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Chapter 1
Ferromagnetic molecules

Abstract: An introduction on magnetic properties of organic molecules and materials is
presented, outlining strategies to achieve intra- and intermolecular ferromagnetic alignment
of electron spins. A brief overview is given on the present state of the art in organic and
polymeric high-spin molecules and ferromagnets to introduce the challenges for research in
this area.
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1.1 Introduction
Magnets have played an important role in civilization since the earliest time. Traditional
materials used for making magnets include iron and iron oxides. But scientists are also
interested in developing magnets from molecular materials whose constituent atoms are nonmetallic. Such metal-free magnets are desirable because they may have magnetic properties
associated with lightweight, solubility in organic solvents, or optical transparency, which
could make them useful in the development of new electronic devices. Although a handful of
metal-free magnets have been discovered to date, their magnetic properties occur only at low
temperature.

1.2 Magnetic behavior
The number of ordered arrangements of electron spins that can be observed in a solid is
fairly large and the family tree of magnetism has many branches. Five classes are of particular
interest to molecular magnetism. Most organic molecules have a closed-shell configuration in
which all electron spins are paired. Materials made from these molecules are diamagnetic and
have a negative magnetic susceptibility, i.e. they are repelled by an external magnetic field.

diamagnetism

ferromagnetism

paramagnetism

antiferromagnetism

ferrimagnetism

Figure 1.1. Schematic representation of different types of magnetic behavior.

Organic radicals, on the other hand, have an open-shell configuration and when strong
interactions between the electron spins of adjacent molecules are absent, the material is called
2
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paramagnetic and has a positive magnetic susceptibility, i.e. the material is attracted by an
external magnetic field. However, in absence of a magnetic field, the magnetic moments of
the radicals in a paramagnetic material are oriented randomly and they cancel out resulting in
a magnetic moment of zero. If interactions would be present in such a way that the electron
spins of the radicals align in the same direction, a ferromagnetic material is obtained. When
equal electron spins couple in an antiparallel fashion, the magnetizations of the spins cancel
and an antiferromagnetic material is obtained. When the individual magnetic moments are
different, a nonzero magnetic moment results, leading to ferrimagnetism. All magnetically
ordered materials lose their magnetic character above some critical temperature, the Curie
temperature TC. Below TC the magnetic moments of the electrons in the system display order.
To arrive at organic ferromagnetic materials the interactions between the electron spins
of a large number of radicals have to be controlled intra- and intermolecularly such that
parallel spin alignment is favored. Both concepts will be discussed in this chapter and
illustrated with examples from literature. A more extensive overview of this field can be
found in a number of excellent recent reviews1.

1.3 Intramolecular spin alignment
In a polyradical, the unpaired electrons are located in separate, almost degenerate, single
occupied non-bonding molecular orbitals (NBMOs). The ground state can be a low-spin or a
high-spin state. The energy gap between the low and high-spin states is given by the exchange
energy, 2J, and is positive for ferromagnetic interactions. According to the Heitler-London
model2, J = 2ES + K, the interaction can be divided in a negative antiferromagnetic
contribution (ES) and a positive ferromagnetic contribution (K). In order to have
ferromagnetic interactions, the antiferromagnetic contribution should be zero. When the
NBMOs have zero overlap (i.e. orthogonal, S = 0) the antiferromagnetic contribution equals
to zero. The exchange integral (K) is a quantum chemical electron-electron repulsion integral
and is always positive. The magnitude of K, however, depends on the repulsion of the two
electrons and is large when the two interacting electrons share the same atoms in the
molecule. This leads to the conclusion that a zero overlap integral does not necessarily
provide a strong stabilization of the parallel spin state but that at the same time the unpaired
electrons have to be in close proximity to interact with each other. This simple argument sets
the challenge of molecular ferromagnetism: Create molecular wave functions that have no
overlap integral but nevertheless span the same region of space.
3
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A class of compounds, which is known to have degenerate orbitals, is that of the nonKekulé molecules. These alternant hydrocarbons are fully conjugated, but contain at least two
non S-bonded atoms. Two simple methods can be used to predict the spin multiplicity of the
ground state of non-Kekulé molecules and they will be illustrated by using para- and metabenzoquinodimethane, 1 and 2.
•

•

•

•
1

2

S=0

S=1

Figure 1.2. Para and meta isomers of benzoquinodimethane.

The Longuet-Higgins3 model predicts that an alternating hydrocarbon contains x = (N2T) NBMOs in which N is the number of carbon atoms and T is the maximum number of
double bonds. Applying this simple rule to para-benzoquinodimethane (Figure 1.2), four
double bonds can be drawn, implying that there are zero NBMOs and, hence, the molecule is
in a singlet (S = 0) state. For meta- benzoquinodimethane, on the other hand, only three
double bonds can be drawn, resulting in two NBMOs, each occupied with one unpaired
electron. Taking Hund’s rule into consideration, which expresses a preference for parallel spin
alignment in degenerate molecular orbitals (MOs), a triplet (S = 1) ground state is expected.
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*
*

*

*

*
*

*
*

1

2

S=0

S=1

Figure 1.3. Predicting ground state multiplicity: model of Ovchinnikov on benzoquinodimethanes
(left), spin polarization (right).

According to Ovchinnikov4, the carbon atoms of an alternating hydrocarbon can be
starred (n*) and unstarred (n) in an alternating fashion and the spin state S is given by S = (n*n)/2 when n* > n. Applying this rule to meta- and para-benzoquinodimethane reveals that for
the meta-isomer an S = 1 (triplet state) and for the para-isomer an S = 0 (singlet state) is
expected (Figure 1.3).
4
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Another approach to predict the ground state multiplicity is the concept of spin
polarization. Large positive spin densities on atoms in conjugated systems induce small
negative spin densities on neighboring atoms. The spin polarization can be rationalized by
considering the molecular bond between two atoms in a conjugated molecule. Because the
quantum chemical exchange, which lowers the repulsion between two electrons, only operates
between electrons with the same spin quantum number, a parallel orientation of spins of the
electrons in the V- and S-orbital on the same atom is favored over an antiparallel orientation.
Because the spins of the two electrons in the V-orbital are aligned antiparallel, as dictated by
Pauli’s principle, an inversion of the sign of the electron spin occurs along a conjugated chain
(Figure 1.3).

1.4 Intermolecular spin alignment
To obtain a molecular material with bulk magnetization, intermolecular ferromagnetic
interactions have to be present. In this paragraph intermolecular interactions will be discussed.
The model of McConnell (McConnell Model I)5 predicts the spin-spin interactions between
stacked organic radicals. According to this theory exchange interactions between two
aromatic radicals can be ferromagnetic when the product of spin densities at two interacting
sites on different molecules is negative in sign. This prediction has been confirmed by ab
initio calculations on stacks of benzyl radicals6. In these calculations it was shown that only
ortho and para orientations result in ferromagnetic spin alignment (Figure 1.4).
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para, S = 1

Figure 1.4. Intermolecular ferromagnetic coupling.

The charge-transfer (CT) mechanism (McConnell Model II)7 for magnetic coupling
involves configurational mixing of charge-transfer states with the ground electronic state of
the molecule. This model has been used to explain the intrastack ferromagnetic coupling in

5
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the CT-complexes of Miller and coworkers8, but it was shown that this model is too simple
and several modifications have been proposed9,10,11.
Buckachenko12 suggests the co-crystallization of monoradicals with bi- or triradicals in
an alternating fashion. If the intermolecular spin coupling between the mono- and oligoradical
is antiferromagnetic, ferrimagnetism results.

1.5 Highlights from literature
The first molecular ferromagnet13, Fe(Cl)[S2CN(C2H5)2]2, was reported in 1972 and
showed ferromagnetic ordering at 2.43 K. In 1986, Miller8,14 and coworkers synthesized a
charge-transfer salt, 3, composed of a ferrocene derivative and tetracyanoethylene with a TC
of 4.8 K (Figure 1.5).
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Figure 1.5. Organic ferromagnets14-22.

The first metal-free organic magnet, D-nitronyl aminoxyl 4, which orders magnetically
at 0.65 K for the E and J crystalline phases was discovered by Awaga15 in 1989. This report
was followed by a similar system based on 1,2,3,5-tetraphenylverdazyl16 and it was shown
that this system behaves like a short-range ferromagnetic organic solid. In 1991, Wudl and
coworkers17 discovered an organic molecular ferromagnet, tetrakis(dimethylamino)ethylenefullerene[60] (TDAE-C60, 5) with a Curie temperature of 16.1 K. The origin of the
ferromagnetism in TDAE-C60 has been subject of various studies over the years18. Its
synthesis initially raised hopes that higher TCs would soon be possible using other donors, but
TDAE-C60 has remained the material with highest TC until 1998 when Mihailovic reported 3aminophenyl-methano-fullerene[60]-cobaltocene with a slightly higher TC of 19 K19. Rassat20
6
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reported another early example of an organic ferromagnet, 1,3,5,7-tetramethyl-2,6diazaadamantane N,N´-dioxyl 6 (TC = 1.48 K). In 6 the two electron spins align parallel
intramolecularly while the intermolecular interaction is also ferromagnetic and gives rise to
three-dimensional ferromagnetic order below the Curie temperature. The highest temperature
at which ordering of electron spins for an organic radical occurs, has been reported for the E
phase of the 1,2,3,5-dithiadiazolyl radical 721. Magnetization, heat capacity, and neutron
diffraction experiments provided evidence that this phase exhibits a transition from
paramagnetism to a magnetically ordered (weak ferromagnetic) phase at TC = 35.5 K. Under a
pressure of 16 kilobars this temperature increases to 65 K22.
While in the previous examples electron spin alignment is achieved principally via
intermolecular interactions, another approach to ferromagnetic molecular materials is the
creation of polyradicals with extensive intramolecular alignment of electrons spins. These
high-spin molecules have attracted considerable attention in recent years. Ever since bis(mphenylenecarbene), 8, was found to have a quintet ground state in 196723,24, triplet
diphenylcarbene units have served as source of electron spins in constructing high-spin
molecules (Figure 1.6).
••
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Br
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Figure 1.6. High-spin molecules based on carbenes23-28.
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A truly remarkable feature of these systems is the lack of defects. Polycarbenes can be
generated photochemically with high efficiency from their diazo precursors. Iwamura25 and
coworkers have prepared and characterized a large number of high-spin oligocarbenes, of
which nonacarbene 9 with a nonadecet (S = 9) ground state is the largest structure reported
today. The major drawback of these polycarbenes, however, is their highly transient nature.
The lifetime of triplet diphenylcarbene is estimated to be only 2 Ps in solution at room
temperature. Therefore, extending these systems to larger and branched systems suffers from
intramolecular reactions of the highly reactive carbene units, which lowers the spin
multiplicity of the resulting polyradical26. To improve the stability, polybrominated
diphenylcarbenes have been synthesized and they survived for minutes in solution and existed
for years in the crystalline state at room temperature27. The polybrominated tricarbene 10, is a
persistent septet (S = 3) ground state28.
In 1900 Moses Gomberg announced29 the discovery of triphenylmethyl, the first
moderately stable free radical. However, it was not until 1970 in which the Schlenk
hydrocarbon 11 (Figure 1.7) was established to have a triplet ground state30.
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Figure 1.7. High-spin molecules based on triarylmethyl radicals30-32.

Since then several research groups have focused on triarylmethyl radicals. The stability
of the triarylmethyl radicals is much higher than that of carbenes, but still limited, and at
8
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ambient temperature oligomerization takes place. The triphenylmethyl site in one radical is
linked with the para position in the benzene ring of the other radical. Therefore, steric
shielding of sites para to the triarylmethyl radicals should improve the stability.
Veciana31 and coworkers prepared a fully perchlorinated high-spin molecule 12.
Propeller stereoisomers could be isolated as solids and showed outstanding stabilities in air up
to 250 ºC. Despite the nonplanar conformation, ferromagnetic coupling is maintained in this
triradical and the high-spin state was shown to be the ground state.
Rajca and coworkers32 focused on branched and dendritic oligo(triarylmethyl) radicals.
The branched32a decaradical 13 (n = 3) possesses an S = 5 high-spin state. Magnetization
experiments on more extended dendritic oligo(triarylmethyl) radicals revealed, however, spin
multiplicities lower than expected from the total number of possible radical centers32b. The
main reason for this lower number is the detrimental effect of the presence of spin defects
because of the single ferromagnetic coupling pathway in these systems. To circumvent this
problem Rajca introduced a lattice in which the triarylmethyl radicals are linked to each other
via multiple pathways using a calix(4)arene33.
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Figure 1.8. High-spin calix(4)arene oligo(triarylmethyl) by Rajca33.
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Oligo(triarylmethyl) 14 revealed an S = 10 spin state, which indicates that 20 unpaired
electrons are ferromagnetically coupled (Figure 1.8). Until now 14 is the world record highspin molecule for a well-defined oligomeric species. Theoretically an S = 12 state could be
rationalized in this oligoradical.

1.6 High-spin polymers
In this paragraph, three different approaches towards high-spin polymers will be
discussed and these will be illustrated with examples from recent literature.

1.6.1 Substitution pattern
Because the concept of intramolecular spin alignment is well understood, the design and
synthesis of high-spin polymers can be approached in a rational fashion. A precise control
over the substitution pattern and positioning of spin carrying units (SCUs) is essential. A first
straightforward idea is to create a main chain polymer in which the SCUs and ferromagnetic
coupling units (FCUs) are coupled in an alternating fashion. Such configuration may
ultimately result in intramolecular alignment along the entire chain (Figure 1.9). A major
drawback of a purely linear system is that complete generation of radicals is mandatory to
ensure ferromagnetic coupling. Each spin defect will be detrimental for the spin multiplicity
to such an extent that even one ‘mistake’ may result in a singlet state. Of course chances for
defects increase with increasing complexity and length of the polymer chain.

FCU

FCU

FCU

FCU

FCU

FCU

FCU

Figure 1.9. Schematic representation of a linear chain (left) and closed-loop lattice (right).

A second, improved approach is the construction of a closed-loop lattice, in which the
SCUs are coupled to each other via multiple pathways. This literally circumvents the dramatic
consequences of spin defects because spin alignment can be maintained and will be reinforced
by multiple couplings (Figure 1.9).
10
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Figure 1.10. Pendant radicals on a S-conjugated backbone (left), substitution pattern (right).

A third approach deals with the use of a S-conjugated backbone with pendant radicals as
SCU. In these pendant polyradicals the substitution pattern of the S-conjugated backbone is
very important. As can be seen in Figure 1.10 from the starring and non-starring of the carbon
atoms along the chain a regioregular substitution pattern is needed to create ferromagnetic
spin alignment. Like in a closed-loop lattice, a spin defect is not necessarily detrimental for
achieving a high-spin state because ferromagnetic spin alignment can also take place via the
backbone between next-neighboring radicals. In this case the spin defect is simply ‘ignored’
and it is a promising strategy34.

1.6.2 Reports of high-spin organic polymers
Several research groups35,36 worldwide are actively investigating the arena of magnetic
polymers. The first report of a magnetic polymer was published in 1986 by Ovchinnikov37.
The thermal and photochemical treatment of paramagnetic diacetylene derivative 15 having
two aminoxyl radicals (Figure 1.11) yielded insoluble and black polymeric products. Some of
these samples showed ferromagnetic behavior and were attracted to a magnet even at room
temperature. The reported TC was 440 K, but several attempts to reproduce these data have
failed38.
Dougherty39 and coworkers synthesized a one-dimensional polaronic ferromagnetic
polymer 16, with a degree of polymerization of a7. At 58% spin concentration, S = 2.0 was
obtained, but antiferromagnetic interactions could not be controlled. Miura40 synthesized a
poly(1,3-phenylene)-based polyradical carrying N-tert-butylaminoxyl radicals 17. The degree
of polymerization was a18 and 17 was stable both in solution and in the solid state (Figure
1.11).
11
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Figure 1.11. High-spin polymers by Ovchinnikov 37 (15), Dougherty39 (16) and Miura40 (17).

Although the spin concentration was a0.8 per repeating unit, the polymer showed
antiferromagnetic intramolecular interactions. This was ascribed to a twisting of the aminoxyl
radicals from the plane of the S-conjugated main chain.
Nishide and coworkers41 focused mainly on regioregular poly(phenylenevinylene)s as
S-conjugated backbone with pendant radical groups (Figure 1.12). Polymer 18 was obtained
with a degree of polymerization of a16. The spin concentration was 0.54 per monomer unit
and S = 1 was obtained, indicative of partial intramolecular ferromagnetic coupling42.
Phenoxy radicals were used in combination with a 1,4- and a 1,2-phenylenevinylene
backbone43. The most promising results were obtained with poly(1,2-phenylenevinylene) 19,
which possessed an average S = 5/2 when 68% of the radicals were formed. Nishide et al.
extended this idea to a star-shaped homologue of polyradical 19, in which a 1,3,5trisubstituted benzene acts as central core44. The star-shaped polyradical (90 phenolic
moieties) exhibits a more effective interaction than the corresponding linear polyradical and
an average of S = 5 with a spin concentration of 0.4 was obtained. This polyradical gave a
disk-like image with both atomic and magnetic force microscopy and can bee seen as a
nanoscale and single-molecular-based magnetic dot45. Nishide and coworkers also considered
aminium radical SCUs and reported poly(aminium radical) 20 (DP = 12) in which electron
spins couple to an average quintet state46.
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Figure 1.12. High-spin polymers from Nishide41-46.

In a groundbreaking publication Rajca and coworkers47 described the preparation and
magnetic properties of an organic S-conjugated polymer 21 (Figure 1.13) with a high density
of cross-links and alternating connectivity of radical modules with unequal spin quantum
numbers (macrocyclic unit with S = 2 and crosslinking unit with S = 1/2) (Figure 1.9). This
connectivity permits large net S values for either ferromagnetic and antiferromagnetic
exchange coupling between the modules. As a result, a very large magnetic moment and
magnetic ordering at low temperature ( 10 K) was observed. Polymer 21 exhibits a maximal
spin multiplicity of S | 5000 at 3.5 K. This magnetic behavior is comparable to that of
insulating spin glasses and superparamagnets, and is presently the world record in high-spin
organic polymers.
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Figure 1.13. Rajca’s polymer with S | 500047.
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A research team led by Makarova48 recently reported on the discovery of spontaneous
magnetization in a pure carbon material of a C60 sample, which had been polymerized at hightemperatures and high-pressures. This polymeric C60 shows ferromagnetic behavior up to
surprisingly high temperatures near 500 K. The possibility that the novel effects are due to
impurities was eliminated up to reasonable limits by performing a series of control
experiments. However, basic questions on the exact origin of the magnetic moments remain
open and require further investigations.

1.7 Metal-ligand complexes
Ferromagnetism is a material property that cannot be associated with a single
molecule. Even with large three-dimensional hyperbranched high-spin polyradicals as
prepared by Rajca47, it is still necessary to magnetically couple these polyradicals. Presently
various examples of intermolecular magnetic coupling of unpaired electron systems have been
described. Especially, the coupling of paramagnetic transition metal ions via closed-shell
organic molecules has received considerable attention49.
Among the strategies that have been developed for designing ferromagnets involving
intermolecular coupling of organic spins, the metal-radical approach has led to promising
results. One long-known example is the coupling of two ketyl radical anions by alkali metals
into a triplet state50. More recently, the building of chains of alternating 3d spins of
paramagnetic transition metal ions and 2p spins of purely organic free radicals as ligands has
become one of the mainstreams to prepare ferro- or ferrimagnetic chains in one, two, and
three dimensions in the search for molecular magnetic materials. Two concepts will be
discussed in this paragraph.
The first concept deals with direct complexation of metal ions to stable organic radicals,
such as aminoxyls via an interaction of the metal with the single occupied molecular orbital.
This idea has been investigated in great detail by Gatteschi et al.51 (Figure 1.14). They were
able to prepare ferromagnetic one-dimensional chains from D-nitronyl aminoxyl (21) with
manganese(II)52, nickel(II) and cobalt(II) ions, and ferromagnetic chains with copper(II)53,
leading to low-temperature ferromagnets. The low transition temperatures in these materials
may be accounted for by the bulkiness of the ligands surrounding the metal ion and the
absence of exchange pathways between the chains. Two-dimensional honeycomb-like
architectures have been obtained by using bis-chelating D-nitronyl aminoxyl ligands, with
pendant imidazoyl (22) and benzimidazoyl (23), to give [Mn2(22)3X] and [Mn2(23)3X] with X
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= ClO4- or BPh4-

54

. In these compounds the saturation magnetization indicates

antiferromagnetic interactions of the metal and the aminoxyl in the layers. Onset of
spontaneous magnetization was observed at low temperatures.
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Figure 1.14. Metal-ligand complexes from Gatteschi and Rey 51-54.

Kahn and coworkers reported on the magnetic properties of a molecular-based magnet
that consists of two nearly perpendicular fully interlocked graphite-like networks55. These
compounds have three kinds of spin carriers: Mn(II) [or Co(II)] and Cu(II) ions,
antiferromagnetically coupled through oxamato bridges (24), and D-nitronyl aminoxyls (25)
bridging the Cu(II) ions. The organic radicals are methyl- and ethylpyridinium derivatives of
D-nitronyl aminoxyls, while o-phenylenebis(oxamate) is used as a ligand to create the 2D
honeycomb ferrimagnet (Figure 1.15). The complexes [(25)2Mn2(24)3] and [(25)2Co2(24)3]
(with R = ethyl) exhibit spontaneous magnetization below TC = 22.8 and 37.0 K, respectively.
The former is a soft ferromagnet and the latter a very hard ferromagnet.
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Figure 1.15. Metal-radical complexes investigated by Kahn55 and Iwamura56.

