Hz, HA-4a), 6.69, 6.70 (lH, 2 d, J = 8.0 Hz, HA-4b, HA-6b), 6.72 (0.6H, dd, J = 8.0 

and 1.9 Hz, HA-4c), 6.75- 7.15 (l2H, m, Hs-2, Hs-3, Hc-3), 7.20 (2H, m, Hc-4), 7.31- 7.43 

(9H, m, HA-5, Hc-2); 13C NMR (CDCb) 0 112.22 (CA-2), 117.09, 117.16, 117.19, 117.22 

(CA-4, CA-6), 120.49, 120.57 (Cc-2), 124.45, 124.49, 124.72, 125.07, 125.11, 125.40 

(syn-(Ca-2, Cs-3, Cs-5, Cs-6)), 125.20, 125.23 (Cc-4), 128.91, 128.95 (Cc-3), 129.53, 129.58, 

129.64 (CA-5), 136.26, 136.30, 136.77, 137.44, 137.48, 137.98 (anti-(Ca-2, Cs-3, C8-5, 

C8-6)), 149.92, 149.94 (Cc-I), 150.74, 150.77, 150.82 (CA-l, CA-3), 158.20, 158.22, 158.28, 

158.31 (C8-1 ), 158.67, 158.74 (Cs-4); ES-MS mlz (M +ft) calcd 439.2, obsd 439.4. 
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Stabie High-Spin Cation Radicals of m-p-Aniline 0/igomers by 'Acid Doping' 

N,N',N"-Tris(4-(pbenylamino)phenyl)-1,3,5-benzenetriamine 5. A mixture of 

phloroglucinol (0.25 g, 2 mmo!), N-phenyl-1,4-benzenediamine (1.47 g, 8 mmo!) and iodine 

(0.03 g, 0.12 mmo!) was stirred at 180 oe for 6 h. The water formed during the reaction was 

removed from the mixture by careful evacuation ofthe reaction vessel. After cooling the solid 

residue was suspended in MeOH/CHCh, using an ultrasonic bath. The grey solid was fittered 

off and wasbed thoroughly with CHCb and recrystallized from acetonitrile to give pure 5 

(0.98 g, 78 %) as a white crystalline solid: mp 210 oe; 1H NMR (acetone-~rö 6.27 (3H, s, 

HA), 6.74 (3H, tt, J = 7.3 Hz and 1.1 Hz, Hc-4), 6.99 (6H, dd, J = 7.5 Hz and 1.2 Hz, Hc-2), 

6.99 (3H, s, N-H), 7.08 (6H, d, J = 9.0 Hz, H8-2), 7.10 (3H, s, N-H), 7.12 (6H, d, J = 9.0 Hz, 

H8-3), 7.16 (6H, dd, 7.5 Hz and 7.3 Hz, He-3); 13C NMR (acetone-~) ö 96.3 (CA-2), 116.3 

(Ce-2), 119.6 (Ce-4), 121.2, 121.3 (Cs-2, Cs-3), 130.0 (Ce-3), 137.5, 138.7 (C8 -l, C8-4), 

144.3 (Ce-l), 147.6 (CA-l); ES-MS mlz (M} calcd 624.3, obsd 624.5. 

N ,N',N' '-Tris-(4-(phenylimino )-cyclohexa-2,5-d ieoylidene ]-1 ,3,5-benzenediamine 

(EEE + EEZ + EZZ + ZZZ) 6. To hexa(amine) 5 (110 mg, 0.025 mmo!) in dioxane (5mL) 

was added Pb02 (0.6 g, 2.5 mmo!). The mixture was stirred at room temperature for 30 min. 

The dark red solution was filtered over silica and the solvent was removed by evaporation. 

The product (98 mg, 90 %) was isolatedas a mixture of four cis-trans isomers (6a-d). These 

isomers could not be separated by column chromatography due tofast isomerization: 1H NMR 

(CDCh) ö 6.17, 6.20, 6.24, 6.27 ((0.12+0.34+0.39+0.15) 3H, 4 s, HA-2a-d), 6.75-7.10 (18H, 

m, H8-2, H8 -3, H8 -5, Hs-6, Hc-2), 7.17 (3H, m, He-4), 7.33-7.41 (6H, m, Hc-3); 13C NMR 

(CDCb) ö 108.72, 108.80 (CA-2, CA-4, CA-6), 120.49, 120.56 (Ce-2), 124.34, 124.39, 124.44, 

124.88, 124.98, 124.01, 125.05, 125.59 (syn(C8 -2, C8 -3, C8 -5, Cs-6)), 125.27, 125.32 (Ce-4), 