Iwamura56 prepared a complex of bis(hexafluoroacetylacetonato)manganese(II) with
bisaminoxyl 26 (Figure 1.15). The [Mn(hfac)2(26)] complex is a 1D ferrimagnetic chain
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consisting of ferro and antiferromagnetic couplings within the diradical and between the 2p
and 3d spins, respectively. In accordance, the saturation magnetization of [Mn(hfac)2(26)] is
as expected for S = 5/2-2/2 = 3/2. The spins of the 1D chain show a transition to a spin
ordered state at 5.5 K. Iwamura and coworkers57 extended this approach by using
trisaminoxyls (27-29) (Figure 1.16) in combination with [Mn(hfac)2] to create related 1D and
2D ferromagnetic chains. Complexes of 27, 28¸ and 29 with [Mn(hfac)2] gave similarly low
transition temperatures (TC = 3.4, 11, and 9.5 K, respectively) to a spin-ordered state as a
result of weak interchain magnetic interactions.
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N

N
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Figure 1.16. Trisaminoxyl ligands used by Iwamura to form Mn(II) complexes57.

In addition to the 1D ferromagnetic chain in [Mn(hfac)2(28)], a second complex of 28
with a different stoechiometry, [{Mn(hfac)2}3(28)2], could be prepared58. In this complex a
three-dimensional network is formed and a much higher TC of 46 K was observed because a
perfect 3D ferro-/ferrimagnet has been realized. The saturation magnetic moment of
[{Mn(hfac)2}3(28)2] corresponds to S = (3 u 5/2 - 2 u 3/2) = 9/2.
Veciana and co-workers59 evaluated the capability of metallocene bridges as new
organometallic magnetic couplers for diradicals consisting of two D-nitronyl aminoxyl
radicals connected by 1,1´-metallocene bridges. In these compounds an intramolecular
antiferromagnetic exchange interaction between the two radical subunits occurs as a result of
a small spin density on the metallocene and the presence of hydrogen bonds that cause a
direct through space magnetic interaction between the two radicals. A related diradical,
consisting of two polychlorinated triphenylmethyl radical units connected via a 1,1´metallocenylendivinylene bridge has been synthesized60. Here, a non-negligible spin density
on the metallocene results in a ferromagnetic coupling between the spins of the two radicals.
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The second approach towards heterospin systems, consisting of transition metal ions
and organic free radicals, is via chelating pyridines and bipyridines with pendant radical
groups. Ziessel and coworkers61 prepared pyridine bis(D-nitronyl aminoxyl)s 30. Throughbond interactions between the radicals were antiferromagnetic for 30a and ferromagnetic for
30b. For the 2,2´-bipyridine 6,6´-diradical 31 a weak through-space antiferromagnetic
interaction was found between the two neighboring radicals. While the free diradical 32 is
planar with an anti-conformation, this molecule forms tetradentate (N2O2) complexes with
transition metal ions in which it adopts a syn-conformation. Metal complexes of Ni(II),
Mn(II), Cu(II), and Co(II) with tetradentate ligand 31 have been prepared, which revealed for
the first time, large Ni(II)-aminoxyl ferromagnetic interactions62 (Figure 1.17). The complex
of Ni(II) with 31 and two ancillary ligands (water and perchlorate) occupying the trans axial
positions, exhibits a ferromagnetic coupling of Ni(II) with both radicals.
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Figure 1.17. Bis(D-nitronyl aminoxyl) by Ziessel and coworkers61.

Iwamura and Koga63 synthesized discrete complexes of N-tert-butyl-N-(m- and ppyridyl)aminoxyl radicals 32 with Cr(II), Mn(II), and Cu(II) in which the pyridyl nitrogen
atoms are coordinated to the metal ion (Figure 1.18). These studies revealed that the sign and
strength of the intramolecular exchange coupling between the magnetic metal ion and the
aminoxyl group in these complexes is not only governed by the meta or para position of the
aminoxyl radical with respect to the pyridyl nitrogen but also by the nature of the magnetic dorbital of the metal ions and the way they overlap with the S-orbitals of the ligand. In general
Mn(II), has magnetic d orbitals occupied by the unpaired electrons (dxy, dxz, dyz, dx2-y2, and dz2)
that can overlap with those of the ligand. On the other hand, Cu(II) in an octahedral ligand
field has one unpaired electron in the dx2-y2 that has V character and its complexes behave
differently from that of Mn(II). As a result, the exchange coupling of the metal spins with
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para-32 is antiferromagnetic in [Mn(hfac)2(p-32)2] and ferromagnetic in [Cu(hfac)2(p-32)2].
By changing the topology the sign of the exchange interaction between the radical center and
the metal ion is reversed as result of the spin-polarization mechanism and consequently
[Cu(hfac)2(m-32)2] has an antiferromagnetic exchange interaction.
Iwamura and coworkers extended the scope of magnetic interactions in metal-organic
radical complexes to carbenes. One-to-one chain polymer complexes64 of 33 with [Mn(hfac)2]
and [Cu(hfac)2] were synthesized and resulted in ferri- and ferromagnetic chains, respectively,
in consequence of the number of d electrons involved in the coordination complex. They also
extended this idea for Cu(II) to a branched system 34 to obtain a high-spin network65, with an
average S = 7. Replacing the pyridine ring by a bipyridine system gave similar results66,67.
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N
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Figure 1.18. Pyridine with free radicals by Iwamura, Koga et al. 63-67.

1.8 Trisubstituted aminium radicals
The choice of spin carrying unit is very important in constructing high-spin molecules.
With the eventual aim to apply molecular magnetism in actual devices, the organic radical
must be stable at ambient temperature, have a long lifetime, and be readily available via
preparative methods also allowing for easy modification. Carbenes and triarylmethyl radicals
have rather limited stabilities. The more stable aminoxyls, D-nitronyl aminoxyls, and verdazyl
radicals have drawbacks in terms of limited structural diversity and can only be used as a
pendant SCU but not be incorporated in a conjugated chain.
In this respect, triarylaminium radicals become increasingly popular because of their
fair stability and synthetic accessibility. Although the parent triphenylaminium radical is not
stable and quickly reacts via the para positions to form benzidines, the introduction of
(electron donating) para substitutents eliminates this problem. As an example, tris(4bromophenyl)aminium hexachloroantimonate(V) is a commercially available product.
Initial reports on triarylaminium radicals incorporated into high-spin molecules lacked
reproducibility68 or the compounds suffered from insufficient doping levels69, poor stability70,
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or were difficult to extend to larger systems71,72. Accordingly, radical cations of simple metaoligoanilines were found to be unstable73,74. However by using phenyl groups blocked at the
para positions with electron donating groups the stability could be increased75,76. In more
recent years, Martijn Wienk77 and Blackstock et al.78 showed independently that a particularly
attractive approach is the use of an alternating meta-para topology (Figure 1.19). In these
systems the spin carrying unit is a p-phenylenediamine radical cation, which is stabilized by
extended spin and charge delocalization of the two donating groups in a para configuration.
These systems combine stability with possibilities for extension.
Employing p-phenylenediamine radical cations, Wienk77 prepared linear and starshaped oligoanilines and N-phenyl-oligoanilines with an alternating meta-para topology that
exhibit a high-spin ground state after oxidative doping, combined with fair stabilities under
ambient conditions (35ab, 36ab, 37a). Blackstock78 used N-anisyl substitution (36d) to
achieve similar results. Later, Martin Struijk79 extended this idea to N-methyl-oligoanilines
(35c, 36ce, 37b) and the construction of N-methyl and N-phenyl substituted octaanilines
(38ab) incorporating four radical cations.
Since these developments, triarylaminium radicals have been used more often.
Blackstock80 reported the synthesis of 2,7-diaminonaphthalene diradical dications 39 (Figure
1.19), which were found to be solution-stable triplets as determined by electron spin
resonance (ESR). This showed that naphthalene, substituted at the correct positions, acts as a
ferromagnetic coupling unit. Magnetization measurements revealed that 39a and 39b are
singlet/triplet mixtures at 300 K with a triplet ground state for 39a and a nearly degenerated
singlet and triplet state for 39b. Blackstock81 also showed that s-triazine trisubstituted with pphenylenediamine radical cations yields long-lived quartet states as inferred from ESR.
Bushby82 and coworkers prepared biphenyl derivatives 40. Both diradicals gave triplet ESR
spectra, but for 40a at low temperatures (< 10 K) a spectrum typically for a doublet was
obtained, indicative of a thermally populated triplet state (Figure 1.19).

19

Chapter 1
R

R'

R
R

•+
R'

N
R"

N

•+
N

R

R

N

N

•+

R"

N

R"

R"

N

R

R

•+

•+

N

N

R

R

35a R = H
35b R = Ph
35c R = Me

N

R"

R

R'
R"
36a R = R' = R" = H
36b R = Ph, R' = R" = H
36c R = Me, R' = R" = H
36d R = Ph, R' = OMe, R" = H
36e R = Ph, R' = R" = OC12H25

R

R

R

N

N

N

•+

•+

•+

N
R

37a R = Ph
37b R = Me

N

N

R

R

R

R

R

R

N

N

N

N

•+

•+

•+

•+
N
R

N

N

N

R

R

R

38a R = Ph
38b R = Me
OMe
R

R

•+
N

•+
N

MeO

•+

•+

N

N

OMe
OMe

OMe
39a R = OMe
39b R = N(p-anisyl)2

OMe
40a 3,3'
40b 3,4'
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Blackstock83, Hartwig84 and Tanaka85 prepared cyclic structures in order to limit the
conformation freedom of the polyradical (Figure 1.20). Analyses on 41 and 42 showed that
the singlet state is the ground state with a small energy difference with the triplet state. The Nmethylazacyclophanes 43 (n = 1-6) described by Tanaka85 showed irreversible oxidation
behavior due to the localized nature of the radical cations.
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Figure 1.20. Cyclic arylaminium radical cations by Blackstock, Hartwig, and Tanaka 83-85.

1.9 Aim and scope of this thesis
The search for an organic material that exhibits bulk magnetic behavior and is stable at
room temperature under ambient conditions is a scientific challenge which requires full
control over chemical and electronic structure and morphology. The research described in this
thesis aims at preparing stable high-spin organic molecules that may serve to build such
molecular magnets. For this goal organic molecules, incorporating p-phenylenediamines, are
designed, synthesized, and characterized aiming at topological intramolecular ferromagnetic
coupling of electron spins after oxidation and at intermolecular ferromagnetic coupling by
means of liquid crystalline mesophases or metal complexation.
Chapter 2 describes the synthesis of S-conjugated oligo(phenylenevinylene)s and
oligo(phenyleneethynylene)s, bearing pendant radical groups, based on p-phenylenediamine
moieties, in a regioregular substitution pattern. These oligoradicals have been synthesized and
investigated with cyclic voltammetry, UV/Vis/near-IR spectroscopy, and electron spin
resonance to demonstrate that the unpaired electrons exhibit intramolecular ferromagnetic
interactions when the radicals are neighbors or next-nearest neighbors along the conjugated
chain.
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To create a magnetic organic material both intra- and intermolecular ferromagnetic
interactions have to be present. In Chapter 3 C3 symmetrical systems have been synthesized
based on oligomers of phenylenevinylenes and phenyleneethynylenes to see whether S-S
stacking might induce intermolecular magnetic interactions. These molecules show high-spin
behavior, but the nature of the ground state could not be determined without ambiguity. A
second approach is the use of C3 substituted triphenylenes as liquid crystalline materials to
induce magnetic order. A 2,6,10-trisubstituted triphenylene has been synthesized and showed
a liquid crystalline mesophase and high-spin behavior after oxidation, although explicit
evidence for a quartet ground state was not obtained.
Another approach to three-dimensional spin coupling is the use of metal complexation.
Chapter 4 described novel model systems that have been synthesized to investigate the
possibility of combining organic radicals and paramagnetic transition metals. In these models
p-phenylenediamine radical cations are attached to pyridine, bipyridine, and terpyridine as
chelating groups, which, in turn, are coordinated to paramagnetic copper(II). Electron spin
resonance revealed that some of these coordination complexes indeed show a magnetic
interaction between the copper and organic electron spin.
Finally, a homologous series of N-phenyl-p-oligoanilines (dimer to hexamer) was
synthesized and investigated as described in Chapter 5 to determine the electronic structure of
their singly and doubly oxidized states. The shorter oligomers reveal that an all-para topology
results in a quinoidal structure when two electrons are removed while in the longer oligomers
it is possible to create two unpaired electrons in doubly charged diradical configuration.
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Chapter 2
Synthesis and magnetic properties of S-conjugated
oligomers bearing pendant p-phenylenediamine radical
cations

Abstract: The intramolecular and long-range ferromagnetic coupling between pphenylenediamine radical cations in head-to-tail coupled oligo(1,4-phenyleneethynylene)s
and oligo(1,4-phenylenevinylene)s between neighbors and next-nearest neighbors is
described. UV/Vis/near-IR experiments show that the radical cations are localized in the
pendant p-phenylenediamine units of the conjugated oligomers. The ESR spectra of these
oligo(1,4-phenyleneethynylene) and oligo(1,4-phenylenevinylene) di(radical cation)s are in
agreement with those of a triplet state. A linear behavior is observed for the doubly integrated
ESR intensity of the 'Ms = r1 and 'Ms = r2 signals with the inverse temperature (I a 1/T),
consistent with Curie’s law. This behavior indicates a triplet ground state diradical with a
large triplet-singlet energy gap or possibly a degeneracy of singlet and triplet states. This
idea was extended to a thiophene based system.

Chapter 2

2.1 Introduction
Because of their unusual stability and convenient generation by one-electron oxidation,
arylaminium radicals have come to the attention of studies on magnetic organic materials1–4.
Especially the use of p-phenylenediamine units, oxidized to the corresponding radical cations,
allows for an advantageous combination of generation, stability, and ferromagnetic coupling
when the nitrogen atoms are used to link the radical centers2. Moreover, the synthesis of
arylamines has witnessed a tremendous progress in recent years using palladium-catalyzed C–
N coupling reactions as developed by Hartwig et al. and Buchwald et al.5 These
improvements have resulted in the preparation of several novel high-spin molecules6,7.
Employing an alternating meta-para topology of oligoanilines carrying hydrogen,
methyl, or phenyl substituents, Wienk and Struijk have been able to generate high-spin di-, tri, and tetra(radical cations) in linear and branched systems as model compounds for so-called
polaronic ferromagnets2,6. In these systems p-phenylenediamine radical cations serve as spin
carrying units, while the m-phenylene ring, which connects these spin units, ensures
ferromagnetic coupling. However, upon extension of these linear and branched
polyarylamines, a problem may arise when incomplete oxidation of the p-phenylenediamine
unit occurs, because such spin defects are detrimental for achieving a high spin state,
especially when the spin-carrying unit is part of the main coupling pathway.
FCU

FCU

FCU

FCU

FCU

incomplete doping

FCU

FCU

FCU

FCU

FCU

complete doping

FCU

FCU

FCU

FCU

FCU

Figure 2.1. Polaronic ferromagnets (FCU = ferromagnetic coupling unit).

To overcome this problem it is possible to use as a coupling unit a S-conjugated
backbone with pendant radical groups8-10. To ensure ferromagnetic coupling between the spin-
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bearing units of a pendant polyradical it is necessary to carefully control the topology of the
substitution pattern along the polymer chain in order to guarantee the in-phase periodicity of
spin polarization between adjacent radicals but also between non-adjacent radicals. The
advantage of such polymers is that they will be less sensitive to spin defects, because
ferromagnetic coupling between next-nearest neighbors is maintained via the S-conjugated
backbone (Figure 2.2). Indeed, Nishide et al.10a–c demonstrated that for 1,2- and 1,4phenylenevinylene-based diradicals there is intrachain spin-spin coupling between nextnearest neighbors.

ferromagnetic coupling unit
incomplete doping

ferromagnetic coupling unit
complete doping

ferromagnetic coupling unit

Figure 2.2. Pendant radicals on a S-conjugated backbone.
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phenyleneethynylene)s
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((OPE1)2xx2+

and

and

characterization

(OPE2)2xx2+),

of

novel

oligo(1,4-

oligo(1,4-phenylenevinylene)s

((OPV1)2xx2+ and (OPV2)2xx2+) and oligo(thienyleneethynylene) ((OTE1)2xx2+) carrying pendant
p-phenylenediamine radical cations in a regioregular substitution pattern are described. The
head-to-tail coupled oligomers OPE12xx2+ and OPV12xx2+ (n = 0) were designed to investigate
whether ferromagnetic coupling occurs between neighboring pendant p-phenylenediamine
radical cations attached to p-phenyleneethynylene and p-phenylenevinylene chains. This
topology would favor the in-phase periodicity of spin polarization at the nitrogen atoms
(Figure 2.3). The extended oligomers OPE22xx2+ and OPV22xx2+ (n = 1), in which the two
radical cations are connected by a S-conjugated chain that incorporates an additional spinless
monomeric unit, model pendant polyradicals in which spin-spin interaction can only occur
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between next-nearest neighbors. This idea was extended to a less sterically demanding
thiophene based system ( 19 and OTE1).
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n = 1, OPE2

N
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n = 1, OPV2
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N

S

S
S

19
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Figure 2.3. Investigated molecules.

2.2 Radical cations of linear OPEs and OPVs
2.2.1 Synthesis
For the preparation of OPE1 and OPE2 (Scheme 2.1), 2-bromoiodobenzene was
reacted with trimethylsilylacetylene to give 1-ethynyl-2-bromobenzene 1 after deprotection.
Reaction of 1 with either 3-bromoiodobenzene or 1,4-diiodobenzene yielded 2,3´-dibromodiphenylacetylene 4 and 2-bromo-4´-iododiphenylacetylene 3, respectively. Compound 3 was
then reacted with 3-bromo-1-ethynylbenzene 2 (synthesized in the same manner as 1), to yield
diacetylene 5. The desired model compounds OPE1 and OPE2 were obtained from 4 and 5
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by reaction with N,N´-dimethyl-N-phenyl-benzene-1,4-diamine6 using sodium tert-butoxide as
a base and tris(dibenzylideneacetone)dipalladium(0) (Pd2(dba)3, 1 mol%) and (–)-(R)-N,N´dimethyl-1-[(S)-2-(diphenylphosphino)ferrocenyl]ethylamine (DDPFA, 3 mol%) as the
catalyst5. Compounds OPE1 and OPE2 were isolated by column chromatography (SiO2;
dichloromethane-heptane, 1:1) in 53% and 65% yields, respectively.
Br
Br

Br
I

a

Br

I

b

I

1

c

Br

d
Br

Br

Br

Br

a

3

4

2

5
e

e

OPE1

OPE2

Scheme 2.1. Synthesis of model compounds OPE1 and OPE2. Reagents: a) i: trimethylsilylacetylene,
Pd(PPh3)2Cl2, CuI, Et3N, ii: TBAF, THF; b) 1,4-diiodobenzene, Pd(PPh3)2Cl2, CuI, Et3N; c) 3bromoiodobenzene, Pd(PPh3)2Cl2, CuI, Et3N; d) compound 2, Pd(PPh3)2Cl2, CuI, Et3N; e) Pd2(dba)3,
DDPFA, NaOtBu, N,N´-dimethyl-N-phenyl-benzene-1,4-diamine .

Tetraamines OPV1 and OPV2 were synthesized as shown in Scheme 2.2. 2Bromobenzaldehyde was reacted with (3-bromobenzyl)triphenylphosphonium bromide 6 to
give cis/trans 1-(2-bromophenyl)-2-(3-bromophenyl)ethene, which was refluxed in toluene in
the presence of iodine to obtain exclusively the trans isomer 8. (2-Bromobenzyl)triphenylphosphonium bromide 7 was reacted with terephthalicaldehyde to give 1-(2-bromophenyl)-2(4-formylphenyl)ethene

9,

which

was

subsequently

reacted

with

(3-

bromobenzyl)triphenylphosphonium bromide 6 to give cis/trans dibromide, which was
transformed into all trans 10 by heating in toluene in the presence of a catalytic amount of
iodine. Dibromides 8 and 10 were reacted with N,N´-dimethyl-N-phenyl-benzene-1,4diamine6 using the Pd2(dba)3/DDPFA catalyst system as described for OPE1 and OPE2, to
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provide OPV1 and OPV2 in 67% and 38% yields, respectively after isolation by column
chromatography (SiO2; dichloromethane-heptane, 1:1).
OPV1
Br

Br

d

Br

Br

a

Br

+

+
PPh3

O

6

8

Br

Br

Br
+
+
PPh3

O

b
O

O

9

7

c
Br

Br

10
d

OPV2

Scheme 2.2. a) i: n-BuLi, ii: I2; b) n-BuLi; c) i: n-BuLi, compound 6, ii: I2; d) Pd2(dba)3, DDPFA,
NaOtBu, N,N´-dimethyl-N-phenyl-benzene-1,4-diamine.

2.2.2 Redox properties
Electrochemical studies were carried out in dichloromethane with 0.1 M
tetrabutylammonium

hexafluorophosphate

as

supporting

electrolyte.

The

cyclic

voltammograms of OPE1 and OPE2 show two chemically reversible oxidation waves at E01
and E02 (Figure 2.4, Table 2.1). The close correspondence of the oxidation potentials of OPE1
and OPE2 with those of N,N´-dimethyl-N,N´-diphenyl-benzene-1,4-diamine (11) implies that
at E01 radical cations of the pendant p-phenylenediamine groups are generated and, hence, at
this potential radical cations and di(radical cation)s of OPE1 and OPE2 are formed. Likewise,
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E02 is associated with the formation of the corresponding spinless p-phenylenediamine
dications, and thus the formation of trications and tetracations of OPE1 and OPE2. Therefore,
each of the oxidation waves shown in Figure 2.4 corresponds to a two-electron oxidation
process and oxidation of the p-phenylenediamine units occurs, rather than of the conjugated
backbone. For OPE1 the first oxidation wave is somewhat broader than for OPE2 and careful
inspection suggests the presence of two consecutive one-electron transfers with very slightly
different oxidation potentials (Table 2.1). The increased distance between the two pphenylenediamine units of OPE2 in comparison with OPE1 explains the slightly different
behavior. The difference between the cathodic and anodic wave is a170 mV for OPE1 and
a130 mV for OPE2. Measuring at different scan speeds (v = 25, 50, 100, and 200 mV s-1)
shows a linear behavior for the current versus v1/2 which indicates a reversible process. The
cyclic voltammograms of OPV1 and OPV2 (Figure 2.4) show very similar results and are
likewise identified with the generation of pendant p-phenylenediamine radical cations in the
first wave and the corresponding pendant dications in the second wave.
100
50

I (PA)

I (PA)

50

0

-50

0

-50
0.0

0.5

1.0

1.5

0.0

E (V)

0.5

1.0
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Figure 2.4. Cyclic voltammograms of OPE1 (left, solid line), OPE2 (left, dashed line), OPV1 (right,
solid line) and OPV2 (right, dashed line), determined in CH2Cl2/Bu4+NPF6- (0.1 mol dm-3) at 295 K,
scan rate 100 mV s-1, potential vs. SCE calibrated using Fc/Fc+.

For OPV2 there is an additional shoulder in the voltammogram at 0.93 V, which is
tentatively ascribed to the oxidation of the oligo(p-phenylenevinylene) backbone. The
cathodic and anodic wave are separated by 160 mV for OPV1 and a60 mV for OPV2. Also
for OPV1 and OPV2 a linear behavior of current versus v1/2 was observed. The large peak to
peak difference between the two oxidation waves allows for selective oxidation of compounds
OPE1, OPE2, OPV1 and OPV2 to the di(radical cation)s.
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Table 2.1. Oxidation potentials of model compound OPE1, OPE2, OPV1, OPV2 and 11.

E01 (V)

E02 (V)

OPE1

0.42; 0.45

1.02

OPE2

0.42

1.01

OPV1

0.49

1.07

OPV2

0.44

1.05

0.42

1.02

11
+

-

-3

Determined in CH2Cl2/Bu4 NPF6 (0.1 mol dm ) at 295 K, scan rate 100 mV s-1, potential vs. SCE
calibrated using Fc/Fc+. (11) = N,N´-dimethyl-N,N´-diphenyl-benzene-1,4-diamine.

2.2.3 UV/Vis/near-IR absorption spectroscopy
Quantitative conversion of the tetraamines to the different oxidation states has been
achieved by chemical oxidation using thianthrenium perchlorate11 and the reactions can be
monitored with UV/Vis/near-IR absorption spectroscopy.
The electronic absorption spectrum of neutral OPE1 shows two bands at 4.12 and 4.32
eV (Figure 2.5). Stepwise oxidation of OPE1 with thianthrenium perchlorate in
dichloromethane results in the gradual appearance in the spectrum of two new bands at 2.01
and 3.48 eV, associated with the formation of pendant p-phenylenediamine radical cations
while the bands at 4.12 and 4.32 eV decrease. The new absorption bands are associated with
both the radical cations OPE1x+ and di(radical cation)s OPE12xx2+ of the parent oligomer
OPE1. After addition of 2 equiv, the bands at 2.01 and 3.48 eV reached their maximum
intensity, demonstrating the near quantitative formation of the di(radical cation)s OPE12xx2+ in
which each p-phenylenediamine unit carries an unpaired electron. Further oxidation by
addition of more than 2 equiv of thianthrenium perchlorate results in a new absorption band at
2.71 eV of doubly oxidized p-phenylenediamine units, i.e. trications OPE1x3+ and tetracations
OPE14+, and a simultaneous loss of the radical cation bands of OPE12xx2+ at 2.01 and 3.48 eV
(Figure 2.6).
As a result of the increased length of the S-conjugated oligomer, the absorption
maximum of neutral OPE2 at 3.91 eV appears at lower energy than that of OPE1 (Figure
2.5).
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Figure 2.5. Normalized absorption spectra of neutral oligomers OPE1 (solid line), OPE2 (dashed
line), OPV1 (dotted line) and OPV2 (dot-dashed line) recorded in dichloromethane at 295 K.

Similar to OPE1, oxidation of OPE2 results in a loss of the neutral absorption
maximum and the concomitant increase of two electronic absorptions at 2.00 and 3.50 eV,
associated with radical cations OPE2x+ and di(radical cation)s OPE22xx2+.
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Figure 2.6. UV/Vis/near-IR spectra of OPE1 oxidized stepwise to OPE12xx2+ (left). The dotted line is
the absorption of neutral OPE1; the dashed line of OPE14+; UV/Vis/near-IR spectra of OPE2
oxidized stepwise to OPE22xx2+ (right). The dotted line is the absorption of neutral OPE2; the dashed
line of OPE24+.

Upon further oxidation these bands decrease again and are replaced by a new electronic
absorption at 2.76 eV, associated with the formation of trications OPE2x3+ and tetracations
OPE24+ (Figure 2.6). Addition of hydrazine to oxidized OPE14+ and OPE24+ resulted in the
recovery of the neutral absorption spectra of OPE1 and OPE2 indicative of a reversible
process.
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The absorption maximum of neutral OPV1 at 4.07 eV is at lower energy than the
absorption of neutral OPE1 (Figure 2.5). In a similar fashion as for OPE1 and OPE2,
stepwise oxidation of OPV1 with thianthrenium perchlorate results in two new absorption
bands in the spectrum at 2.02 and 3.41 eV, indicative of the formation of the radical cations
OPV1x+ and di(radical cations) OPV12xx2+ (Figure 2.7). These bands reach a maximum
intensity after addition of exactly 2 equiv and then decrease with further oxidation to make
place for a new band at 2.70 eV of trications OPV1x3+ and tetracations OPV14+. Compared to
OPV1, the absorption bands of neutral OPV2 at 3.56 and 3.90 eV are shifted to lower energy
because of the extended S-conjugation (Figure 2.5). Compared to OPE1 and OPE2 there is a
larger shift to lower energy in going from OPV1 to OPV2, indicating a more pronounced
increase of conjugation length with size for the vinylene oligomers. Upon oxidation of OPV2,
two absorption bands appear at 2.02 eV and 3.51 eV and the neutral bands are decreasing,
which can be ascribed to formation of p-phenylenediamine radical cations OPV2x+ and
OPV22xx2+ (Figure 2.7).
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Figure 2.7. UV/Vis/near-IR spectra of OPV1 oxidized stepwise to OPV12xx2+ (left). The dotted line is
the absorption of neutral OPV1; the dashed line of OPV14+; UV/Vis/near-IR spectra of OPV2
oxidized stepwise to OPV22xx2+ (right). The dotted line is the absorption of neutral OPV2; the dashed
line of OPV24+.

Addition of more than 2 equiv of thianthrenium perchlorate to OPV2 gives rise to a new
absorption band at 2.70 eV of OPV2x3+ and OPV24+ as in the case of OPV1 (Figure 2.7). As
in the case of OPE1 and OPE2, addition of hydrazine to the oxidized species resulted in the
recovery of the neutral absorption spectra of OPV1 and OPV2.
These chemical oxidation experiments show that for all four compounds it is possible to
carefully tune the oxidation level by addition of thianthrenium perchlorate as the oxidizing
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agent. In this way it is possible to selectively achieve a state in which both pphenylenediamine units of OPE1, OPE2, OPV1 and OPV2 are oxidized to the cation radical.
The close resemblance of the electronic spectra of OPE12xx2+, OPE22xx2+, OPV12xx2+, and
OPV22xx2+ demonstrates the localized nature of the radical cation in the p-phenylenediamine
unit.

2.2.4 ESR spectroscopy
The ESR spectrum of OPE12xx2+ recorded at 4 K shows a broad signal with a width of
a37.5 Gauss in the 'Ms = r1 region and a 'Ms = r2 transition at half field, characteristic of a
triplet state (Figure 2.8). The ESR spectrum of OPE22xx2+ recorded under similar conditions
gives a much narrower signal, with a width of ~23.5 Gauss, but also shows a 'Ms = r2
transition associated with a triplet state (Figure 2.8). Despite the lack of fine structure in the
'Ms = r1 region of OPE12xx2+ and OPE22xx2+ it is possible to estimate the zero-field parameters
D and E by spectral simulation. For the simulation we first measured the ESR spectrum of the
N,N´-dimethyl-N,N´-diphenyl-1,4-benzene diamine radical cation 11x+ was recorded under the
same conditions to obtain the intrinsic line width (~20 Gauss) of the pendant radicals. Using
this line width it is then possible to simulate the ESR spectrum of the triplet states of
OPE12xx2+ and OPE22xx2+. We find that the ESR spectrum of OPE12xx2+ is consistent with D =
70r5 MHz and E | 0 MHz, while for OPE22xx2+ D d 30 MHz and E | 0 MHz. Given that only
a single peak is observed in the ESR spectra, it must be noted that these estimates are quite
limited in precision due to lack of experimental resolution. The relatively low D values are a
direct result of the large distance between the radical centers and the narrowing of the ESR
signal for OPE22xx2+ with respect to OPE12xx2+ is consistent with the extension of the molecule.
Within the magnetic dipole-dipole approximation the distance between the radical centers is
related to the dipolar coupling via D = 78000ud–3. Using the D-value estimates for OPE12xx2+
and OPE22xx2+ of 70 and d 30 MHz, this suggests d = ~10 Å and d t 14 Å, respectively, as the
distances between the radical centers in the two di(radical cation)s. These distances are
consistent with values of ~12 Å and d t 14 Å between the centers of the two pphenylenediamine rings estimated from molecular modeling assuming an anti orientation.
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Figure 2.8. ESR spectra of OPE12xx2+ (solid line) and OPE22xx2+ (dashed line) recorded in butyronitrile
at 4 K. The upper inset represents the 'Ms = r2 spectrum of OPE12xx2+ and the lower inset the 'Ms =
r2 spectrum of OPE22xx2+.

The ESR spectra of OPV12xx2+ and OPV22xx2+ recorded at 4 K show similar signals in the
'Ms = r1 region with a width of a43.5 and ~19.1 Gauss, respectively. In addition both
di(radical cation)s show a 'Ms = r2 transition at half field, characteristic of a triplet state
(Figure 2.9). The narrowing of the signal in OPV22xx2+ in comparison with OPV12xx2+ can be
ascribed, as in the case of OPE22xx2+, to the elongation of the molecule and the concomitant
decrease of the dipolar spin-spin coupling. In the ESR spectra of OPV12xx2+ and OPV22xx2+
there is, again, no fine structure present in the 'Ms = r1 region, but likewise it is possible to
estimate the zero-field parameters D and E by spectral simulation even though the accuracy
will be limited. For OPV12xx2+ it is found that the spectrum is consistent with D = 80r5 MHz
and E | 0 MHz, while for OPV22xx2+ D d 20 MHz and E | 0 MHz was found. As in the case of
OPE1 and OPE2, the low zero-field splitting can be ascribed to the large distance between
the radical centers. The lower D value for OPV2 with respect to OPV1 is consistent with the
extension of the molecule. From the relation D = 78000ud–3 it is possible to estimate the
distance between the radical centers. For OPV12xx2+ this yields d = ~10 Å and for OPV22xx2+ d
t ~16 Å. When the pendant radicals are in an anti conformation, molecular modeling gives
~12 Å and ~17 Å, for OPV1 and OPV2, respectively, in fair agreement with these
experimental estimates. The low-intensity 'Ms = r2 signal for OPV22xx2+ is consistent with the
low D value of this di(radical cation)s since the theoretical ratio of the 'Ms = r1 and r2
transitions is 1:(D/B0)2, or 1:4u10–6 under the present conditions12.
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Figure 2.9. ESR spectra of OPV12xx2+ (solid line) and OPV22xx2+ (dashed line) recorded in butyronitrile
at 4 K. The upper inset represents the 'Ms = r2 spectrum of OPV12xx2+ and the lower inset the 'Ms =
r2 spectrum of OPV22xx2+.

2.2.5 Determination of the ground states
Temperature-dependent ESR experiments show a linear relation for the doublyintegrated ESR intensity (I) of the 'Ms = r1 and 'Ms = r2 signals of both OPE12xx2+ and
OPE22xx2+ as a function of the reciprocal temperature between 4 and 100 K, consistent with
Curie’s law (I a 1/T) (Figure 2.10).
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Figure 2.10. Temperature dependence of the ESR signal intensity of the di(radical cation)s: left:
OPE12xx2+ ( : 'Ms = r1; {:'Ms = r2) and OPE22xx2+ (: 'Ms = r1; z: 'Ms = r2); right: OPV12xx2+
( : 'Ms = r1; {:'Ms = r2) and OPV22xx2+ (: 'Ms = r1; z: 'Ms = r2). Solid lines are leastsquare fits to Curie’s law.
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Similar temperature-dependent ESR results were obtained for OPV12xx2+ and OPV22xx2+
(Figure 2.10), albeit that the 'Ms = r2 signal of OPV22xx2+ could only be measured between 4
and 60 K. Apparently, no population or depopulation of the high-spin states occurs in these
temperature regions. This behavior is consistent with a triplet ground state diradical with a
large triplet-singlet energy gap but also with a degeneracy of singlet and triplet states for
OPE12xx2+, OPE22xx2+, OPV12xx2+ and OPV22xx2+. In either case, however, the triplet state
corresponds to a low-energy state.

2.2.6 Attempted synthesis of trisubstituted OPE
In view of the promising results for OPE1 and OPE2 the synthesis of a trisubstituted
oligo(phenyleneethynylene) was started (Scheme 2.3).
Br

Br

Br
a

NH2

b

NH2

I

N N N

I
13

12

c
Br

Br
N N N

g

d

Me3Si

N N N

15

14

e
Br

Br

Br

Br

f

N N N

I

16

17
e
Br

Br

Br

g

18

Scheme 2.3. Synthesis of OPE3-tribromide 18. Reaction conditions: a) I2, NaHCO3, H2O; b) i:
NaNO2, HCl, ii: Et2NH, K2CO3; c) trimethylsilylacetylene, Pd(PPh3)2Cl2, CuI, Et3N; d) TBAF, THF;
e) 2-bromo-iodobenzene (for 16)/ compound 2 (for 18), Pd(PPh3)2Cl2, CuI, Et3N, THF; f) MeI; g)
Pd2(dba)3, DDPFA, NaOtBu, N,N´-dimethyl-N-phenyl-benzene-1,4-diamine.
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To this end 2-bromoaniline was reacted with iodine in water with NaHCO3 as base to
yield compound 12. Conversion of the amine to the diethyltriazine 13 and subsequent reaction
with trimethylsilylacetylene gave compound 14. Deprotection with tetrabutylammonium
fluoride afforded compound 15, which was coupled with 2-bromo-iodobenzene to yield
compound 16. Conversion of triazine 16 to the aryl iodide 17 was done by treatment with
methyl iodide. Reaction of 17 with compound 2 resulted in tribromo compound 18.
Unfortunately, reaction of 18 with N,N´-dimethyl-N-phenyl-benzene-1,4-diamine did not
afford the trisubstituted OPE compound, only mono- and disubstituted compounds could be
isolated. Triazine 14 is a nice building block for controlled oligomerisation. Reaction of 14
with N,N´-dimethyl-N-phenyl-benzene-1,4-diamine did not give coupling but instead
decomposition of the triazine occurred.

2.3 Thiophene based linear oligomers
One of the advantages in using a five-membered thiophene ring is that it is sterically less
demanding than a six-membered benzene ring and hence radical substituents are more likely
to be coplanar with the polymer backbone. The S-electrons at sulfur complete the aromatic
sextet of the five-membered ring. Therefore, the same substitution pattern as in the OPEs and
OPVs is applicable for the thiophene based system. To be able to compare the thiophene
based system with compounds OPE1, OPE2, OPV1 and OPV2, diamine 19 and tetraamine
OTE1 were synthesized.
2.3.1 Synthesis
For the synthesis of compound 19 3-bromothiophene was reacted with N,N´-dimethylN-phenyl-benzene-1,4-diamine using sodium tert-butoxide as a base and palladium(II) acetate
(Pd(OAc)2, 1 mol%) and tri(tert-butyl)phosphine (PtBu3, 2 mol%) as the catalyst. Compound
19 was isolated after column chromatography (SiO2; DCM/n-heptane; 7/3) in 97% yield
(Scheme 2.3).
For the preparation of tetraamine OTE1 (Scheme 2.4) 3-bromothiophene was reacted
with sodium periodate and iodine under acetic conditions to obtain 2-iodo-3-bromothiophene
20. Subsequently, 2-iodo-3-bromothiophene was reacted with trimethylsilylacetylene and after
deprotection 3-bromo-2-ethynylthiophene 21 was obtained. This was reacted with 2-iodo-4bromothiophene 22, which was obtained from 2,4-dibromothiophene via a halogen exchange
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reaction, to give dibromide 23. Compound 23 was reacted with N,N´-dimethyl-N-phenylbenzene-1,4-diamine using the Pd(OAc)2/PtBu3 system as described for compound 19 and
OTE1 was obtained in 16% yield after isolation by column chromatography (SiO2;
dichloromethane-heptane, 7:3).
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Scheme 2.4. Synthesis of compounds 19 and OTE1. Reaction conditions: a) Pd(OAc)2, PtBu3,
NaOtBu, N,N´-dimethyl-N-phenyl-benzene-1,4-diamine, toluene; b) i: trimethylsilylacetylene,
Pd(PPh3)2Cl2, CuI, Et3N, ii: TBAF, THF; c) n-BuLi, I2; d) Pd(PPh3)2Cl2, CuI, Et3N.

2.3.2 Redox properties
The cyclic voltammogram of compound 19 shows two reversible oxidation waves at
0.47 and 1.05 V (Figure 2.11, Table 2.2). There is a close resemblance with compounds
OPE1, OPE2, OPV1 and OPV2. At E01 the radical cation species of 19 is generated and at
E02 the spinless dication is formed. The cathodic and anodic waves are separated by a80 mV.
This is in the range that is expected for a one-electron process.
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Figure 2.11. Cyclic voltammograms of compound 19 (left) and OTE1 (right), recorded in
CH2Cl2/Bu4+NPF6- (0.1 mol dm-3) at 295 K, scan rate 100 mV s-1, potential vs. SCE calibrated using
Fc/Fc+.

The cyclic voltammogram of OTE1 shows a similar behavior with a cathodic and
anodic difference of 115 mV and is identified with the generation of pendant radical cations in
the first wave and the corresponding pendant dications in the second wave (Figure 2.11, Table
2.2). In this case, each of the oxidation waves corresponds to a two-electron oxidation
process and oxidation of the p-phenylenediamine units rather than oxidation of the backbone
occurs. Measuring at different scan speeds shows a linear behavior for the current versus v1/2.
Table 2.2. Oxidation potentials of compound 19 and OTE1.

19
OTE1
+

-

E01 (V)

E02 (V)

0.47

1.05

0.53

1.10

-3

Determined in CH2Cl2/Bu4 NPF6 (0.1 mol dm ) at 295 K, scan rate 100 mV s-1, potential vs. SCE
calibrated using Fc/Fc+.

2.3.3 UV/Vis/near-IR absorption spectroscopy
The electronic absorption spectrum of neutral 19 shows a band at 4.08 eV (Figure 2.12).
Stepwise oxidation of 19 with thianthrenium perchlorate in dichloromethane results in the
appearance of two new absorption bands in the spectrum at 1.86 and 3.46 eV while the neutral
absorption band decreases. These new bands are associated with the formation of the radical
cation 19x+.
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Figure 2.12. UV/Vis/near-IR spectra of 19 oxidized stepwise to 19x+. The dotted line is the absorption
of neutral 19.

The electronic absorption spectrum of neutral OTE1 shows two bands at 3.57 and 4.07
eV (Figure 2.13). Upon addition of thianthrenium perchlorate two new absorption bands
appear in the spectrum at 2.14 and 3.57 eV and the neutral absorption bands decrease. After
addition of one equiv of thianthrenium perchlorate the absorption band at 2.14 eV reached a
maximum intensity. These bands are associated with the formation of the radical cation
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Figure 2.13. UV/Vis/near-IR spectra of OTE1 oxidized stepwise to OTE1x+ (left) and OTE12xx2+
(right). The dotted line is the absorption of neutral OTE1 and the dashed line is the absorption of
OTE14+.

Addition of another equiv of thianthrenium perchlorate gave a new absorption band at
1.92 eV and the band at 3.57 eV increased. These absorption bands reached a maximum after
addition of two equiv and demonstrate the formation of the di(radical cation)s OTE12xx2+.
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Further oxidation results in the appearance of a new absorption band at 2.63 eV and the loss
of the radical cation bands which is ascribed to the formation of the trications OTE1x3+ and
tetracations OTE14+ (Figure 2.13). Comparing these results with the electronic spectra of
OPE12xx2+, OPE22xx2+, OPV12xx2+, and OPV22xx2+ 19x+ shows a close resemblance but for
OTE12xx2+ a different behavior is observed in which the absorption band at low energy has
blue-shifted compared to the other compounds which was not observed before.