128.92, 128.94 (Ce-3), 136.05, 136.07, 136.11, 137.00, 137.21, 137.24, 137.28, 138.24 

(anti(Cs-2, Cs-3, Cs-5, Cs-6)), 149.86 (Ce-l), 151.38, 151.41, 151.45, 151.46, 151.51 (CA-l, 

CA-3, CA-5), 158.06, 158.08, 158.11, 158.14, 158.16, 158.19 (Cs-1), 158.92, 158.97(C8-4); 

ES-MS mlz (M +Hl calcd 619.3, obsd 619.3. 
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Chapter 7 
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Epilogue 

In this thesis, various phosphorus and nitrogen-centered radicals have been evaluated 

as spin-carrying unit in high-spin molecules. These studies reveal that it is indeed possible to 

construct such high-spin molecules, but it became clear that (in)stability of the spin-carrying 

unit is a very important issue. Phosphoryl and phosphinyl radicals can both be employed, but 

due to the difficult generation and chemica! instability, these phosphorus-centered radicals 

afford no distinct advantages over other organic radicals, commonly used for high-spin 

systems. Cation radicals of methylene phosphoranes can not only be generated more 

efficiently, but these open-shell rooieties are significantly more stabie as wel!. Finally, cation 

radicals of m-p-aniline oligomers are shown to be remarkably stable, and this is not at the 

expense of the spin coupling, because for all oligomers, high-spin states are obtained. lt is 

concluded that the singly oxidized p-phenylenediamine unit is a very suitable spin-carrying 

unit for the construction of high-spin systems, because it roeets a very delicate balance 

between localization and delocalization of spin. 

So, where to go from here? Wil! it be possible to make organic ferromagnetic 

materials, simply by making polymers instead of oligomers? One should realize that, in order 

to obtain bulk magnetic properties, spin coupling over a long distance in at least two, but 

preferably three dimensions is required. Therefore, extension of aniline oligomers to larger 

spin multiplicities is merely the next step. 

One problem that still needs to be solved, is the interruption of the spin coupling, that 

may occur due to structural defects or an improperly tuned oxidation state. Possibly, this 

problem can be solved by making networks, in which several spin-coupling pathways are 

possible, 1 or by the development of architectures in which the spin-carrying unit is no Jonger 

in the backbone ofthe polymer, but is present as a side group on a conjugated backbone.2 

Ultimately, if sufficiently high spin multiplicities can not be achieved via extension of 

the intramolecular spin coupling, intermolecular interactions between high-spin molecules 

have to be addressed as wel!. Recent studies have shown that it is indeed possible to gain 

control over the intermolecular spin coupling, by manipulation of the supramolecular 

arrangement. 3 

Rajca, A. Chem. Rev. 1994, 94, 871. 
2 Nishide, H.; Kaneko, T.; Toriu, S.; Kuzumaki, Y.; Tsuchida, E. Bull. Chem. Soc. Jpn. 1996, 69, 

499. 
3 Cerujeda, J.; Mas, M.; Molins, E.; Laufranc de Panthou, F. ; Laugier, J.; Park, J. G.; Paulsen , 

C.; Rey, P.; Povira, C.; Veciana, J. J. Chem. Soc., Chem. Commun. 1995, 709. 

125 



Summary 

In this thesis, the design, synthesis, and characterization of various novel high-spin 

molecules is described. High-spin molecules consist of organic radicals, which function as 

spin-carrying moieties, that are covalently Iinked via ferromagnetic coupling units, in such a 

way that the electron spins are aligned in a parallel fashion. The research described in this 

thesis focuses on the evaluation of various phosphorus and nitrogen-centered radicals as 

spin-carrying unit, in combination with a well-established ferromagnetic coupling unit, 

m-phenylene. 

A short introduetion into high-spin molecules is given in Chapter 1. Furthermore, the 

aims of research are formulated and a short description is given of the subjects treated in the 

following chapters. An elaborate survey of the field of high-spin molecules is presented in 

Chapter 2. The mechanisms goveming spin-spin interactions within, as wel! as between 

organic molecules are discussed and several examples of high-spin molecules, classified by 

the nature of their spin-carrying units, are evaluated. Furthermore, the techniques, commonly 

used to study such molecules are shortly addressed. 