2.3.4 ESR spectroscopy
The ESR spectrum of 19x+ recorded at 295 K in dichloromethane shows a hyperfine
coupling pattern consisting of 11 lines (Figure 2.14) from the interaction of the unpaired
electron with two nitrogen atoms and the six hydrogen atoms of the methyl groups. This
spectrum could be simulated with aN = 6.6 G and aH = 6.6 G.
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Figure 2.14. ESR spectra of 19x+ (left) and OTE12x2+ (right), dotted line is without TFA, solid line is
with TFA recorded in dichloromethane at 295 K.

The ESR spectrum of OTE12xx2+ recorded at room temperature in dichloromethane did
not show a signal. Addition of trifluoroacetic acid results in a signal with some fine structure
(Figure 2.14). The ESR spectrum recorded at 120 K shows a narrow signal with a width of
a19 G and no half-field signal was observed. Changing the solvent from dichloromethane to
butyronitrile gives the same results. This observation together with the blue-shifted absorption
band in the UV/Vis/near-IR spectrum could be interpreted by adopting the formation of
intramolecular S-dimers15. The addition of trifluoroacetic acid might induce undoping with
concomitant higher ESR intensity.
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2.4 Conclusions
We have prepared triplet state di(radical cation)s of head-to-tail coupled oligo(1,4phenyleneethynylene)s and oligo(1,4-phenylenevinylene)s carrying N,N´-dimethyl-N´-phenyl1,4-benzenediamine pendant groups. The zero-field splitting in these pendant di(radical
cation)s is reduced compared to di(radical cation)s coupled via a 1,3-phenylene unit2 as a
result of the increased separation between the radical centers. Although the magnitude of the
exchange interaction could not be determined from the ESR experiments, the presence of 'Ms
= r2 ESR signals and their increasing intensity at lower temperature, suggest that
ferromagnetic coupling occurs between p-phenylenediamine radical cations in regioregularly
substituted S-conjugated chains between neighbors and possibly also between next-nearest
neighbors.
Extending this idea to thiophene-based systems was not successful, probably due to Sdimerisation.

2.5 Experimental
General Methods. NMR chemical shifts are relative to TMS. Matrix-assisted laser-desorption
ionization/time-of-flight (MALDI/TOF) mass spectra were recorded using D-cyano-4-hydroxycinnamic
acid as a matrix. Cyclic voltammograms were recorded with 0.1 M tetrabutylammonium
hexafluorophosphate as supporting electrolyte. The working electrode was a platinum disc (0.2 cm2), the
counter electrode was a platinum plate (0.5 cm2), and a saturated calomel electrode was used as reference
electrode, calibrated against a Fc/Fc+ couple. ESR spectra were recorded at X-band. An NMR gauss meter
and frequency counter were used for field-frequency calibration. Temperature was controlled in a
continuous helium flow cryostat. Saturation of the ESR signal during variable temperature experiments was
avoided by using low microwave powers in a range such that signal intensity is proportional to square root
of the microwave power at 4 K. For double integration spectra were baseline corrected. Powder simulations
were carried out with a spin Hamiltonian incorporating the electron Zeeman term and the dipolar spin–spin
coupling. The g value was assumed to be isotropic.
Materials. Commercial grade reagents were used without further purification. Solvents were
purified, dried and degassed following standard procedures. Thianthrenium perchlorate was prepared
according to literature.11 Caution: Thianthrenium perchlorate is a shock-sensitive explosive solid that
should be handled on small scale only. N,N´-dimethyl-N-phenyl-benzene-1,4-diamine,6 (3-bromobenzyl)triphenylphosphonium bromide (6),13 (2-bromobenzyl)triphenylphosphonium bromide (7),13 and N,N´dimethyl-N,N´-diphenyl-benzene-1,4-diamine (11)6 were prepared as described in literature.
2-Bromo-1-ethynyl-benzene (1). 2-Bromoiodobenzene (10 mmol, 2.83 g) was dissolved in 20 mL
of triethylamine. Argon was bubbled through the reaction mixture for 30 min. Trimethylsilylacetylene (12
mmol, 1.18 g), bis(triphenylphospine)palladium(II) chloride (3 mol%, 200 mg) and copper(I) iodide (5
mol%, 100 mg) were added and the reaction mixture was stirred for 3 h at room temperature. Then the
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reaction mixture was poured into water and extracted with dichloromethane (3u). The organic layers were
washed with brine and dried over MgSO4. The organic layer was evaporated in vacuo. The crude product
was purified by column chromatography (SiO2; heptane) yielding a colorless liquid (1.91 g, 75%). The
liquid was dissolved in 20 mL of THF and subsequently an equimolar amount of tetrabutylammonium
fluoride (TBAF) was added. The reaction mixture was stirred for 1 h at room temperature after which it
was poured into a saturated NH4Cl solution and extracted with dichloromethane (3*). The organic layers
were washed with brine and dried over MgSO4. The solvent was removed in vacuo. The crude product was
purified by column chromatography (SiO2; heptane) yielding a yellow liquid (0.84 g, 62%): 1H NMR
(CDCl3) G 7.59 (dd, 1H, J = 8.1, 0.7 Hz) 7.53 (dd, 1H, J = 7.7, 1.8 Hz) 7.27 (dt, 1H, J = 8.1, 1.5 Hz) 7.20
(dt, 1H, J = 7.7, 1.8 Hz) 3.38 (s, 1H); 13C NMR (CDCl3) G 134.1, 132.4, 130.0, 127.0, 125.5, 124.2, 81.9,
81.8.
3-Bromo-1-ethynyl-benzene (2). Compound 2 was prepared as described for 1-ethynyl-2bromobenzene 1 but 3-bromoiodobenzene was used instead affording the title compound as a light yellow
liquid (74%): 1H NMR (CDCl3) G 7.64 (t, 1H, J = 1.5 Hz) 7.48 (dt, 1H, J = 8.1, 1.1 Hz) 7.42 (dt, 1H, J =
7.7, 1.5 Hz) 7.19 (t, 1H, J = 8.1 Hz) 3.12 (s, 1H); 13C NMR (CDCl3) G 134.8, 132.0, 130.6, 129.7, 124.1,
122.1, 82.0, 78.5.
2-Bromo-4-iodo-diphenylethyn (3). 2-Bromo-1-ethynyl-benzene 1 (3 mmol, 0.55 g) and 1,4diiodobenzene (6 mmol, 1.98 g) were dissolved in triethylamine (10 mL). Argon was bubbled through the
reaction mixture for 30 min. Then bis(triphenylphosphine)palladium(II) chloride (3 mol%, 60 mg) and
copper(I) iodide (5 mol%, 30 mg) were added to the reaction mixture. The reaction mixture was stirred for
3 h at room temperature after which it was poured into water and extracted with dichloromethane (3u). The
combined organic layers were washed with brine and dried over MgSO4. The solvent was removed in
vacuo affording the crude product which was purified by column chromatography (SiO2; heptane)
affording a white solid (0.56 g, 49%) mp: 70.7-73.2 qC. 1H NMR (CDCl3) G 7.70 (td, 2H, J = 8.4, 1.8 Hz)
7.61 ( dd, 1H, J = 8.1, 1.1 Hz) 7.54 (dd, 1H, J = 7.6, 1.8 Hz) 7.30 (m, 3H) 7.19 (dt, 1H, J = 7.5, 1.8 Hz);
13
C NMR (CDCl3) G 137.5, 133.2, 133.1, 132.5, 129.6, 127.8, 125.6, 125.0, 122.4, 94.7, 92.6, 89.3. Anal.
Calcd for C14H8BrI: C, 43.90; H, 2.10. Found: C, 43.90; H, 2.24.
2,3´-Dibromodiphenylethyn (4). 2-Bromo-1-ethynyl-benzene 2 (5 mmol, 0.92 g) and 3bromoiodobenzene (6 mmol, 1.7 g) were dissolved in triethylamine (15 mL). Argon was bubbled through
the reaction mixture for 30 min. Then bis(triphenylphosphine)palladium(II) chloride (3 mol%, 100 mg) and
copper(I) iodide (5 mol%, 50 mg) were added to the reaction mixture. The reaction mixture was stirred for
2 h at room temperature after which it was poured into water and extracted with dichloromethane (3u). The
combined organic layers were washed with brine and dried over MgSO4. The solvent was removed in
vacuo affording the crude product which was purified by column chromatography (10% CH2Cl2 in nheptane) affording a white solid (1,34 g, 80%) mp: 57.0-58.4 qC: 1H NMR (CDCl3) G 7.73 (t, 1H, J = 2.2
Hz) 7.63 (dd, 1H, J = 8.1, 1.1 Hz) 7.55 (dd, 1H, J = 7.7, 1.5 Hz) 7.49 (m, 2H) 7.30 (dt, 1H, J = 7.3, 1.1 Hz)
7.23 (t, 1H, J = 8.1 Hz) 7.20 (td, 1H, J = 7.7, 1.1 Hz); 13C NMR (CDCl3) G 134.3, 133.3, 132.5, 131.8,
130.2, 129.6, 129.7, 127.1, 125.7, 124.7, 122.2, 92.2, 89.2. Anal. Calcd for C14H8Br2: C, 50.04; H, 2.40.
Found: C, 50.35; H, 2.52.
1(2-Bromophenylethynyl)-4(3-bromophenylethynyl)-benzene (5). 2’-Bromo,4´-iododiphenylacetylene 3 (1.0 mmol, 0.38 g) and 3-bromo-1-ethynyl-benzene 2 (1.0 mmol, 0.18 g) were dissolved in
triethylamine (5 mL). Argon was bubbled through the reaction mixture for 30 min. Then
bis(triphenylphosphine)palladium(II) chloride (3 mol%, 20 mg) and copper(I) iodide (5 mol%, 10 mg) were
added and the reaction mixture was stirred overnight at room temperature. The reaction mixture was then
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poured into water and extracted with dichloromethane (3u). The combined organic layers were washed
with brine and dried over MgSO4. The solvent was then removed in vacuo and the crude product was
purified by column chromatography (10% CH2Cl2 in n-heptane) affording a pale yellow solid (0.25 g, 57%)
mp: 94.9- 96.7 qC. 1H NMR (CDCl3) G 7.70 (t, 1H, J = 1.8 Hz) 7.63 (dd, 1H, J = 8.0, 1.1 Hz) 7.56 (m, 3H)
7.49 (m, 4H) 7.31 (dt, 1H, J = 7.5, 1.1 Hz) 7.23 (t, 1H, J = 7.9 Hz) 7.20 (dt, 1H, J = 7.9, 1.7 Hz); 13C NMR
(CDCl3) G 134.3, 133.2, 132.5, 131.60, 130.1, 129.6, 127.1, 125.1, 125.0, 123.1, 122.7, 122.2, 90.3, 89.7.
Anal. Calcd for C22H12Br2: C, 60.58; H, 2.77. Found: C, 60.29; H, 2.85.
1{{2{N-methyl-N[4(N-methyl-N-phenylaminophenyl)]-amino}phenyl}}-2{{3’{ N-methyl-N[4(Nmethyl-N-phenylaminophenyl)]-amino}phenyl}}-diphenylethyn (OPE1). An oven-dried Schlenk flask
was charged with 2,3´-dibromodiphenylacetylene 4 (1 mmol, 0.34 g), N,N´-dimethyl-N-phenyl-benzene1,4-diamine
(2
mmol,
0.43
g),
sodium
tert-butoxide
(2.4
mmol,
0.23
g),
tris(dibenzylideneacetone)dipalladium(0) (1 mol%, 9.2 mg) and (–)-(R)-N,N´-dimethyl-1-[(S)-2(diphenylphosphino)ferrocenyl]ethylamine (3 mol%, 18.8 mg). After purging with argon, dry toluene (2
mL) was added and the reaction mixture was heated at 80 qC overnight. The reaction mixture was poured
into water and extracted with dichloromethane (3u). The combined organic layers were washed with water
and dried over MgSO4. The solvent was removed in vacuo affording a brown thick oil which was purified
by column chromatography (50% CH2Cl2 in n-heptane) affording a pale yellow solid (0.32 g, 53%) mp:
110.5-113.6 qC. 1H NMR (CDCl3) G 7.58 (dd, 1H, J = 7.7, 1.5 Hz) 7.37 (dt, 1H, J = 7.7, 1.8 Hz) 7.28 (m,
7H) 7.16 (m, 5H) 7.02-6.97 (m, 4H) 6.93 (t, 1H, J = 1.1 Hz) 6.88 (t, 1H, J = 1.5 Hz) 6.83 (dd, 1H, J = 8.4,
1.1 Hz) 6.74 (m, 5H) 3.41 (s, 3H) 3.33 (s, 3H) 3.27 (s, 3H) 3.23 (s, 3H); 13C NMR (CDCl3) G 151.2, 150.8,
150.0, 147.2, 145.5, 143.9,141.0, 134.8, 130.5, 130.1, 129.8, 127.7, 127.2, 125.7, 125.5, 124.8, 123.7,
123.5, 122.1, 121.4, 120.6, 120.0, 118.6, 118.5, 117.5, 116.1, 96.6, 87.9, 41.6, 41.5. Anal. Calcd for
C42H38N4: C, 84.25; H, 6.40; N, 9.36. Found; C, 83.89; H, 6.56; N, 9.19. MS calculated for C42H38N4:
598.31. Found: 598.19.
1{{2{N-methyl-N[4(N-methyl-N-phenylaminophenyl)]-amino}phenylethynyl}}-4{{3{ N-methylN[4(N-methyl-N-phenylaminophenyl)]-amino}phenylethynyl}}benzene (OPE2). An oven-dried
Schlenk flask was charged with compound 5 (0.9 mmol, 0.39 g), N,N´-dimethyl-N-phenyl-benzene-1,4diamine
(2
mmol,
0.43
g),
sodium
tert-butoxide
(2.4
mmol,
0.23
g),
tris(dibenzylideneacetone)dipalladium(0) (1 mol%, 9.2 mg) and (–)-(R)-N,N´-dimethyl-1-[(S)-2(diphenylphosphino)ferrocenyl]ethylamine (3 mol%, 18.8 mg). After purging with argon, dry toluene (2
mL) was added and the reaction mixture was heated at 80 qC for 2.5 days. The reaction mixture was poured
into water and extracted with dichloromethane (3u). The combined organic layers were washed with water
and dried over MgSO4. The solvent was removed in vacuo affording a brown thick oil which was purified
by column chromatography (50% CH2Cl2 in n-heptane) affording a yellow solid (0.41 g, 65%) mp: 126.7130.1 qC. 1H NMR (CDCl3) G 7.58 (d, 1H, J = 7.7 Hz) 7.43 (d, 1H, J = 8.0 Hz) 7.39 (t, 1H, J = 6.7 Hz)
7.32-7.24 (m, 2H) 7.24-7.14 (m, 5H) 7.09-7.00 (m, 6H) 6.94 (td, 1H, J = 7.4, 1.0 Hz) 6.88 (dd, 1H, J = 8.2,
2.3 Hz) 6.82 (d, 1H, J = 8.5 Hz) 6.74 (m, 2H) 3.43 (s, 3H) 3.35 (s, 3H) 3.32 (s, 3H) 3.25 (s, 3H); 13C NMR
(CDCl3) G 151.2, 150.7, 150.2, 147.0, 145.8, 143.6, 141.3, 134.9, 132.4, 132.3, 130.9, 130.2, 130.0, 129.9,
127.5, 127.0, 125.9, 125.6, 124.5, 124.1, 124.0, 123.4,121.7, 121.6, 120.4, 120.3, 118.9, 118.4, 117.7,
116.3, 95.9, 92.9, 90.4, 89.6, 41.6, 41.5. Anal. Calcd for C50H42N4: C, 85.93; H, 6.06; N, 8.02. Found: C,
86.10; H, 5.65; N, 7.97. Mass calculated: 698.34. Found: 698.27.
To
a
suspension
of
(31-(2-bromophenyl)-2-(3-bromophenyl)ethene
(8).
bromobenzyl)triphenylphosphonium bromide 6 (4 mmol, 2.1 g) in dry THF (30 mL) was added n-BuLi (4.2
mmol) at -30 qC. The reaction mixture was stirred for 5 min at -20 qC and then cooled to -30 qC. At this
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temperature 2-bromobenzaldehyde (4 mmol, 0.74 g) in dry THF (8 mL) was added at such a rate that the
temperature did not rise above -20 qC. The reaction mixture was slowly warmed to room temperature and
stirred overnight at this temperature. Then the reaction mixture was poured into water and extracted with
diethyl ether (3u). The combined organic layers were washed with brine and dried over MgSO4. The
solvent was removed in vacuo. Addition of n-hexane to the resulting yellow oil gave a white precipitate,
which was removed by filtration. The filtrate was concentrated in vacuo. After column chromatography
with n-hexane a colorless oil (1.12 g, 83%) was obtained which was a mixture of cis- and trans-dibromide.
The oil was heated under reflux in toluene in the presence of a catalytic amount of iodine overnight. The
solvent was removed in vacuo and the brown oil was chromatographed on silica with n-hexane affording a
white solid (0.9 g, 67%) that was the trans-dibromide according to NMR, mp: 41.2-43.0 qC. 1H NMR
(CDCl3) G 7.69 (t, 1H, J = 1.8 Hz) 7.65 (dd, 1H, J = 5.1, 1.8 Hz) 7.59 (dd, 1H, J = 8.1, 1.5 Hz) 7.50-7.28
(m, 3H) 7.24 (t, 1H, J = 7.7 Hz) 7.14 (dt, 1H, J = 7.7, 1.5 Hz) 7.05 (d, 1H, J = 16.1 Hz) 6.95 (d, 1H, J =
16.1 Hz); 13C NMR (CDCl3) G 139.1, 136.6, 133.1, 130.8, 130.2, 129.8, 129.6, 129.2, 128.8, 127.6, 126.8,
125.4, 124.2, 122.9. Anal. Calcd for C14H10Br2: C, 49.74; H, 2.98. Found: C, 50.28; H, 2.91.
To
a
suspension
of
(21-(2-Bromophenyl)-2-(4-formylphenyl)ethene
(9).
bromobenzyl)triphenylphosphonium bromide 7 (4 mmol, 2.1 g) in dry THF (30 mL) was added n-BuLi (4.2
mmol) at -30 qC. The reaction mixture was stirred for 5 min at -20 qC and then cooled to -30 qC. At this
temperature terephthalicaldehyde (8 mmol, 1.1 g) in dry THF (8 mL) was added rapidly. The reaction
mixture was slowly warmed to room temperature and stirred overnight at this temperature. Then the
reaction mixture was poured into water and extracted with diethyl ether (3u). The combined organic layers
were washed with brine and dried over MgSO4. The solvent was removed in vacuo. Addition of n-hexane
to the resulting yellow oil gave a white precipitate, which was removed by filtration. The filtrate was
concentrated in vacuo. After column chromatography with 20% ethyl acetate in n-hexane a light yellow oil
(0.92 g, 80%) was obtained which was a cis/trans mixture of the title compound. 1H NMR (CDCl3) G 10.01
+ 9.93 (s, 1H) 7.89 (dd, 1H, J = 6.2, 1.5 Hz) 7.70-7.60 (m, 3H) 7.40-7.26 (m, 2H) 7.19-7.09 (m, 2H) 6.79
(d, 1H, J = 12.1 Hz) 6.72 (d, 1H, J = 12.1 Hz); 13C NMR (CDCl3) G 191.6, 191.5, 143.0, 142.7, 137.2,
136.4, 135.6, 135.1, 133.2,132.9, 132.4, 130.8, 130.7, 130.2, 130.2, 130.0, 129.6, 129.6, 129.5, 129.2,
127.7, 127.2, 127.2, 126.9, 124.5, 123.8.
1[2(2-Bromophenylethynenyl)]-4[2(3-bromophenylethynenyl)]benzene (10). To a suspension of
(3-bromobenzyl)triphenylphosphonium bromide 6 (3 mmol, 1.53 g) in dry THF (25 mL) was added n-BuLi
(3.2 mmol) at -30 qC. The reaction mixture was stirred for 5 min at -20 qC and then cooled to -30 qC. At
this temperature aldehyde 9 (3 mmol, 0.9 g) in dry THF (6 mL) was added at such a rate that the
temperature did not rise above -20 qC. The reaction mixture was slowly warmed to room temperature and
stirred overnight at this temperature. Then the reaction mixture was poured into water and extracted with
diethyl ether (3u). The combined organic layers were washed with brine and dried over MgSO4. The
solvent was removed in vacuo. Addition of n-hexane to the resulting yellow oil gave a white precipitate,
which was removed by filtration. The filtrate was concentrated in vacuo. After column chromatography
with n-hexane a colorless oil (1.06 g, 80%) was obtained which was a mixture of cis/trans isomers. The
product was refluxed in toluene in the presence of a catalytic amount of iodine overnight. The solvent was
removed in vacuo affording a brownish solid which was the trans-isomer according to NMR, which was
used without further purification, mp: 125.4-128.5 qC. 1H NMR (CDCl3) G 7.68 (m, 1H) 7.60- 7.51 (m, 5H)
7.47-7.21 (m, 6H) 7.14-7.10 (m, 2H) 7.04 (d, J = 16.5 Hz, 1H); 13C NMR (CDCl3) G 139.5, 137.2, 137.0,
136.5, 136.4, 133.1, 131.0, 130.9, 130.4, 130.2, 129.7, 129.2, 128.9, 128.8, 128.7, 128.2, 127.7, 127.5,
127.2, 127.2, 127.0, 126.9, 126.7, 126.5, 125.2, 124.1, 122.9.
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N,N´-dimethyl-N-[2-[(1E)-2-[3-[methyl[4-(methylphenylamino)phenyl]amino]
phenyl]ethenyl]phenyl]-N´-phenyl (OPV1). An oven-dried Schlenk flask was charged with 1-(2bromophenyl)-2-(3-bromophenyl)ethene 8 (2 mmol, 0.68 g), N,N´-dimethyl-N-phenyl-1,4-benzenediamine
(4 mmol, 0.85 g), sodium tert-butoxide (4.8 mmol, 0.46 g), tris(dibenzylideneacetone)dipalladium(0) (1
mol%, 18.3 mg) and (–)-(R)-N,N´-dimethyl-1-[(S)-2-(diphenylphosphino)ferrocenyl]ethylamine (3 mol%,
26.5 mg). After purging with argon, dry toluene (4 mL) was added and the reaction mixture was heated at
80 qC for 5 days. The reaction mixture was poured into water and extracted with dichloromethane (3u).
The combined organic layers were washed with water and dried over MgSO4. The solvent was removed in
vacuo affording a brown thick oil which was purified by column chromatography (50% CH2Cl2 in nheptane) affording a yellow wax (0.8 g, 67%): 1H NMR (CDCl3) G 7.30-7.13 (m, 10H) 7.05-6.81 (m, 13H)
6.75-6.65 (m, 5H) 3.31 (s, 3H) 3.30 (s, 3H) 3.24 (s, 3H) 3.22 (s, 3H); 13C NMR (CDCl3) G 149.6, 149.2,
146.9, 144.0, 143.5, 139.5, 139.5, 135.4, 130.1, 129.2, 129.1, 128.9, 128.8, 128.0, 126.5, 126.4, 126.1,
124.9, 123.5, 123.0, 120.0, 118.5, 117.9, 117.6, 117.5, 116.5, 115.2, 114.9, 40.4. Anal. Calcd for
C42H40N4: C, 83.96; H, 6.71; N, 9.32. Found: C, 83.85; H, 7.09; N, 8.94. Mass calculated: 600.81. Found:
600.72.
N,N´-dimethyl-N-[2-[2-[4-[2-[3-[methyl[4-(methylphenylamino)phenyl]
amino]phenyl]ethenyl]phenyl]ethenyl]phenyl]-N´-phenyl (OPV2). An oven-dried Schlenk flask was
charged with 10 (1.5 mmol, 0.66 g), N,N´-dimethyl-N-phenyl-benzene-1,4-diamine (3 mmol, 0.64 g),
sodium tert-butoxide (3.6 mmol, 0.35 g), tris(dibenzylidene acetone)dipalladium(0) (1 mol%, 13.8 mg) and
(–)-(R)-N,N´-dimethyl-1-[(S)-2-(diphenylphosphino)ferrocenyl]ethylamine (3 mol%, 19.9 mg). After
purging with argon, dry toluene (3 mL) was added and the reaction mixture was heated at 80 qC for 5 days.
The reaction mixture was poured into water and extracted with dichloromethane (3u). The combined
organic layers were washed with water and dried over MgSO4. The solvent was removed in vacuo
affording a brown thick oil which was purified by column chromatography (50% CH2Cl2 in n-heptane)
affording a yellow solid (0,4 g, 38%) mp = 171.7-173.8 qC; 1H NMR (CDCl3) G 7.47 (q, J = 12.8 Hz, 3H)
7.31-7.20 (m, 16H) 7.16-7.10 (m, 2H) 7.07-6.96 (m, 9H) 6.91-6.83 (m, 1H) 6.75-6.68 (m, 4H) 3.34 (s, 3H)
3.32 (s, 3H) 3.25 (s, 3H) 3.23 (s, 3H); 13C NMR (CDCl3) G 150.2, 149.9, 147.3, 147.0, 144.2, 143.8, 139.8,
138.4, 137.1, 137.0, 135.5, 129.5, 129.3, 129.2, 129.0, 128.3, 128.2, 127.1, 127.0, 126.6, 126.4, 125.0,
123.7, 123.3, 120.3, 118.7, 118.2, 117.9, 117.8, 116.5, 115.5, 115.1, 40.7, 40.6. Anal. Calcd for C50H46N4:
C, 85.43; H, 6.60; N, 7.79. Found: C, 84.84; H, 6.99; N, 7.48. Mass calculated: 702.94. Found: 702.73.
2-Bromo-4-iodo-aniline (12). 2-Bromoaniline (5.8 mmol, 1.0 g) was liquified and water (5 mL) and
NaHCO3 (5.5 mmol, 0.46 g) were added. Portionwise iodine (3.6 mmol, 0.91 g) was added during 10 min.
The reaction mixutre was stirred vigourously at room temperature for 2 hr. The brown solid was wahed
with water, dried and crystallized with petroleum ether 60-80, which resulted in a white solid (0.66 g,
38%). 1H NMR (CDCl3) G 7.68 (d, 1H, J = 2.2 Hz) 7.35 (dd, 1H, J = 8.4, 2.2 Hz) 6.53 (d, 1H, J = 8.4 Hz)
4.15 (bs, 2H); 13C NMR (CDCl3) G 143.6, 139.8, 136.8, 117.1, 109.9, 94.3. Anal. Calcd for C6H5NBrI: C,
24.19; H, 1.69; N, 4.70. Found: C, 24.47; H, 1.46; N, 4.60.
3-Bromo-4-(diethyltriazenyl)-iodobenzene (13). Compound 12 (10 mmol, 3.0 g) was dissolved in
water (40 mL) and HCl (7 mL) and cooled to 0 qC. Sodium nitrate (8.4 mmol, 0.71 g) in water (2 mL) was
added and the reaction mixture was stirred for 30 min. In a second flask potassium carbonate (11 g) and
diethylamine (8.2 mL) were dissolved in water (70 mL) and cooled to 0 qC. To this solution the water/HCl
solution was added and the reaction mixture was stirred for 30 min. The reaction mixture was poured into
water, extracted with diethyl ether, washed with brine and dried over MgSO4. The solvent was evaporated
in vacuo and the crude product was purified via column chromatography (DCM/n-heptane: 1/9) yielding an
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orange oil (2.99 g, 78%). 1H NMR (CDCl3) G 7.88 (d, 1H, J = 2.2 Hz) 7.51 (dd, 1H, J = 8.8, 2.2 Hz) 7.14
(d, 1H, J = 8.8 Hz) 3.78 (q, 4H, J = 7.3 Hz) 1.30 (bs, 6H); 13C NMR (CDCl3) G 148.1, 140.5, 136.4, 120.5,
119.7, 88.2, 49.3, 42.2, 14.6, 10.9.
1-Bromo-2-(diethyltriazenyl)-5[(trimethylsilyl)ethynyl]benzene (14). Compound 13 (7.8 mmol,
3.0 g) was dissolved in triethylamine (20 mL) and THF (10 mL). Argon was bubbled through the reaction
mixture for 30 min. after which trimethylsilylacetylene (11.7 mmol, 1.2 g) was added. Then
bis(triphenylphosphine)palladium(II) chloride (3 mol%, 140 mg) and copper(I) iodide (5 mol%, 70 mg)
were added and the reaction mixture was stirred overnight at room temperature. The reaction mixture was
then poured into water and extracted with dichloromethane (3u). The combined organic layers were
washed with brine and dried over MgSO4. The solvent was then removed in vacuo and the crude product
was purified by column chromatography (DCM/n-heptane: 2/8) resulting in a yellow oil (2.36 g, 86%). 1H
NMR (CDCl3) G 7.69 (d, 1H, 1.4 Hz)7.32 (m, 2H) 3.80 (q, 4H, 7.3 Hz) 1.30 (bs, 6H); 13C NMR (CDCl3) G
148.6, 136.5, 131.4, 120.6, 119.3, 117.9, 104.3, 95.0, 49.6, 42.4, 14.7, 11.2.
1-Bromo-2-(diethyltriazenyl)-5-(ethynyl)benzene (15). Compound 14 (6.7 mmol, 2.36 g) was
dissolved in THF (20 mL) and TBAF (8 mL; 1.0 M solution) was added. The reaction mixture was stirred
overnight after which the reaction mixture was poured into an NH4Cl-solution and extracted with
dichloromethane. The organic layer was washed with brine, dried over MgSO4 and the solvent was
evaporated in vacuo. The crude product was purified via column chromatography (DCM/n-heptane: 2/8)
resulting in a yellow oil (1.54 g, 82%). 1H NMR (CDCl3) G 7.71 (m, 1H) 7.34 (m, 2H) 3.80 (q, 4H, J = 7.3
Hz) 3.08 (s, 1H) 1.30 (bs, 6H). Anal. Calcd for C12H14N3Br: C, 51.44; H, 5.04; N, 15.00. Found: C, 51.64;
H, 4.88; N, 15.14.
1-Bromo-5(2-bromophenyl)-2-diethyltriazenylbenzene (16). 2-Bromo-iodobenzene (10 mmol,
2.8 g) and compound 14 (5.5 mmol, 1.54 g) were dissolved in triethylamine (14 mL) and THF (7 mL).
Argon was bubbled through the reaction mixture for 30 min. Then bis(triphenylphosphine)palladium(II)
chloride (3 mol%, 100 mg) and copper(I) iodide (5 mol%, 50 mg) were added and the reaction mixture was
stirred overnight at room temperature. The reaction mixture was then poured into water and extracted with
dichloromethane (3u). The combined organic layers were washed with brine and dried over MgSO4. The
solvent was then removed in vacuo and the crude product was purified by column chromatography
(DCM/n-heptane: 2/8) resulting in a yellow oil (2.09 g, 87%). 1H NMR (CDCl3) G 7.80 (d, 1H, J = 1.5 Hz)
7.61 (dd, 1H, J = 8.1, 1.1 Hz) 7.53 (dd, 1H, J = 7.7, 1.5 Hz) 7.42 (m, 2H) 7.28 (dt, 1H, J = 7.7, 1.1 Hz)
7.17 (dt, 1H, J = 8.1, 1.5 Hz) 3.82 (q, 4H, J = 7.3 Hz) 1.29 (bs, 6H). Anal. Calcd for C18H17N3Br2: C,
49.68; H, 3.94; N, 9.66. Found: C, 49.40; H, 3.78; N, 9.58.
2-Bromo-4-(2-bromo-phenylethynyl)-1-iodobenzene (17). Compound 16 (3.95 mmol, 1.72 g) was
dissloved in methyl iodide (10 mL) in an oven-dried screwcape tube. The reaction mixutre was stirred for 4
days at 120 qC, after cooling the reaction mixture was diluted with n-hexane, and the solid was removed by
filtration. The filtrate was evaporated in vacuo and the crude residue was purifed via column
chromatography (DCM/n-heptane: 2/8) resulting in a white solid (1.43 g, 78 %). 1H NMR (CDCl3) G 7.84
(d, 1H, J = 8.1 Hz) 7.81 (d, 1H, J = 1.8 Hz) 7.62 (dd, 1H, J = 8.1, 1.5 Hz) 7.53 (dd, 1H, J = 7.7, 1.8 Hz)
7.30 (dt, 1H, J = 7.7, 1.8 Hz) 7.20 (dt, 1H, J = 8.1, 1.8 Hz) 7.17 (dd, 1H, J = 8.1, 1.8 Hz). Anal. Calcd for
C14H7Br2I: C, 36.40; H, 1.52. Found: C, 36.51; H, 1.36.
1-Bromo-2(3-bromophenylethynyl)-5(2-bromophenylethynyl)benzene (18).
Compound 17 (1.0 mmol, 0.46 g) and 3-bromo-1-ethynyl-benzene 2 (1.9 mmol, 0.35 g) were dissolved in
triethylamine (5 mL). Argon was bubbled through the reaction mixture for 30 min. Then
bis(triphenylphosphine)palladium(II) chloride (3 mol%, 20 mg) and copper(I) iodide (5 mol%, 10 mg) were
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added and the reaction mixture was stirred overnight at room temperature. The reaction mixture was then
poured into water and extracted with dichloromethane (3u). The combined organic layers were washed
with brine and dried over MgSO4. The solvent was then removed in vacuo and the crude product was
purified by column chromatography (10% CH2Cl2 in n-heptane) affording a pale yellow solid (0.17 g, 33%)
mp: 155.9- 158.6 qC. 1H NMR (CDCl3) G 7.83 (d, 1H, J = 1.1 Hz) 7.73 (t, 1H, J = 1.5 Hz) 7.63 (dd, 1H, J
= 8.1, 1.1 Hz) 7.56 (dd, 1H, J = 7.7, 1.8 Hz) 7.50 (m, 3H) 7.31 (dt, 1H, J = 7.3, 1.1 Hz) 7.24 (m, 3H). 13C
NMR (CDCl3) G 135.2, 134.4, 133.3, 132.9, 132.5, 131.9, 130.3, 130.2, 129.9, 129.8, 127.1, 125.7, 125.4,
125.0, 124.7, 124.6, 124.4, 122.2. Anal. Calcd for C22H11Br3: C, 51.30; H, 2.15. Found: C, 51.75; H, 2.34.
2-Iodo-3-bromothiophene (20). 3-Bromothiophene (20 mmol, 3.26 g), NaIO4 (4.3 mmol, 0.92 g),
iodine (8.04 mmol, 2.04 g) were dissolved in acetic acid (20 mL), water (5 mL) and sulfuric acid (1 mL).
The reaction mixture was stirred overnight at 90 qC. Then, it was cooled to room temperature, poured into
water and extracted with dichloromethane. The organic layer was washed with brine, dried over MgSO4
and evaporated in vacuo yielding a yellow liquid which was used without further purification (4.8 g, 83%).
1
H NMR (CDCl3) G 7.43 (d, 1H, J = 5.5 Hz) 6.92 (d, 1H, J = 5.5 Hz).
3-Bromo-2-ethynylthiophene (21). 2-Iodo-3-bromothiophene 20 (16.6 mmol, 4.8 g) was dissolved
in triethylamine (25 mL). Argon was bubbled through the system for 30 min. after which
trimethylsilylacetylene (18 mmol, 1.8 g), Pd(PPh3)2Cl2 (1 mol%, 100 mg) and CuI (2 mol%, 50 mg) were
added. The reaction mixture was stirred overnight, poured into water and extracted with dichloromethane.
The organic layer was washed with brine, dried over MgSO4 and evaporated in vacuo. The crude product
was purified by column chromatography (SiO2; n-heptane) yielding a colorless liquid (2.9 g, 67%) 1H
NMR (CDCl3) G 7.17 (d, 1H, J = 5.1 Hz) 6.94 ( d, 1H, J = 5.1 Hz) 0.29 (s, 9H). (3-Bromo-thien-2ylethynyl)trimethylsilane (11.2 mmol, 2.9 g) was dissolved in THF (50 mL) and treated with
tetrabutylammoniumfluoride (12 mmol, 12 mL, 1.0 M solution in hexane). After 30 min the reaction
mixture was poured into water and extracted with dichloromethane. The organic layer was washed with
brine, dried over MgSO4 and evaporated in vacuo. The resulting liquid was purified by column
chromatography (SiO2; n-heptane) (0.8 g, 38%). 1H NMR (CDCl3) G 7.22 (s, 1H, J = 5.1 Hz) 6.97 (s, 1H, J
= 5.1 Hz) 3.58 (s, 1H).
2-Iodo-4-bromothiophene (22). 2,4-Dibromothiophene14 (20.7 mmol, 5 g) was dissolved in dry
THF (100 mL) and cooled to –70 qC. n-Butyllithium (22.4 mmol, 14 mL of 1.6 M solution in n-hexane)
was added and the reaction mixture was warmed to –30 qC and after 10 min. cooled again to –70 qC. At
this temperature iodine (20.7 mmol, 5.3 g) dissolved in dry THF (30 mL) was added dropwise. After
addition the reaction mixture was warmed to room temperature, poured into water and extracted with
diethyl ether. The organic layer was washed with sodium thiosulfate solution, brine, dried over MgSO4 and
evaporated in vacuo. The crude product was purified by vacuum distillation (1.8u10-1 mbar, 45 qC)
yielding a colorless liquid (2.68 g, 45%). 1H NMR (CDCl3) G 7.26 (d, 1H, J = 1.5 Hz) 7.14 (d, 1H, J = 1.5
Hz).
3,4’-Dibromo-2-thiophen-2-ylethynylthiophene (23). 3-Bromo-2-ethynylthiophene 21 (4.3 mmol,
0.8 g) and 2-iodo-4-bromothiophene 22 (8 mmol, 2.3 g) were dissolved in triethylamine (30 mL). Argon
was bubbled through the system for 30 min after which Pd(PPh3)2Cl2 (2 mol%, 100 mg) and CuI (4 mol%,
50 mg) were added. The reaction mixture was stirred overnight at room temperature. The reaction mixture
was poured into water and extracted with dichloromethane. The organic layer was washed with brine, dried
over MgSO4 and evaporated in vacuo. The crude product was purified by column chromatography (SiO2;
n-heptane) yielding a yellow solid (0.82 g, 55%) mp = 70.5 qC. 1H NMR (CDCl3) G 7.30 (d, 1H, J = 5.49
Hz) 7.24 (d, 2H, J = 0.8 Hz) 7.03 (d, 1H, J = 5.5 Hz).
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N,N´-dimethyl-N-phenyl-N´-thiophen-3-yl-benzene-1,4-diamine (18). An oven-dried Schlenk
tube was charged with 3-bromothiophene (2.5 ml), N,N´-dimethyl-N-phenyl-benzene-1,4-diamine (11.4
mmol, 2.4 g), NaOtBu (14 mmol, 1.35 g), Pd(OAc)2 (1 mol%, 44.9 mg) and PtBu3 (2 mmol%, 121.4 mg).
The tube was evacuated and refilled with argon three times after which o-xylene (3 mL) was added and the
reaction mixture was heated at 110 qC for 5 h. The reaction mixture was poured into dichloromethane,
filtered over hyflo and the solvent was evaporated. The crude product was purified by column
chromatography (SiO2; dichloromethane/n-heptane; 1:1) yielding a white solid (3.25 g, 97%) mp = 116.5
qC. 1H NMR (CDCl3) G 7.23 (m, 3H) 7.04 (s, 4H) 6.93 (d, 2H, J = 7.69 Hz)6.87 (m, 2H) 6.47 (m, 1H) 3.30
(s, 6H). 13C NMR (CDCl3) G 149.4, 148.9, 144.8, 143.0, 129.0, 128.8, 124.8, 122.5, 121.1, 119.3, 117.4,
105.1, 4.3, 40.3. Anal. Calcd for C18H18N2S: C, 73.43; H, 6.16; N, 9.51. Found: C, 73.48; H, 6.13; N, 9.56.
1{{2{N-methyl-N[4(N-methyl-N-phenylaminophenyl)]-amino}phenyl}}-2{{3’{N-methyl-N[4(Nmethyl-N-phenylaminophenyl)]-amino}phenyl}}-2-dithienylethyn (OTE1). An oven-dried Schlenk
tube was charged with OTE2-dibromide 23 (0.95 mmol, 0.33 g), N,N´-dimethyl-N-phenyl-benzene-1,4diamine (2.1 mmol, 0.44 g), NaOtBu (2.5 mmol, 0.24 g), Pd(OAc)2 (1 mol%, 6.7 mg) and PtBu3 (2 mol%,
12.1 mg). The tube was evacuated and refilled with argon three times after which dry toluene (3 mL) was
added and the reaction mixture was heated at 100 qC overnight. After cooling the reaction mixture was
poured into dichloromethane and filtrated over hyflo. The organic layer was evaporated and the crude
product was purified by column chromatography (SiO2; dichloromethane/n-heptane; 7/3) and the product
was obtained as a orange solid (100 mg, 16%) mp = 147 qC. 1H NMR (CDCl3) G 7.20 (m, 5H) 7.00 (m,
7H) 6.93 (m, 4H) 6.86 (t, 1H, J = 1.47 Hz) 6.80 (m, 4H) 6.30 (d, 1H, J = 1.83 Hz) 3.45 (s, 3H) 3.28 (s, 3H)
3.23 (s, 6H) 13C NMR (CDCl3) G 149.7, 149.5, 148.6, 144.2, 142.2, 129.2, 129.1, 126.2, 126.1, 124.8,
124.3, 123.5, 122.2, 120.0, 119.1, 118.9, 118.3, 116.8, 106.0, 85.9, 41.4, 40.7, 40.5. Mass calculated:
610.85. Mass Found: 610.30.
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Chapter 3
p-Phenylenediamine radical cations in C3 symmetrical
configurations
Synthesis and properties

Abstract:

The

syntheses

of

C3

symmetrical

oligo(phenyleneethynylene)s,

oligo(phenylenevinylene)s, and triphenylenes bearing pendant p-phenylenediamine units are
described. The electronic, optical, and magnetic properties of these compounds and their
redox states were investigated by means of cyclic voltammetry, UV/Vis/near-IR experiments,
and ESR spectroscopy.
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3.1 Introduction
It is well known that the relative molecular arrangement in a crystalline molecular solid
is a consequence of several structural factors and numerous subtle intermolecular forces.
Coulombic attraction and repulsion1, hydrogen bonds2, S-S stacking, and van der Waals
forces are the most frequently invoked interactions in the attempt to direct the packing of a
given organic molecular material. Magnetic ordering of electron spins is essentially a threedimensional property, and the design of a molecule-based magnet requires control over the
molecular architecture along the three directions of space. For oligo- and polyradicals the
material must exhibit intramolecular ferromagnetic as well as intermolecular ferromagnetic
interactions. Combining intra- and intermolecular interactions could give rise to a large
magnetic moment in one direction. The model of McConnell3 predicts the spin-spin
interactions between stacked organic radicals. According to this theory, exchange interactions
between two aromatic radicals can be ferromagnetic when the product of spin densities at two
interacting sites on different molecules has a negative sign. This theory was experimentally
confirmed by Iwamura4, who used isomeric bis(phenylmethylenyl)[2.2]paracyclophanes
(Figure 3.1). When the dicarbenes are in a pseudo-ortho or pseudo-para configuration there is
ferromagnetic interaction between the two carbene radicals, giving rise to a quintet ground
state. On the other hand, when the dicarbenes are in a pseudo-meta configuration, a singlet
ground state is observed.