Chapters 3 and 4 deal with phosphinyl and phosphoryl diradicals. Both species are 

prepared in a toluene matrix at cryogenic temperatures, via a photoinduced dissociative 

electron capture reaction from the corresponding bis(phosphonous chloride) and 

bis(phosphinic chloride), respectively. As a result of the m-phenylene coupling unit between 

the radical centers, parallel alignment of the electron spins is achieved, giving rise to a triplet 

state for both diradicals. V ariabie temperature ESR measurements reveal Curie behavior 

between 4 and I 00 K, which is consistent with a Jow-energy triplet state, that is either the 

ground state or part of a (near) degeneracy with a !ow-spin singlet state. These diradieals are 

the first examples of high-spin molecules, in which heavy-atom radicals are ferromagnetically 

coupled. Apparently, the reduced spin-coupling, which is anticipated for second-row atom 

based radicals, does not rule out ferromagnetic interactions, not even for phosphoryl radicals 

in which the pyramidal geometry and spin delocalization are expected to decrease spin 

coupling even further. Attempts to employ acylphosphine oxides as more efficient precursors 

for phosphoryl radicals were not successful. 

Di and tri( cation radical)s of methylene phosphoranes are the subject ofChapter 5. The 

preparation of these organic radicals by chemica! oxidation of the neutral precursor molecules 

is much more efficient than the in situ photochemical method, used for the generation of 

phosphinyl and phosphoryl radicals. Moreover, these oligo(cation radical)s are stabie in cold 

solution, which is also a marked improvement. ESR measurements on these species in frozen 

solution reveal high-spin triplet and quartet states for the di and tri( cation radical), 
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Summary 

respectively. Temperature dependent studies reveal Curie behavior for all high-spin states, 

consistent with a high-spin ground state, though strictly, (near) degeneracy with a !ow-spin 

state can not be excluded. Sterically crowded bis and tris(phosphines) have also been 

synthesized as precursors for oligo(cation radical)s, but no stabie open-shell species are 

obtained upon oxidation of the molecules. 

In Chapter 6, poly(m-p-aniline) is introduced as a potential polaronic ferromagnetic 

polymer. In a polaronic ferromagnetic material, unpaired electrans are introduced by redox 

doping of 1t-conjugated segments, camparabie to the well-established doping of conducting 

polymers. Spin alignrnent is achieved by Iinkage of these segments via ferromagnetic coupling 

units. Linear and branched N-phenylaniline oligomers, characterized by an alternating 

sequence of met a and para-connected aniline units, have been preparedas model compounds. 

Oxidation of these eligomers to an intermediate oxidation state -in which one electron is 

removed per two aniline units- affords cation radicals, which are stabie at arnbient 

temperature, as inferred from electrochemical measurements and UV /visible/neariR. studies. 

ESR studies in frozen salution reveal high-spin tripletand quartet states for di and tri(cation 

radical)s, respectively. Whereas the para connectivity provides effective delocalization of the 

unpaired electron, thus stahilizing the radicals, the meta connectivity affords the desired 

parallel spin alignrnent. The temperature dependenee of the ESR signals, attributed to the 

high-spinstatesis in accordance with Curie's law between 4 and 100 K, from which can be 

concluded that the low energy high-spin states are the ground state or (near) degenerate with a 

!ow-spin state. This is confirmed by magnetization studies, performed on one of the 

compounds. 

Similarly, cation radicals ofunsubstituted m-p-aniline oligomers, which are the subject 

of Chapter 7, also combine ferromagnetic spin alignrnent with a remarkable stability. 

Moreover, in actdition to oxidative doping, the intermediate oxidation state, which is needed 

for high-spin behavior, can very conveniently be reached via an "acid doping" process. A 

redox reaction between equimolar amounts of the fully reduced oligo(amine) and the 

corresponding fully oxidized oligo(imine) is triggered by the actdition of a smal! amount of a 

Bnmsted acid. In this process, the amines are oxidized to the desired intermediate oxidation 

state by the protonated imines, while at the same time, the protonated imines are reduced to 

exactly the same species. Variabie temperature ESR measurements are consistent with 

high-spin ground states. 

Finally, in the epilogue, the results are placed in a larger context and some of the 

prospects are briefly discussed. 
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Samenvatting 

Dit proefschrift beschrijft het ontwerp, de synthese en de karakterisereing van een 

aantal nieuwe high-spin moleculen. Deze moleculen zijn opgebouwd uit organische radicalen 

die fungeren als spincentra, die met elkaar verbonden zijn door een ferromagnetische 

koppelings-eenheid, waardoor de elektronspins gelijk gericht worden. Het in dit proefschrift 

beschreven onderzoek, richt zich met name op de evaluatie van verschillende fosfor- en 

stikstof-gecentreerde radicalen as spincentrum, in combinatie met een veelgebruikte 

ferromagnetische koppelingseenheid, m-fenyleen. 