..

..

..
..

..
pseudo-ortho

pseudo-meta

..
pseudo-para

Figure 3.1. Bis(phenylmethylenyl)[2.2]paracylcophanes according to Iwamura.

Inoue and Iwamura5 also synthesized a two-dimensional network formed by
manganese(II) and 1,3,5-tris[p-(N-tert-butyl-N-oxyamino)phenyl]benzene. The 2-D network
sheets form a graphite-like layered structure. The middle benzene ring stacks with the
corresponding ring on the next layer rotated by 60q along the C3 axis and shows
intermolecular ferromagnetic interactions.
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In this chapter two approaches towards intramolecular ordering of radical cations are
investigated. The first approach deals with S-S stacking between the S-conjugated core of C3symmetrical oligo(phenyleneethynylene)s and oligo(phenylenevinylene)s. It is known that C3symmetrical OPEs and OPVs can aggregate into stacks in solid state as well as in different
solvents6,7. The second approach towards this idea is the use of liquid crystalline materials. In
these liquid crystals, there is no positional order, but several levels of molecular order can be
identified. The majority of liquid crystals with permanent spins studied so far are
metallomesogens8 in which the spin originates from transition metal centers. There are very
few liquid crystals known that contain an organic spin9. Many substituted triphenylenes10
show liquid crystalline behavior and they form discotic phases. When discotic molecules bear
chiral substituents most often a twisted stack is observed11. If the twist would be such that an
alternation of positive and negative spin densities in the vertical direction could occur,
McConnells model would predict that intermolecular ferromagnetic interactions are observed,
resulting in a high-spin complex (Figure 3.2).

Figure 3.2. Stacking of discotic molecules in a helical fashion, showing the alternation of the sign of
the spin density in the vertical direction (dashed line).

3.2 Radical cations of C3- symmetrical OPEs and OPVs
In a first approach, C3 symmetrical oligo(phenyleneethynylene)s (OPE3/OPE6) and
oligo(phenylenevinylene)s (OPV3/OPV6) bearing three or six pendant p-phenylenediamine
units are prepared and investigated as an extension to the linear systems described in Chapter
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2. For these systems the same rules for in-phase spin polarization as described in Chapter 2
apply.
N

R

N

R

N

N

N

N

N
N

R

R
R
R

N

N
N

N

R=H

R=H

OPE3

N

OPV3

N

OPE6
N

OPV6
N

Figure 3.3. Investigated OPE and OPV molecules.

3.2.1 Synthesis
For the preparation of OPE3 and OPE6 (Scheme 3.1) 1,3,5-tribromobenzene was
reacted with trimethylsilylacetylene in the presence of triethylamine as base and
Pd(PPh3)2Cl2/CuI as catalyst. After deprotection, compound 4 was obtained, which is the first
building block and will act as C3-core. The other building block for OPE3 was prepared
starting from 1,3-dibromobenzene (1a), which was reacted with N,N´-dimethyl-N-phenylbenzene-1,4-diamine using sodium tert-butoxide as base and Pd2(dba)3/BINAP as catalyst
resulting in the monosubstituted bromo compound 2a. Lithiation with n-butyl lithium and
quenching with 1,2-diiodoethane converted the bromo compound into the iodo compound 3a.
Reaction of compounds 4 and 3a in the presence of triethylamine as base and
Pd(PPh3)2Cl2/CuI as catalyst resulted in trimer OPE3, which was obtained in 55% yield after
column chromatography (SiO2; dichloromethane/n-hexane; 1:1). For the preparation of
compound 2b, 1,3,5-tribromobenzene (1b) was reacted with two equiv of N,N´-dimethyl-Nphenyl-benzene-1,4-diamine under the same conditions as for compound 2a. Compound 2b
was then converted to the iodo compound 3b via the same procedure as for compound 3a.
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Hexamer OPE6 was obtained after reacting compound 4 and 3b in a similar way as for
OPE3.

The

crude

product

was

purified

by

column

chromatography

(SiO2;

dichloromethane/n-hexane; 3:2) and OPE6 was obtained in 45% yield.

Br
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d
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Br
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N

R
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N

P(OEt)2
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OPV3 / OPV6

O
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P(OEt)2
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X = H 1a, 5a
Br 1b, 5b

O

7

R = H 2a, 3a, 6a, OPE3, OPV3
N

2b, 3b, 6b, OPE6, OPV6
N

Scheme 3.1. Synthesis of OPE3, OPE6, OPV3, and OPV6. Reaction conditions: a) NaOtBu,
Pd2(dba)3, BINAP, N,N´-dimethyl-N-phenyl-benzene-1,4-diamine, toluene, 105 qC; b) n-BuLi, THF,
1,2-diiodoethane; c) i) Pd(PPh3)2Cl2, CuI, Et3N, trimethylsilylacetylene; ii) NaOH, MeOH; d)
Pd(PPh3)2Cl2, CuI, Et3N; e) Pd2(dba)3, BINAP, Cs2CO3, N,N´-dimethyl-N-phenyl-benzene-1,4diamine, toluene, 105 qC; f) compound 7, KOtBu, THF, 0 qC.

For the preparation of OPV3 and OPV6, Horner-Wittig reactions were performed to
obtain all-trans isomers (Scheme 3.1). To this end 1,3,5-trimethyl benzenetricarboxylate was
transformed to hexaethyl-1,3,5-benzenetriyltris(methylenephosphonate) (7) according to
literature12. The aldehyde compounds 6a and 6b were obtained from aldehydes 5a and 5b by
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reaction with N,N´-dimethyl-N-phenyl-benzene-1,4-diamine using cesium carbonate as a base
and Pd2(dba)3/BINAP as the catalyst13. Aldehydes 6a and 6b were reacted with
trisphosphonate 7 with potassium tert-butoxide as base and OPV3 and OPV6 were isolated
by column chromatography in 21% and 30% yield, respectively.

3.2.2 Redox properties
The redox behavior was investigated as described in Chapter 2. The cyclic
voltammograms of OPE3, OPE6, OPV3 and OPV6 are shown in Figure 3.4 and the data is
summarized in Table 3.1. OPE3 and OPV3 show two chemically reversible oxidation waves
at 0.48 and 1.04 V (Figure 3.4, Table 3.1). The oxidation wave at E01 is ascribed to the
formation of the radical cations in which three electrons are removed from the system
resulting in tri(radical cation)s OPE33xx3+ and OPV33xx3+. E02 is associated with the formation
of the corresponding tri(dication)s OPE36+ and OPV36+. The difference between the cathodic
and anodic waves is a60 mV and 110 mV for OPE3 and OPV3, respectively. Measuring at
different scan speeds gives a linear behavior for the current versus v1/2. This indicates a
diffusion-controlled electrochemistry. For OPE6 and OPV6, three chemically reversible
oxidation waves are present. The oxidation wave at E01 is associated with the removal of three
electrons resulting in OPE63xx3+ and OPV63xx3+. The potential is lower than the first oxidation
potential of OPE3 and OPV3. The electron releasing character of the second pphenylenediamine unit lowers the first oxidation potential. The second oxidation potential, E02
on the other hand, lies somewhat higher because of the electrostatic repulsion of the radical
cations present in the molecule. The second oxidation potential is associated with the removal
of three electrons resulting in the formation of OPE66xx6+ and OPV66xx6+. The separation
between the cathodic and anodic wave is a60 mV for OPE6 and a110 mV for OPV6. In the
case of OPE6 a linear relation is observed for the current versus v1/2 on varying the scan
speeds. For OPV6 measuring at lower scan speed (50 mV s-1, not shown) reveals an
irreversible oxidation with the appearance of an extra oxidation potential at 0.92 V in
subsequent scans, which increased in time. A possible reason for this could be 2 + 2 addition
reactions of the double bonds. The very large reduction peak of the dicationic species of the
OPEs and OPVs can be explained by the insoluble nature of the highly charged species,
causing precipitation at the working electrode.
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Figure 3.4. Cyclic voltammograms of OPE3 (left, solid), OPE6 (left, dashed), OPV3 (right, solid) and
OPV6 (right, dashed), determined in CH2Cl2/Bu4+NPF6- (0.1 mol dm-3) at 295 K, scan rate 100 mV s-1,
potential vs. SCE calibrated using Fc/Fc+.
Table 3.1. Oxidation potentials of OPE3, OPE6, OPV3, and OPV6.

E01

E02

OPE3

0.48

1.04

OPE6

0.42

0.59

OPV3

0.48

1.04

OPV6

0.43

0.59

E03
1.03
1.03

Determined in CH2Cl2/Bu4+NPF6- (0.1 mol dm-3) at 295 K, scan rate 100 mV s-1, potential vs. SCE
calibrated using Fc/Fc+.

3.2.3 UV/Vis/near-IR absorption spectroscopy
The quantitative conversion of the neutral trimers and hexamers to the different
oxidation states has been performed as described in Chapter 2 and was monitored with
UV/Vis/near-IR absorption spectroscopy.
The absorption spectrum of neutral OPE3 shows an absorption band at 4.03 eV (Figure
3.5). Stepwise oxidation of OPE3 with thianthrenium perchlorate in dichloromethane results
in the gradual decrease of the neutral absorption and the appearance of two new absorption
bands at 1.96 and 3.37 eV, which are ascribed to the formation of pendant pphenylenediamine radical cations (OPE3 o OPE33xx3+). After addition of three equiv these
bands reached their maximum intensity. Further oxidation results in the decrease of these
absorption bands and a new absorption band at 2.71 eV appears in the spectrum, which is
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ascribed to the formation of spinless p-phenylenediamine dications (OPE33xx3+ o OPE36+).
The absorption spectrum of neutral OPE3 was restored after reduction with hydrazine.
For neutral OPE6 the absorption band is at 4.00 eV. Upon addition of thianthrenium
perchlorate this band decreases and two new absorption bands at 1.96 and 3.42 eV appear in
the spectrum (OPE6 o OPE66xx6+) (Figure 3.5). When three equiv of thianthrenium
perchlorate are added a charge transfer band is present. The charge transfer band originates
from the fact that when half of the molecule is oxidized an intramolecular electron transfer
can take place from the reduced side to the oxidized side. After addition of six equiv of
thianthrenium perchlorate the radical cation absorption bands reached a maximum intensity,
while the charge transfer band has decreased again. Further oxidation resulted in the
appearance of a new absorption band at 2.67 eV and the decrease of the bands at 1.96 and
3.42 eV. These changes are associated with the formation of dicationic species (OPE66xx6+ o
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Figure 3.5. UV/Vis/near-IR spectra of OPE3 oxidized stepwise to OPE33xx3+ (left). The dashed line is
the absorption of neutral OPE3; the dotted line of OPE36+; UV/Vis/near-IR spectra of OPE6 oxidized
stepwise to OPE66xx6+ (right). The dashed line is the absorption of neutral OPE6; the dotted line of
OPE612+ inset (right) charge transfer band.

The absorption spectrum of neutral OPV3 shows an absorption band at 3.91 eV. OPV3
essentially exhibits the same behavior upon addition of oxidizing agent as OPE3. Similarly,
oxidation of OPV6 shows a similar behavior as for the OPE hexamer OPE6 (Figure 3.6).
However, for OPV6, it is not possible to oxidize the compound further to the dicationic
species reversibly as was already shown by electrochemical oxidation at low scan speed.
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Figure 3.6. UV/Vis/near-IR spectra of OPV3 oxidized stepwise to OPV33xx3+ (left). The dashed line is
the absorption of neutral OPV3; the dotted line of OPV36+; UV/Vis/near-IR spectra of OPV6 oxidized
stepwise to OPV66xx6+ (right). The dashed line is the absorption of neutral OPV6; inset right: charge
transfer band of OPV66x6+.

These oxidation experiments reveal a close resemblance of the UV/Vis/near-IR spectra
and thereby demonstrate the localized nature of the radical cation in the p-phenylenediamine
moiety in each of the oligo radicals.
It is known that radical cations can form S-dimers14 at low temperatures, which would
be detrimental for obtaining a high-spin complex. To investigate whether this has occurred for
the C3 symmetrical OPEs and OPVs, temperature dependent UV/Vis/near-IR studies were
performed on OPE3 and OPV3 in neutral and oxidized states. If S-dimerization would take
place a new absorption at higher energy is expected to appear in the spectrum, corresponding
to spinless dications, and a simultaneous decrease of the radical cation absorption bands.
However, no evidence for S-dimers was found in the spectra, only a slight increase of the
absorption intensity was observed due to the volume changes with temperature.

3.2.4 ESR spectroscopy
The ESR spectrum of OPE33xx3+, recorded at 4 K, shows a broad signal with a width of
a20 Gauss in the 'Ms = r1 region but no 'Ms = r2 transition at half field was observed
(Figure 3.7). The ESR spectrum of OPE66xx6+, recorded under the same conditions, also shows
a broad signal with a width of a16 Gauss, but does show a 'Ms = r2 transition at half field,
characteristic of a high-spin state (Figure 3.7). No fine structure is present in the 'Ms = r1
spectra that could reveal a quartet or septet state for OPE33xx3+ and OPE66xx6+, respectively.
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A possible explanation for the absence of fine structure is associated with the fact that
the average zero-field splitting (D-value) decreases going to higher spin states, which results
in a decrease of line width. Moreover, the outer-most features of the ESR-spectrum are
expected to decrease in intensity with increasing spin multiplicity. The dipolar coupling D is
related to the distance between the radical centers via D = 78000ud-3. Using the distance
between the radical centers obtained from molecular modeling (d = 14.2 Å), the D-value of
OPE33xx3+ is expected to be D = 27.6 MHz. Such a low D value, may explain the absence of a
'Ms = r2 transition in the spectrum of OPE33xx3+ as the intensity of that transition is
proportional to (D/B0)2. Spectral simulation 'Ms = r1 region for the two possible high-spin
states (S = 1 and 3/2) with D = 27.6 MHz, E = 0 MHz, and an intrinsic line width of 20 Gauss
are shown in Figure 3.7 together with the spectrum that would be expected for a monoradical
(S = 1/2). The intensity in the wings of the line suggests that a high-spin state might be
present in the ESR spectrum of OPE33xx3+, but this proposal awaits definite proof.
For OPE66xx6+ the presence of the 'Ms = r2 transition gives unambiguous proof that a
high-spin (S > 1/2) state is present. This high-spin state cannot simply arise from
ferromagnetic interactions between two adjacent radical cations in one branch, because then
the spectrum would exhibit a much larger zero field splitting (D = 153 MHz; E | 0 MHz) as
was established by Struijk15. However, in absence of characteristic features in the ESR
spectrum, it is not possible to give a definite assignment. Again spectral simulation has been
used to obtain some qualitative information. The average D-value expected for OPE66xx6+ is
estimated via D = 78000u[( 1/d13 + 1/d23 + 1/d33 + 1/d43 + 1/d53)/5], to account for the fact that
each radical cation has an interaction with five other radical cations at different distances.
Using molecular modeling D = 34.8 MHz is obtained and the spectral simulation of the
different high-spin states (S = 1 through 3), as described above, is shown in Figure 3.7. The
appreciable intensity in the outer wings of the spectrum of OPE66xx6+ suggests

that

ferromagnetic interactions via the core are present in the molecule. Comparison with the
simulated high-spin spectra confirms this, however, more quantitative information cannot be
extracted.
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Figure 3.7. ESR spectra of OPE33xx3+ (left, solid) and OPE66xx6+ (right, solid); inset right: 'Ms = r2
spectrum of OPE66x6+.

The ESR spectra of OPV33xx3+ and OPV66xx6+ recorded at 4 K show similar signals in the
'Ms = r1 with a width of a18 and a15.5 Gauss, respectively. In both cases an 'Ms = r2
transition was observed at 4 K, characteristic of a high-spin state (Figure 3.8). The 'Ms = r2
band of OPV33xx3+ was not observed at temperatures above 5 K. In the spectra of OPV33xx3+
and OPV66xx6+ again no fine structure indicative of a quartet or septet state is present. Using
the distance between the radical centers (d = 13.9 Å) from molecular modeling for OPV3 a
D-value for OPV33xx3+ of D = 29.1 MHz is obtained. Spectral simulation of the triplet and
quartet spin states with D = 29.1 MHz, E | 0 MHz, and an intrinsic line width of 20 Gauss
are shown in Figure 3.8. From the simulations it is not possible to discriminate between a
monoradical (S = 1/2) and a high-spin state (S = 1 or 3/2). Although the exact multiplicity
remains unknown, the

'Ms = r2 transition of OPV33xx3+ is a clear indication that

ferromagnetic coupling of at least two electron spins occurs in this molecule. For OPV66xx6+
the D-value is calculated via D = 78000u[( 1/d13 + 1/d23 + 1/d33 + 1/d43 + 1/d53)/5], as in the
case of OPE66xx6+. The resulting value is D = 36.6 MHz. Simulation of the different spin
states, as described above, is shown in Figure 3.8. As in the case of OPE6, the shoulders and
the presence of an 'Ms = r2 transition are indicative of a high-spin state, but a quantitative
assignment is not possible.
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Figure 3.8. ESR spectra of OPV33xx3+ (left, solid); inset left: 'Ms = r2 spectrum of OPV33xx3+ and
OPV66xx6+ (right, solid); inset right: 'Ms = r2 spectrum of OPV66xx6+.

Temperature-dependent ESR experiments were performed for OPE66xx6+, OPV33xx3+ and
OPV66xx6+. For OPE66xx6+ and OPV66xx6+ a linear relation was found for the doubly integrated
ESR intensity of the 'Ms = r1 and 'Ms = r2 signals as function of the reciprocal temperature
between 4 – 100 K, which is in agreement with Curie’s Law (I a 1/T) (Figure 3.9). Because
the 'Ms = r2 signal for OPV33xx3+ was only observed below 5 K, the temperature-dependent
ESR experiment was only performed for the 'Ms = r1 signal. Again, a linear behavior was
found for the double integrated ESR intensity of the 'Ms = r1 transition.
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Figure 3.9. Temperature dependence of the ESR signal intensity: left: OPE66xx6+ (: 'Ms = r1 ; :
'Ms = r2); right: OPV33xx3+ ( : 'Ms = r1) OPV66xx6+ (: 'Ms = r1 ; : 'Ms = r2). Solid lines are
least-square fits to Curie’s law.
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These results are consistent with a high-spin ground state, which is not populated or
depopulated in this temperature region. However, it is obviously not possible to give a
definite spin multiplicity of the ground state, because of the lack of fine structure in the 'Ms =
r1 signal and the absence of an 'Ms = r3 signals. The latter could be rationalized by the low
D values since the intensity of the 'Ms = r3 is dependent on (D/B0)4.

3.3 Radical cations of substituted triphenylenes
The second approach towards ordering radicals is the use of liquid crystalline materials.
In this study substituted triphenylenes were investigated. The basic rules for in-phase spin
polarization have to be taken into account and thus it can be seen that a 2,6,10- (or 3,7,11-)
substitution pattern is expected to give intramolecular ferromagnetic coupling. A
monosubstituted (13) and a trisubstituted triphenylene (16) were synthesized and their
properties were investigated.
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Figure 3.10. Monosubstituted triphenylene 13 and trisubstituted triphenylene 16.

3.3.1 Synthesis
For the synthesis of the monofunctionalized triphenylene 13 (Scheme 3.2) catechol was
reacted with 1-bromopentane to afford 1,2-dipentoxybenzene (8) that was brominated to
obtain compound 9. The latter was then treated with 0.5 equiv of n-butyl lithium to give
biphenyl 10. Biphenyl 10 was oxidatively coupled with 2-pentoxyphenol using iron(III)
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chloride and monohydroxytriphenylene 11 was isolated. The hydroxy group was transformed
into the triflate via reaction with trifluoromethanesulfonic anhydride. Triflate 12 was reacted
with N,N´-dimethyl-N-phenyl-benzene-1,4-diamine in the presence of cesium carbonate as
base and Pd(OAc)2/BINAP as catalyst16 to afford pure monosubstituted triphenylene 13 after
purification via column chromatography in 49 % yield.
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Scheme 3.2. Synthesis of monosubstituted triphenylene 13. Reaction conditions: a) bromine, acetic
acid; b) n-BuLi, THF –78 qC; c) i) FeCl3, H2SO4, 2-pentoxyphenol; ii) MeOH; d)(Tf)2O, pyridine; e)
N,N´-dimethyl-N-phenyl-benzene-1,4-diamine, Pd(OAc)2, BINAP, Cs2CO3, toluene, 105 qC.

Trisubstituted triphenylene 16 was obtained from trihydroxytriphenylene 14, which was
prepared as described in literature17 from hexapentoxytriphenylene (17) (Scheme 3.3).
Although two isomers are formed during the reaction, they can easily be separated via column
chromatography. The trihydroxytriphenylene 14 was reacted with trifluoromethanesulfonic
anhydride to get to the triphenylene tritriflate 15. Triflate 15 was reacted under similar
conditions as described for monosubstituted triphenylene 13 and so crude 16 was obtained.
Purification steps (precipitation, column chromatography) did not result in a purity exceeding
90%. The side product is the disubstituted triphenylene, due to the use of BINAP, which is
responsible for some ‘dehalogenation’ of the starting compound.
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Scheme 3.3. Synthesis of trisubstituted triphenylene 16. Reaction conditions: a) (TfO)2O, pyridine; b)
N,N´-dimethyl-N-phenyl-benzene-1,4-diamine, Pd(OAc)2, BINAP, Cs2CO3, toluene, 105 qC.

To determine whether these triphenylenes are liquid crystalline materials the melting
behavior was studied with optical microscopy. For triphenylene 13 a transition from a
crystalline material to an isotropic liquid was observed at 122 qC. Upon cooling the material
crystallized again at a30 qC in a different crystal structure. A second heating run showed a
transition to an isotropic liquid at a38 qC. Upon further heating a new crystallization started at
a56 qC with a different texture which melted again at 122 qC.

123.7 °C

first heating run
second heating run

122.2 °C

55.9 °C
38.8 °C
10.6 °C

-20

0

20

40

60

80

100

120

140

Temperature (C)

Figure 3.11. Differential scanning calorimetry of 13.

Differential scanning calorimetry (DSC) showed in the first heating run a melting
transition at 123.7 qC (Figure 3.11). In the cooling run no transitions were detected. In the
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second heating run a crystallization peak was observed at 10.6 qC. A melting peak was
observed at 38.8 qC. A second crystallization peak was observed at 55.9 qC and a second
melting peak at 122.2 qC, which is in agreement with the observations by optical microscopy.
It seems that 13 has two different crystalline phases with different crystallization and melting
behavior (Figure 3.12).
For triphenylene 16 a transition to a liquid crystalline state was observed at 118.9 qC
and a transition to an isotropic liquid at 181.1 qC, which then decomposed.

Figure 3.12. Optical microscopy pictures of 13 (30 qC, left), 13 (57 qC, middle) and 16 (right).

3.3.2 Redox properties
Redox properties were investigated using the method described in the previous chapter.
The cyclic voltammogram of compound 13 shows three oxidation waves (Figure 3.13, Table
3.2). At E01 the radical cation 13x+ is formed, the difference between the cathodic and anodic
peak is 61 mV, indicative of an electrochemically reversible one-electron process. The second
oxidation wave at E02 results in the formation of 132+ and thus corresponds to a one-electron
process. The oxidation of the triphenylene core takes place at the third oxidation wave, E03.

70

p-phenylenediamine radical cations in C3 symmetrical configurations
40

12
8
6

20

4

0

2
0
-2

I (PA)

I (PA)

10

-4
-6

-20
-40

-8
0.0

0.2

0.4

0.6

0.8

1.0

1.2

1.4

-60

0.0

E (V)

0.2

0.4

0.6

0.8

1.0

1.2

1.4

1.6

E (V)

Figure 3.13. Cyclic voltammograms of 13 (left) and 16 (right). Determined in CH2Cl2/Bu4+NPF6- (0.1
mol dm-3) at 295 K, scan rate 100 mV s-1, potential vs. SCE calibrated using Fc/Fc+.

Electrochemical oxidation of hexapentoxytriphenylene (17) shows an oxidation wave at
1.06 V. This is ascribed to the formation of 17x+. Due to the presence of the radical cation in
13x+ the oxidation of the triphenylene core is shifted to higher potential compared to 17x+. A
linear behavior for the current versus v1/2 was observed for all three oxidation waves. The
cyclic voltammogram of 16 shows two electrochemically reversible oxidation waves in which
at E01 the tri(radical cation) 163xx3+ is formed and at E02 (166+) is formed. Due to the
electrostatic repulsive forces of the tri(dication)s there is no oxidation of the triphenylene core
in the scanned region. The large difference between E01 and E02 allows for tuning of the
molecules into the different oxidation states.
Table 3.2. Oxidation potentials of 13, 16 and 17.

E01

E02

E03

13

0.38

1.00

1.23

16

0.43

1.06

1.06

17
+

Determined in CH2Cl2/Bu4 NPF6- (0.1 mol dm-3) at 295 K, scan rate 100 mV s-1, potential vs. SCE
calibrated using Fc/Fc+.
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3.3.3 UV/Vis/near-IR absorption spectroscopy
UV/Vis/near-IR titration experiments were performed as described in the previous
chapter. The neutral absorption spectrum of 13 shows an absorption band at 4.43 eV with a
shoulder at 4.09 eV (Figure 3.14). The absorption band at 4.43 eV originates from the
triphenylene core and the shoulder at 4.09 eV from the p-phenylenediamine unit. Upon
addition of thianthrenium perchlorate in small amounts two new absorption bands appear in
the spectrum at 2.06 and 3.38 eV which are ascribed to the formation of 13x+. The shoulder at
4.09 eV is decreasing simultaneously. After addition of one equiv of thianthrenium
perchlorate these bands reach a maximum value (Figure 3.14). Addition of more
thianthrenium perchlorate give rise to two new absorption bands at 1.29 and 2.75 eV and the
simultaneous loss of the absorption bands at 2.06 and 3.38 eV, which is ascribed to the
formation of the dication 132+. Addition of more than two equiv gives rise to absorption bands
at 1.59 an 2.85 eV. These can be attributed to the oxidation of the triphenylene core. This was
confirmed by oxidation of hexapentyloxytriphenylene (17) under same conditions.
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Figure 3.14. UV/Vis/near-IR spectra of stepwise oxidation of 13 to 13x+ (left) and 132+ (right).

Neutral 16 shows an absorption at 4.54 eV and a shoulder at 4.08 eV (Figure 3.15).
Addition of thianthrenium perchlorate gave similar results as for 13 with the difference that
three equiv of thianthrenium perchlorate are necessary to oxidize 16 to the tri(radical cation)
163xx3+. Addition of more than three equiv gives rise to the appearance of a new absorption at
2.68 eV, which is ascribed to the formation of dicationic species and the simultaneous loss of
the radical cation bands (Figure 3.15). Both compounds could be reduced to the neutral
species after addition of hydrazine.
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Figure 3.15. UV/Vis/near-IR spectra of stepwise oxidation of 16 to 163xx3+ (left) and 166+ (right).

3.3.4 ESR spectroscopy
The ESR spectrum of 13x+ recorded at room temperature in dichloromethane shows a
resolved 11-line pattern which can be explained by the interaction of the unpaired electron
with the two nitrogen atoms and the six hydrogen atoms of the two methyl groups (Figure
3.16). The ESR spectrum of 163xx3+ at 4 K in chloroform/butyronitrile shows a broad signal in
the 'Ms = r1 region with a width of a26 Gauss, but no fine structure was present that could
give definite proof of a quartet state. However, a 'Ms = r2 transition observed at half field
gives evidence that a high-spin (triplet or quartet) species is formed (Figure 3.16).
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Figure 3.16. ESR spectra of 13x+ (left) at room temperature and 163xx3+ (right, solid) at 4 K; inset right
shows 'Ms = r2 spectrum of 163xx3+.

The average distance between two radical cations in 16 of 11.1 Å, calculated from
molecular modeling, results in an estimated dipolar coupling of D = 51.6 MHz using D =
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78000ud-3. Spectrum simulations using the different spin multiplicities with D = 51.6 MHz, E
= 0 MHz, and an intrinsic line width of 20 Gauss are shown in Figure 3.16. These simulations
show that the experimental spectrum cannot be simulated completely with the quartet state
only and it is concluded that the experimental data likely arise from a mixture of triplet and
quartet states. This can either be due to the impurity, the disubstituted triphenylene, or to
incomplete oxidation.
Temperature-dependent ESR spectroscopy on 163xx3+ shows a linear behavior for the
'Ms = r1 transition between 4 and 100 K according to Curie’s law. Although the 'Ms = r2
signal could only be measured between 4 and 10 K, also a linear behavior was observed in
this region (Figure 3.17) which is indicative of a high-spin ground state.
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Figure 3.17. Temperature dependence of the ESR signal intensity 163x3+ (: 'Ms = r1; z: 'Ms = r2).
Solid line is least-square fit to Curie’s law.

3.4 Conclusions
High-spin C3 symmetrical oligo(phenyleneethynylene)s and oligo(phenylenevinylene)s
bearing pendant p-phenylenediamine radical cations were prepared and investigated. It was
shown that the oxidatively formed radical cations are stable and that the process is reversible.
Due to the lack of fine structure in the 'Ms = r1 signal of the ESR spectra it is not possible to
conclude that we have a quartet or a septet ground state, for the threefold oxidized trimers
(OPE3 and OPV3) and six fold oxidized hexamers (OPE6 and OPV6), respectively.
Simulation of the ESR spectra shows that high spin states are present. The presence of a 'Ms
= r2 is indicative of a high-spin state. The linear behavior of the ESR signal intensity versus
the reciprocal temperature indicates a high-spin ground state.
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Substituted triphenylenes 13 and 16 show promising results concerning liquid
crystalline behavior. Stable radical cations can be formed as was proven by electrochemical
and chemical oxidation. In the case of the trisubstituted triphenylene 16, a triplet or quartet
ground state was observed as inferred from the linear behavior of the intensity of the ESR
signal with the inverse temperature. These results underline the potential of the triphenylene
moiety as ferromagnetic coupling unit. Increasing the length of the alkoxy side chains on the
triphenylene or introduction of long alkoxy/alkyl chains on the p-phenylenediamine moieties
in the triphenylene as well as in the C3 symmetrical OPEs and OPVs might induce better
liquid crystalline behavior.

3.5 Experimental
General Methods and materials. General methods and materials were used as described in Chapter
2. Temperature dependent UV/Vis/near-IR experiments were performed on a Perkin Elmer Lambda 900
spectrometer equipped with an Oxford Optistat cryostat. Temperature was constant within r 0.2 K.
Thermal optical properties were studied using a Jenaval polarization microscopy equipped with crossed
polarizers and a Linkham THMS 600 hot-stage. Differential scanning calorimetry was performed on a
Perkin Elmer DSC Pyris 1.
1,3,5-Triethynylbenzene (4). 1,3,5-Tribromobenzene (10 mmol, 3.15 g) was dissolved in
diethylamine (85 mL) after which argon was bubbled through the system for 30 min.
Trimethylsilylacetylene (36 mmol, 3.53 g), Pd(PPh3)2Cl2 (0.19 mmol, 133 mg) and CuI (0.08 mmol, 16.7
mg) were added to the reaction mixture and the mixture was heated overnight at 50 qC. After cooling the
suspension was filtered, the solid washed with diethyl ether the combined the filtrate evaporated in vacuo.
The crude residue was purified by column chromatography (n-hexane) affording a white solid (3.31 g,
90%). 1H NMR (CDCl3) G 7.49 (s, 3H) 0.22 (s, 27H). 1,3,5-Tris(trimethylsilylethynyl)benzene (2.48 mmol,
912 mg) was dissolved in THF (10 mL). A 1N NaOH solution (6 mL) was added and the reaction mixture
was stirred for 2 h at room temperature. The THF was evaporated in vacuo and the aqueous layer was
extracted with dichloromethane. The organic layer was washed with brine and dried over MgSO4 and
evaporated in vacuo. The resulting white solid (370 mg, 99%) was pure. 1H NMR (CDCl3) G 7.59 (s, 3H)
3.12 (s, 3H). 13C NMR (CDCl3) G 135.6, 122.9, 81.6, 78.7.
N-(3-Bromo-phenyl)-N,N´-dimethyl-N´-phenyl-benzene-1,4-diamine (2a). An oven-dried
Schlenk tube was charged with N,N´-dimethyl-N-phenyl-benzene-1,4-diamine (9.42 mmol, 2.0 g), NaOtBu
(13.2 mmol, 1.26 g), Pd2(dba)3 (24.5 mg) and BINAP (45.2 mg). The tube was evacuated and recharged
with argon for three times. 1,3-Dibromobenzene (10 mL) was added and the reaction mixture was heated at
90 qC for 5 h. After cooling to room temperature the reaction mixture was poured into diethyl ether, filtered
over hyflo and the filtrate evaporated in vacuo. n-Hexane was added to the crude residue inducing the
product crystallization upon standing. After filtration the pure compound was obtained as light-brown
crystals (2.0 g, 58%) mp = 102.5 qC. 1H NMR (CDCl3) G 7.30 (m, 2H) 7.04 (m, 7H) 6.96 (m, 2H) 6.89 (m,
1H) 6.72 (ddd, 1H, J = 1.1, 2.6, 8.4 Hz) 3.33 (s, 3H) 3.26 (s, 3H) 13C NMR (CDCl3) G 150.7, 145.6, 141.7,
130.1, 129.2, 125.8, 123.0, 121.7, 121.1, 121.1, 120.1, 118.3, 114.3, 40.4, 40.3.
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N-(3-Iodo-phenyl)-N,N´-dimethyl-N´-phenyl-benzene-1,4-diamine (3a). N-(3-bromo-phenyl)N,N´-dimethyl-N´-phenyl-benzene-1,4-diamine (2a) (1.22 mmol, 450 mg) was dissolved in dry THF (4
mL) and cooled to –90 qC. n-BuLi (1.5 mmol, 1 mL, 1.6 M in hexane) was added and the reaction mixture
was stirred for 30 min. at –90 qC. 1,2-Diiodoethane (1.22 mmol, 344 mg) in dry THF (2 mL) was added to
the reaction mixture. The cooling bath was removed and the reaction mixture was stirred for 30 min. Then
it was poured into aqueous Na2S2O3 and the aqueous layer was extracted with dichloromethane. The
organic layer was washed with brine, dried over MgSO4 and the solvent was evaporated in vacuo. The
crude product was purified by column chromatography (SiO2; dichloromethane/n-hexane; 1:1) yielding a
slightly blue oil (294 mg, 58%) which oxidizes upon standing in air. 1H NMR (CDCl3) G 7.30 (bs, 2H) 7.04
(bs,10H) 6.79 (bs, 1H) 3.30 (bs, 6H) 13C NMR (CDCl3) G 141.8, 130.24, 129.2, 127.4, 125.5, 121.8, 95.1,
40.4, 40.3 (signals were broad due to oxidation of product).
1,3,5-Tris{{3{N-methyl-N[4(N-methyl-N-phenylamino)phenyl]amino}phenylethynyl}}benzene
(OPE3). 1,3,5-Triethynylbenzene (4) (0.2 mmol, 30 mg) and N-(3-iodo-phenyl)-N,N´-dimethyl-N´-phenylbenzene-1,4-diamine (3a) (0.7 mmol, 290 mg) were dissolved in triethylamine/dry THF (10 mL, 1:1).
Argon was bubbled through the reaction mixture for 30 min, after which Pd(PPh3)2Cl2 (26 mg) and CuI (14
mg) were added and the reaction mixture was heated at 40 qC overnight. After cooling, the reaction mixture
was poured into water and extracted with dichloromethane. The organic layer was washed with brine, dried
over MgSO4 and the solvent was evaporated in vacuo. The crude product was purified by column
chromatography (SiO2; dichloromethane/n-hexane; 6:4) yielding a light yellow powder (110 mg, 55%) mp
= 84.2 qC. 1H NMR (CDCl3) G 7.64 (s, 3H) 7.26 (m, 3H) 7.21 (m, 3H) 7.08 (m, 21H) 6.93 (m, 9H) 3.34 (s,
9H) 3.32 (s, 9H) 13C NMR (CDCl3) G 149.3, 149.1, 145.0, 142.6, 134.7, 133.9, 129.1, 129.0, 125.0, 124.9,
124.3, 124.0, 123.3, 123.1, 122.3, 122.2, 120.7, 123.6, 119.4, 119.4, 119.3, 119.2, 117.3, 91.5, 91.0, 87.2,
86.8, 40.4, 40.3. Mass calculated: 1008.47; Found: 1008.44.
5-Bromo-N,N´-dimethyl-bis-[4-(N-methyl-N-phenyl-amino)-phenyl]-benzene-1,3-diamine (2b).
An oven-dried Schlenk tube was charged with 1,3,5-tribromobenzene (2.8 mmol, 0.88 g), N,N´-dimethylN-phenyl-benzene-1,4-diamine (5.6 mmol, 1.2 g), NaOtBu (6.7 mmol, 0.65 g), Pd2(dba)3 (0.5 mol%, 25.6
mg) and (-)-(R)-N,N´-dimethyl-1-[(S)-2-(diphenylphosphino)ferrocenyl]ethylamine (1.5 mol %, 52.5 mg).
The tube was evacuated and recharged with argon for three times. Dry toluene (10 mL) was added and the
reaction mixture was heated at 105 qC for 48 h. After cooling to room temperature the reaction mixture
was poured in dichloromethane, filtered over hyflo and the filtrate evaporated in vacuo. The crude product
was purified by column chromatography (SiO2; dichloromethane/n-hexane; 1:1) yielding a thick oil (0.7 g,
43%). 1H NMR (CDCl3) G 7.29 (t, 4H, J = 8.0 Hz), 6.93 (m, 14H), 6.50 (s, 2H), 6.30 (s, 1H), 3.32 (s, 3H),
3.24 (s, 3H).
5-Iodo-N,N´-dimethyl-bis-[4-(N-methyl-N-phenyl-amino)-phenyl]-benzene-1,3-diamine (3b). 5Bromo-N,N´-dimethyl-bis-[4-(N-methyl-N-phenyl-amino)-phenyl]-benzene-1,3-diamine (2b) (1.21 mmol,
0.7 g) was dissolved in dry THF (4 mL) and cooled to –80 qC. n-BuLi (1.5 mmol, 1 mL, 1.6 M in hexane)
was added and the reaction mixture was stirred for 30 min at –90 qC. 1,2-Diiodoethane (1.7 mmol, 0.5 g) in
dry THF (2 mL) was added to the reaction mixture. The cooling bath was removed and the reaction mixture
was stirred for 30 min. The reaction mixture was poured into aqueous Na2S2O3. The aqueous layer was
extracted with dichloromethane. The organic layer was washed with brine, dried over MgSO4, and the
solvent was evaporated in vacuo. The crude product was purified by column chromatography (SiO2;
dichloromethane/n-hexane; 1:1) yielding a slightly blue oil (400 mg, 53%) which is susceptible to rapid
oxidation. 1H NMR (CDCl3) G 7.29 (t, 4H, J = 7.8 Hz), 7.00 (m, 14H), 6.74 (s, 2H), 6.37 (s, 1H), 3.32 (s,
3H), 3.24 (s, 3H). 13C NMR (CDCl3) G 144.7, 142.4, 129.1, 124.5, 122.3, 120.5, 119.2, 117.1, 95.5, 40.3
(signals are broad due to oxidation).
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1,3,5-Tris{{3,5-bis{N-methyl-N[4(N-methyl-N-phenylamino)phenyl]amino}phenyl
ethynyl}}benzene (OPE6). 1,3,5-Triethynylenebenzene (4) (0.15 mmol, 22.5 mg) and 5-iodo-N,N´dimethyl-bis-[4-(N-methyl-N-phenyl-amino)-phenyl]-benzene-1,3-diamine (3b) (0.54 mmol, 340 mg) were
dissolved in triethylamine/dry THF (8 mL, 1:1). Argon was bubbled through the reaction mixture for 30
min after which Pd(PPh3)2Cl2 (22 mg) and CuI (12 mg) were added and the reaction mixture was heated at
40 qC overnight. After cooling the reaction mixture was poured into water and extracted with
dichloromethane. The organic layer was washed with brine, dried over MgSO4 and the solvent was
evaporated in vacuo. The crude product was purified by column chromatography (SiO2;
dichloromethane/n-hexane; 6:4) yielding a light yellow powder (110 mg, 45%) mp = 97.0 qC. 1H NMR
(CDCl3) G 7.60 (s, 3H), 7.27 (m, 12H), 7.05 (m, 24H), 6.99 (d, 12H, J = 1.1 Hz), 6.96 (t, 6H, J = 1.1 Hz),
6.63 ( d, 6H, J = 1.9 Hz), 6.50 (t, 3H, J = 1.9 Hz), 3.31 (s, 3H), 3.29 (s, 3H). 13C NMR (CDCl3) G 150.0,
149.2, 144.2, 143.1, 133.9, 129.1, 124.0, 123.6, 122.8, 122.7, 120.2, 120.1, 118.7, 112.5, 108.2, 91.4, 86.7,
40.4, 40.3. Mass calculated: 1639.91; Found: 1639.69. Anal Calculated for C114H102N12: C, 83.48; H, 6.27;
N, 10.25. Found: C, 83.17; H, 6.05; N: 9.79.
3-{N-Methyl-N-[4-(N-methyl-N-phenyl-amino)-phenyl]-amino}-benzaldehyde (6a). An ovendried Schlenk tube was charged with 3-bromobenzaldehyde (3 mmol, 0.56 g), Cs2CO3 (3 mmol, 0.98 g),
Pd2(dba)3 (1 mol%, 18.3 mg) en R-BINAP (3 mol%, 37.4 mg) and N,N´-dimethyl-N-phenyl-benzene-1,4diamine (2 mmol, 0.43 g). The tube was evacuated and refilled with argon three times. Dry toluene (5 mL)
was added and the reaction mixture was stirred at 100 qC for 72 h. The reaction mixture was cooled to
room temperature after which the reaction mixture was poured into dichloromethane, filtered over hyflo
and the organic layer was evaporated in vacuo. The resulting brown oil was purified by column
chromatography (SiO2; 100% dichloromethane) resulting in a yellow solid (330 mg, 52%) mp = 107.6 qC.
1
H NMR (CDCl3) G 9.93 (s, 1H) 7.30 (m, 5H) 7.05 (m, 7H) 6.97 (t, 1H, J = 1.1 Hz) 3.33 (s, 6H); 13C NMR
(CDCl3) G 192.9, 150.0, 148.9, 145.9, 141.6, 137.3, 129.4, 129.3, 129.2, 126.0, 121.6, 121.5, 121.3, 120.4,
120.3, 114.7, 40.4, 40.3.
3,5-Dibromobenzaldehyde (5b). 1,3,5-Tribromobenzene (14.3 mmol, 4.5 g) was dissolved in dry
diethyl ether (60 mL) and the mixture was cooled to –78 qC. n-BuLi (17.2 mmol, 11 ml, 1.6 M in hexane)
was added and the reaction mixture was stirred for 45 min at –78 qC after which dimethylformamide (15
mmol, 1.2 mL) was added. The reaction mixture was stirred for an additional h after which it was warmed
to room temperature, poured into water and extracted with diethyl ether. The organic layers were washed
with brine, dried over MgSO4 and evaporated in vacuo. The crude product was crystallized with n-hexane
yielding white crystals (2.25 g, 60%). 1H NMR (CDCl3) G 9.89 (s, 1H) 7.93 (d, 2H, J = 1.8 Hz) 7.91 (d,
1H, J = 1.8 Hz) 13C NMR (CDCl3) G 189.1, 139.5, 138.9, 131.2, 123.9.
3,5-Bis-{N-Methyl-N-[4-(N-methyl-N-phenyl-amino)-phenyl]-amino}-benzaldehyde (6b). An
oven-dried Schlenk tube was charged with 3,5-dibromobenzaldehyde (5b) (3.5 mmol, 0.92 g), Cs2CO3 (8.4
mmol, 2.74 g), Pd2(dba)3 (2 mol%, 64 mg) and R-BINAP (6 mol%, 130.8 mg) and N,N´-dimethyl-Nphenyl-benzene-1,4-diamine (8.4 mmol, 1.78 g). The tube was evacuated and refilled with argon three
times. Dry toluene (10 mL) was added and the reaction mixture was stirred at 105 qC for 24 h after which a
second batch of Cs2CO3 (8.4 mmol, 2.74 g), Pd2(dba)3 (1 mol%, 32 mg) and R-BINAP (3 mol%, 65.4 mg)
was added. The reaction mixture was stirred for another 24 h, cooled to room temperature after which the
reaction mixture was poured into dichloromethane, filtered over hyflo and the organic layer was evaporated
in vacuo. The resulting brown oil was purified by column chromatography (SiO2; 100% dichloromethane)
resulting in a yellow solid (478 mg, 26%) mp = 118.4-120.8 qC. 1H NMR (CDCl3) G 9.81 (s, 1H) 7.28 (m,
5H) 7.06 (m, 12H) 6.85 (d, 2H, J = 2.2 Hz) 6.63 (t, 1H, J = 2.2 Hz) 3.29 (s, 3H) 3.28 (s, 3H) 13C NMR
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(CDCl3) G 193.2, 150.6, 149.0, 145.1, 142.2, 137.9, 129.1, 124.9, 122.1, 120.7, 119.5, 110.3, 108.6,40.4,
40.3.
1,3,5-Tris{{{2{{3{N-methyl-N[4(N-methyl-N-phenylamino)phenyl]amino}phenyl
3-{N-Methyl-N-[4-(N-methyl-N-phenyl-amino)-phenyl]-amino}ethenyl}}}benzene
(OPV3).
benzaldehyde (6a) (0.95 mmol, 300 mg) and triphosphonate 7 (0.3 mmol, 158 mg) were dissolved in dry
THF (10 mL) and cooled to 0 qC. At this temperature potassium tert-butoxide (0.9 mmol, 101 mg) was
added in small portions. The reaction mixture was stirred for 2.5 h.. at room temperature after which it was
poured into water and extracted with dichloromethane. The organic layer was washed with brine, dried over
MgSO4 and evaporated in vacuo. The crude product was purified by column chromatography (SiO2;
dichloromethane/n-hexane; 1:1) obtaining a yellow solid (63.7 mg, 21%) mp = 95 qC. 1H NMR (CDCl3) G
7.53 (s, 3H) 7.26 (m, 3H) 7.03 (m, 20H) 6.98 (dd, 6H, J = 8.8, 1.1 Hz) 6.85 (m, 9H) 13C NMR (CDCl3) G
149.7, 144.0, 143.5, 138.1, 138.0, 129.6, 129.3, 129.1, 128.2, 128.0, 123.8, 123.6, 123.0, 120.1, 118.5,
118.0, 117.9, 117.6, 116.2, 116.1, 40.4, 40.3. Mass calculated: 1014.52; Found: 1014.50.
1,3,5-Tris{{{2{{3,5-bis{N-methyl-N[4(N-methyl-N-phenylamino)phenyl]amino}
phenylethenyl}}}benzene (OPV6). 3,5-Bis-{N-Methyl-N-[4-(N-methyl-N-phenyl-amino)-phenyl]-amino}benzaldehyde (6b) (0.85 mmol, 450 mg) and triphosphonate 7 (0.27 mmol, 143 mg) were dissolved in dry
THF (10 mL) and cooled to 0 qC. At this temperature potassium tert-butoxide (0.81 mmol, 91 mg) was
added in small portions. The reaction mixture was stirred for 2.5 h at room temperature after which it was
poured into water and extracted with dichloromethane. The organic layer was washed with brine, dried over
MgSO4 and evaporated in vacuo. The crude product was purified by column chromatography (SiO2;
dichloromethane/n-hexane; 1:1) obtaining a yellow solid (131.4 mg, 30%) mp = 80.8 qC. 1H NMR (CDCl3)
G 7.48 (s, 3H) 7.24 (m, 12H) 7.03 (m, 30H) 6.93 (d, 12H, J = 7.7 Hz) 6.85 (t, 6H, J = 1.8 Hz) 6.51 (t, 3H, J
= 1.8 Hz) 3.31 (s, 18H) 3.29 (s, 18H) 13C NMR (CDCl3) G 150.3, 149.3, 143.8, 143.4, 138.7, 138.0, 129.8,
129.0, 128.1, 123.8, 123.3, 122.8, 122.6, 119.7, 118.1, 109.4, 109.3, 40.5, 40.3. Mass calculated: 1645.95;
Found: 1644.73. Anal Calculated for C114H108N12: C, 83.18; H, 6.61; N, 10.21. Found: C, 82.98; H, 6.56;
N: 9.67.
1,2-Dipentoxybenzene (8). Catechol (94.5 mmol, 10.4 g) and K2CO3 (364 mmol, 50.3 g) were
dissolved in absolute ethanol (100 mL). 1-Bromopentane (216 mmol, 32.6 g) was added to the reaction
mixture and the mixture was refluxed overnight. After cooling the reaction mixture was filtered and the
filtrate was evaporated. The resulting brown oil was dissolved in diethyl ether and the solution washed with
water, brine and dried over MgSO4. The organic layer was evaporated in vacuo resulting in a slightly
yellow oil (18.6 g, 78%). 1H NMR G 6.91 (s, 4H) 4.02 (t, 4H, J = 6.6 Hz) 1.84 (m, 4H) 1.45 (m, 8H) 0.95 (t,
4H, J = 7.1 Hz)
3,4-Dipentoxybromobenzene (9). Dipentoxybenzene (8) (59.9 mmol, 15 g) was dissolved in acetic
acid (100 mL). Bromine (59.9 mmol, 9.57 g) dissolved in acetic acid (30 mL) was added slowly to the
reaction mixture. The reaction mixture was stirred for 2 h at room temperature after which it was poured
into water and extracted with diethyl ether. The organic layer was washed with 1 M NaOH solution, water ,
brine and dried over MgSO4 and evaporated in vacuo resulting in a yellow oil (18.41 g, 93%) 1H NMR G
6.98 (m, 2H) 6.74 (d, 1H J = 9.2 Hz) 3.95 (m, 4H) 1.81 (m, 4H) 1.44 (m, 8H) 0.92 (m, 6H).
3,3’,4,4’-Tetrakis(pentoxy)biphenyl (10). 3,4-Dipentoxybromobenzene (9) (45.55 mmol, 15 g) was
dissolved in dry THF (130 mL) and cooled to –13 qC. n-BuLi (22.77 mmol, 14.23 ml, 1.6 M in hexane)
was added at such a rate that the temperature did not rise above –10 qC. The reaction mixture was slowly
allowed to attain room temperature and stirred overnight after which the reaction mixture was poured into
1M HCl (50 mL) and extracted with dichloromethane. The organic layer was washed with water, base,
brine and dried over MgSO4 and evaporated in vacuo. The resulting oil was crystallized from ethanol