In Hoofstuk l wordt een korte inleiding over high-spin moleculen gegeven. Bovendien 

worden de onderzoeksdoelen geformuleerd en wordt er een korte beschrijving gegeven van de 

onderwerpen van de volgende hoofdstukken. Hoofdtuk 2 is een overzicht over high-spin 

moleculen; de mechanismen die de spinkoppeling bepalen -zowel binnen een organisch 

molecule alsmede tussen verschillende moleculen- worden behandeld, en verscheidene high­

spin moleculen, ingedeeld naar spincentra worden besproken. Verder worden de technieken 

die het meest gebruikt worden om dergelijke moleculen te analyseren kort op een rij gezet. 

Hoofdstuk 3 en 4 gaan achtereenvolgens over fosfinyl- en fosforyldiradicalen. Beiden 

worden bij lage temperatuur in een tolueenmatrix gegenereerd, via een fotogemduceerde 

dissociatieve electron-capture reactie. De m-fenyleen koppelingseenheid tussen de spincentra 

heeft een parallelle oriëntatie van de elektronspins tot gevolg, wat resulteert in een triplet­

toestand voor beide diradicalen. Variabele-temeratuur ESR metingen geven Curie gedrag te 

zien. Dat is in overeenstemming met een triplet-grondtoestand, of met een triplet die (vrijwel) 

gedegenereerd is met een !ow-spin singulet-toestand. Deze diradiealen zijn de eerste 

voorbeelden van high-spin moleculen, waarin radicalen gecentreerd op een tweede-rij atoom 

ferromagnetisch zijn gekoppeld. De zwakkere spinkoppeling, verwacht voor een radicaal van 

een tweede-rij atoom, sluit ferromagnetische koppeling blijkbaar niet uit, zelfs niet in het 

geval van fosforyldiradicalen, waarvoor -vanwege de pyramidale geometrie en delocalisatie 

van spin- de spinkoppeling naar verwachting nog zwakker zal zijn. Pogingen om acylfosfine 

oxides te gebruiken als efficiëntere precursors voor fosforylradicalen zijn niet succesvol 

gebleken. 

Di- en triradicaalkationen van methyleenfosforanen worden besproken in Hoofdstuk 5. 

Het maken van deze organische radicalen door middel van chemische oxidatie is veel 

efficiënter dan de in situ fotochemische reacties, die gebruikt werden voor het maken van de 

fosfinyl- en fosforylradicalen. Bovendien zijn deze radicaalkationen stabiel in oplossing bij 

lagere temperatuur, wat ook een duidelijke verbetering is. ESR metingen, uitgevoerd aan 

bevroren oplossingen, wijzen op een triplet-toestand voor het diradicaalkation en een 
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kwartet-toestand voor het triradicaalkation. Temperatuurafhankelijke ESR metingen aan deze 

high-spin toestanden zijn in overeenstenuning met de wet van Curie, en een high-spin 

grondtoestand, al kan formeel de mogelijkheid niet worden uitgesloten dat high- en !ow-spin 

toestanden gedegenereerd zijn. Verder zijn ook bis- en trisfosfines gesynthetiseerd als 

precursors voor oligoradicaalkationen, maar oxidatie van deze verbindingen levert geen 

stabiele radicalen op. 

In Hoofdstuk 6 wordt poly(m-p-aniline) als potentieel polaronisch polymeer 

geïntroduceerd In een polaronische ferromagneet worden ongepaarde elektronen verkregen 

door het oxidatief of reduktief dopen van n-geconjugeerde segmenten, vergelijkbaar met het 

dopen van geleidende polymeren. ParaHele spins kwmen bereikt worden door het koppelen 

van deze gedoopte segmenten via ferromagnetische koppelingseenheden. Zowel lineaire als 

vertakte N-phenylaniline-oligomeren, gekerunerkt door een alternerende volgorde van meta en 

para gekoppelde aniline-eenheden, zijn gesynthetiseerd als modelverbindingen. Oxidatie tot 

een intermediaire oxidatietoestand -waarin één elektron is verwijderd per twee aniline­

eenheden- geeft radicaalkationen die stabiel zijn bij kamertemperatuur, zoals blijkt uit 

elektrochemische en UV/visible/neariR. metingen. ESR metingen aan bevroren oplossingen 

wijzen op een triplet-toestand voor het diradicaalkation en op een kwartet-toestand voor de 

triradicaalkationen. Het para koppelingspatroon maakt delocalisatie van het ongepaarde 

elektron mogelijk, waardoor de radicaalkation gestabiliseerd worden; het meta 

koppelingspatroon zorgt voor de gewenste parallelle spins. De temperatuurafhankelijkheid 

van de ESR signalen van de high-spin toestanden is in overeenstenuning met de wet van 

Curie, waaruit geconcludeerd kan worden, dat het grondtoestanden betreft, wellicht 

gedegenereerd met een !ow-spin toestand. Dit wordt bevestigd door magnetisatiemetingen aan 

een van de verbindingen. 

Ook radicaalkationen van ongesubstitueerde m-p-aniline-oligomeren (Hoofdsuk 7) 

combineren ferromagnetische spinkoppeling met een buitengewone stabiliteit. Daarnaast kan 

de intermediare oxidatietoestand, die vereist is voor ferromagnetische eigenschappen, door 

middel van "zure doping" verkregen worden. Een redoxreactie tussen equimolaire 

hoeveelheden van een volledig gereduceerd oligoamine en een volledig geoxideerd oligoimine 

wordt in gang gezet door het toevoegen van een kleine hoeveelheid van een Br011sted zuur. 

Tijdens deze reactie wordt het oligo(arnine) geoxideerd tot de gewenste intermediaire 

oxidatietoestand, door het geprotoneerde oligo(imine), wat op zijn beurt gereduceerd wordt tot 

precies het zelfde deeltje. Variabele-temperatuur ESR metingen aan deze structuren zijn in 

overeenstenuning met high-spin grondtoestanden. 

Tot slot, in de epiloog worden de resultaten in een grotere context bekeken en de 

toekomstperspectieven worden kort besproken. 
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Stellingen 

behorende bij het proefschrift 

"High-Spin Molecules ofPhosphorus and Nitrogen-Centered Radicals" 

van 

Martijn M. Wienk 

1. Door de spinconcentratie in polyradicalen op te geven in spins per gram, kan ten 

onrechte het idee gewekt worden dat er sprake zou kunnen zijn van intramoleculaire 

spin-koppeling in materialen met hooguit één spin per vijftig morromere eenheden. 

Yoshizawa, K.; Tanaka, K.; Yamabe,T.; Yamauchi, J. J Chem. Phys. 1992,96, 5516. 

2 Irreversibele oxidatie kan nooit een stabiel radicaalkation als primair product 

opleveren. 

Yoshizawa, K. ; Chano, A.; Ito, K.; Tanaka, K.; Yamabe,T; Fujita, H.; Yamauchi, J.; Shiro, M. JAm. 

Chem. Soc. 1992, 114, 5994. 

3. Het gebruik van de term "self assembly'', daar waar uiteenlopende fenomenen als 

kristallisatie, fasenscheiding en adsorptie bedoeld worden, is een verwerpelijk 

modeverschijnsel. 

Chen, T. -A.; Wu, X.; Rieke, R. D. J Am. Chem. Soc. 1995, 11 7, 233. 

Yang, Y.; Heeger, A. J. NaJure, 1994,372,344. 

Bain, C. D.; Whitesides, G. M. Angew. Chem., Adv. Mater. 1989, 101,522. 

4. Een functioneel molecule resulteert niet automatisch in een functioneel materiaal. 



5. Kleurenplaa~es in wetenschappelijke tijdschriften vallen niet aJleen op door de kleur, 

maar ook doordat tijdschriftenbundels op die pagina's makkelijker openvallen. 

J. Am. Chem. Soc. 1990 - heden 

6. Landen die economische vluchtelingen weigeren, zouden ook belastingvluchtelingen 

moeten weren. 

7. Het is opvallend dat "misdaden tegen de mensheid" altijd alleen door de uiteindelijke 

verliezers van een conflict gepleegd blijken te zijn. 

8. Met een groeiend aantal managers in een organisatie komen er steeds meer mensen die 

menen te weten hoe iets moet, en steeds minder mensen die weten hoe het moet. 

I 0. Bij het aannemen van impopulaire wetsvoorstellen, zoaJs het aanleggen van de HSL 

door het groene hart, zijn de initiële protesten van de regeringsfracties altijd opvallend 

luidruchtiger dan het uiteindelijke leidzame instemmen. 

11 . Arrogantie en macht vertonen kip/ei karakteristieken. Het is niet duidelijk wat 

oorzaak is en wat gevolg. 

12. Ondertiteling van buitenlandse programma's op televisie is niet alleen goed voor het 

leren van een vreemde taal, maar zaJ in toenemende mate van bel;mg zijn voor het 

ontwikkelen van de leesvaardigheid. 