78

p-phenylenediamine radical cations in C3 symmetrical configurations

giving slightly pink crystals (first batch) (2.32 g, 20%) second batch (1.57 g, 14%). 1H NMR (CDCl3) G
7.06 (m, 4H) 6.93 (d, 2H, J = 8.8 Hz) 4.06 (m, 8H) 1.84 (m, 8H) 1.47 ( m, 16 H) 0.96 (t, 12H, 7.1 Hz).
3,6,7,10,11-Pentapentoxytriphenylene-2-ol (11). 3,3’,4,4’-Tetrakis(pentoxy)-biphenyl (10) (1.8
mmol, 0,9 g) and 2-pentoxyphenol (5.71 mmol, 1.03 g) were dissolved in dry dichloromethane to which
three drops of concentrated sulfuric acid were added. To the reaction mixture FeCl3 (18.2 mmol, 2.96 g)
was added and the reaction mixture was heated at 50 qC for 1.5 h. The reaction mixture was cooled to room
temperature after which methanol was added. The mixture was filtered and the filtrate was evaporated in
vacuo. The crude product was purified by column chromatography (SiO2; n-hexane/dichloromethane; 3:7).
The product was obtained as a white solid (0.91 g, 75%). 1H NMR (CDCl3) G 7.96 (s, 1H) 7.83 (s, 4H) 7.77
(s, 1H); 5.90 (s, 1H) 4.23 (t, 10H, J = 6.6 Hz) 1.93 (m, 10H) 1.45 (m, 20H) 0.97 (t, 15H, J = 7.1 Hz). 13C
NMR (CDCl3) G 148.9; 123.6; 107.3; 69.6; 29.1; 28.3; 22.5; 14.1.
3,6,7,10,11-Pentapentoxytriphenylene-2-triflate (12). 3,6,7,10,11-Pentapentoxytriphenylene-2-ol
(11) (600 mg, 0.88 mmol) was dissolved in dry pyridine (4 mL) and cooled to 0 qC. Slowly
trifluoromethanesulfonic anhydride was added and the reaction mixture was stirred at 0 qC for 5 min after
which it was warmed to room temperature and stirred overnight. Then, the reaction mixture was poured
into water and extracted with dichloromethane. The organic layer was washed with 10% HCl, water, brine
and dried over MgSO4 and evaporated in vacuo. The crude product was purified by column
chromatography (SiO2; n-hexane/dichloromethane; 1:1) resulting in a white solid (510 mg, 78%) which
became brown upon standing. 1H NMR: (CDCl3) G 8.20 (s, 1H); 7.88 (s, 1H); 7.81 (s, 3H); 7.72 (s, 1H);
4.25 (m, 10H); 1.98 (m, 10H); 1.53 (m, 20H); 1.00 (t, 15H, J = 7.1 Hz) .
N,N´-Dimethyl-3,6,7,10,11-pentapentoxy-triphenylene-2-yl)-N´-phenyl-benzene-1,4-diamine
(13). An oven-dried Schlenk tube was charged with triflate (12) (0.186 mmol, 150 mg), N,N´-dimethyl-Nphenyl-benzene-1,4-diamine (0.233 mmol, 47.4 mg), Cs2CO3 (0.260 mmol, 84.7 mg), Pd(OAc)2 (5 mol%,
2.1 mg) and BINAP (7.5 mol%, 8.7 mg). The Schlenk tube was evacuated and refilled with argon, this was
repeated three times. Dry toluene (500 PL) was added and the reaction mixture was heated at 100 qC
overnight. After cooling the reaction mixture was poured into dichloromethane and filtered over hyflo. The
filtrate was evaporated in vacuo. Ethanol was added and the precipitate was filtered off resulting in a light
brown solid (78.6 mg, 49%) mp = 122 qC (first run). 1H NMR (CDCl3) G 8.34 (s, 1H); 7.91 (d, 2H, J = 4.4
Hz) 7.86 (d, 3H , J = 3.6 Hz); 7.18 (t, 2H, J = 8.0 Hz); 7.03 (d, 2H, J = 8.8 Hz); 6.76 (m, 5H); 4.24 (m,
10H); 3.43 (s, 3H); 3.27 (s, 3H); 1.96 (m, 10H); 1.59-1.33 (m, 20H); 0.95 (m, 15H). 13C NMR (CDCl3) G
154.4, 149.6, 149.3, 148.8, 147.3, 139.1, 136.6, 128.7, 128.1, 126.5, 124.6, 123.6, 123.5, 123.4, 123.1,
117.2, 114.6, 114.5, 107.8, 107.5, 106.9, 106.5, 106.1, 69.9, 69.8, 69.4, 69.3, 68.4, 40.3, 40.0, 29.1, 29.0,
29.0, 28.9, 28.3, 28.3, 28.0, 22.5, 22.5, 22.3, 14.0, 14.0, 14.0. Mass calculated: 868.57; Found: 868.25.
Anal Calculated for C57H76N2O5: C, 78.76; H, 8.81; N, 3.22. Found: C, 78.90; H, 8.75; N: 2.96.
2,3,6,7,10,11-Hexapentoxytriphenylene (17). FeCl3 (9.7 g) was dissolved in dry dichloromethane
(75 mL) and a few drops of concentrated sulfuric acid were added. Slowly 1,2-dipentoxybenzene (20
mmol, 5.0 g) was added and the reaction mixture was stirred for 1 h at room temperature. The reaction
mixture was slowly quenched with methanol (100 mL). The solvent was evaporated in vacuo and the
resulting solid was purified by column chromatography yielding a slightly yellow solid. 1H NMR (CDCl3)
G 7.83 (s, 6H) 4.23 (t, 12H, J = 6.2 Hz) 1.95 (m, 12H) 1.55 (m, 12H) 1.44 (m, 12H) 0.98 (t, 18H, J = 7.3
Hz) 13C NMR (CDCl3) G 148.9, 123.6, 107.3, 69.6, 29.1, 28.3, 22.5, 14.0.
3,7,11-Tripentoxytriphenylene-2,6,10-tristriflate (15). 3,7,11-tripentoxytriphenylene-2,6,10-triol
(14) (0.20 mmol, 108.5 mg) was dissolved in dry pyridine (1.5 mL) and cooled to 0 qC. To this was slowly
added trifluoromethanesulfonic anhydride (0.88 mmol, 1 mL of 0.88 M solution in dichloromethane). The
reaction mixture was stirred at 0 qC for 5 min, after which it was warmed to room temperature and stirred
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overnight. The reaction mixture was poured into water and extracted with diethyl ether. The organic layer
was washed with water, 10% HCl solution, brine and dried over MgSO4. The organic layer was filtered and
evaporated in vacuo resulting in a yellow thick oil which was purified by column chromatography (SiO2: nhexane/dichloromethane; 1:1), resulting in a sticky white solid (144 mg, 76%). 1H NMR (CDCl3) G 8.06 (s,
3H) 7.58 (s, 3H) 4.27 (t, 6H, J = 6.3 Hz) 1.98 (m, 6H) 1.60-1.45 (m, 12H) 1.02 (t, 9H, J = 7.1 Hz).
3,7,11-Tripentoxy-N,N´,N´´-trimethyl-N,N´,N´´-tris[4-methyl-phenyl-amino)-phenyl]triphenylene-2,6,10-triamine (16). An oven-dried Schlenk tube was charged with compound 15 (0.15
mmol, 140 mg), N,N´-dimethyl-N-phenyl-benzene-1,4-diamine (0.55 mmol, 117 mg) , Cs2CO3, Pd(OAc)2
(0.0225 mmol, 5.0 mg) and BINAP (0.03375 mmol, 21 mg). The tube was evacuated and refilled with
argon, this was repeated three times after which dry toluene (1 mL) was added. The reaction mixture was
stirred for 72 h at 100 qC. After cooling the reaction mixture was poured into dichloromethane and filtered
over hyflo. The organic layer was evaporated in vacuo and the crude product was purified by column
chromatography (SiO2; n-hexane/ethyl acetate; 8:2) and precipitated in ethanol. The resulting yellowish
solid obtained was 90% pure according to 1H NMR. 1H NMR (CDCl3) G 8.36 (s, 3H) 7.90 (s, 3H) 7.16 (t,
6H, J = 8.8 Hz) 7.02 (d, 6H, J = 8.8 Hz) 6.74 (m, 15H) 4.11 (t, 6H, J = 6.2 Hz) 3.40 (s, 9H) 3.24 (s, 9H)
1.69 (m, 6H) 1.30 (m, 12H) 0.87 (t, 9H, J = 6.6 Hz). Mass calc 1116.66. Mass Found 1116.48.
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Chapter 4
Complexes of p-phenylenediamine radical cations with
copper(II)
Synthesis and properties

Abstract: The synthesis and optical properties of p-phenylenediamines with chelating
pyridine, 2,2´-bipyridine, and 2,2´;6´,2´´-terpyridine moieties are described. Cyclic
voltammetry, UV/Vis/near-IR titration experiments and electron spin resonance spectroscopy
are used to show that stable radical cations can be generated in a reversible fashion.
Coordination complexes of these ligands with paramagnetic copper(II) have been prepared
and converted into the corresponding poly(radical cation)s. Cyclic voltammetry and
UV/Vis/near-IR reveal that it is also possible to generate stable radical cations of the
complexes in solution. ESR experiments are used to assess the spin multiplicity of these
transition metal ion organic radical cation complexes.

Chapter 4

4.1 Introduction
Metal ions may serve in the construction of high-dimensional molecular architectures
by complexing lower-dimensional organic ligand molecules serving as building blocks1.
Complexes between transition metal ions and organic radicals, mainly aminoxyl type radicals,
initially attracted attention in the field of spin-label and spin-probe techniques for studying
biological systems2. More recently, creation of heterospin systems from organic free radicals
and metal ions by self-assembly via coordination is considered to be a promising approach
towards molecular-based magnets3. Several research groups are involved in investigating such
appealing systems. As explained in Chapter 1, the metal complexation can take place at the
radical center, or by using a chelating group with a pendant organic radical. Iwamura,
applying mainly N-tert-butyl-N-aminoxyls4 and carbenes5 as radical sources, investigated the
use of pyridine as chelating group. Ziessel and coworkers6 have focused on systems with Dnitronyl aminoxyls attached to pyridines.
In metal-radical heterospin systems, the sign and magnitude of the exchange interaction
between the two components depends not only on the topology of the spin polarization in the
ligand S orbital, but also on the orbitals occupied by the d-electrons of the metal ion. Iwamura
has proposed the following concept. Copper(II) in a distorted octahedral complex has one
unpaired electron in the dx2-y2 and will show V-magnetic behavior7. The relative geometry
between the magnetic orbital of the copper(II) and the S-orbital of the pyridine ring is
illustrated in Figure 4.1.

R

N

Cu

N

R

Figure 4.1. Schematic illustration of the interaction between the copper(II) and theS-orbitals at the
nitrogen of pyridine ring in a 1:2 complex, as proposed by Iwamura4.

The magnetic orbital that is orthogonal to the axis of octahedral copper(II) is directed
towards the two nitrogen atoms. The magnetic orbital of copper(II) and the S-orbital at the
nitrogen atom, that is polarized by the radical via the S-electrons on the pyridine ring, are
orthogonal, i.e. have no net overlap in this arrangement. This orthogonality should be
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responsible for the ferromagnetic interaction. As a consequence, the principles applied to allorganic systems to realize high-spin molecules via an in-phase polarization of spin density can
also be applied to these systems.
However, there are several examples8 in which the pyridine nitrogen coordinates to the
dz2 orbital of copper(II) instead of the dx2-y2 orbital. In addition, the ground state orbital
configuration of copper(II) is dependent on the geometry around the copper(II)9. Applying the
theory proposed by Iwamura4 to a pyridine ring substituted with a p-phenylenediamine unit
reveals that a 4-substituted pyridine (para) will give in-phase spin polarization and, therefore,
ferromagnetic coupling, while the 3-substituted pyridine (meta) results in out-of-phase spin
polarization and antiferromagnetic coupling.
In this Chapter the p-phenylenediamine radical cations in combination with copper(II)
are investigated with the aim to assess the possibility of using transition metal complexation
in the preparation of high-spin architectures from these organic radical ions. First, small
systems as shown schematically in Figure 4.2 (top) will be prepared and investigated. If
successful, these can be extended to one-dimensional chains (Figure 4.2, bottom) and further
into two- and three-dimensional architectures. Pyridine, 2,2´-bipyridine, and 2,2´;6´,2´´terpyridine are known to chelate to metal ions in different geometries and might feature
different behavior upon complexation with paramagnetic metals. In this chapter these three
groups will be used in conjunction with p-phenylenediamine to provide ligands that
coordinate to Cu(II) and can be subsequently oxidized to the corresponding radical cation.
First, the free ligands were synthesized and the possibility to generate stable radical cationic
species from the ligands itself was explored. To study their interaction with paramagnetic
metals, complexation with copper(II) was performed and the resulting complexes were
studied for their redox behavior and spin multiplicity.

Radical precursor

ox

Radical precursor

red
Radical precursor

ox

Radical precursor
n

red

n

Figure 4.2. Schematic representation of creating high-spin architectures using metal ion spin and
organic spins.
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4.2 Radical cations of the chelating ligands

4.2.1 Synthesis
The simplest chelating p-phenylenediamines are compounds 1 and 2 in which the
pyridine ring is the chelating moiety. For their preparation N,N,N´-triphenyl-benzene-1,4diamine10 was reacted with 3-bromopyridine and 4-bromopyridine hydrochloride (Scheme
4.1) according to the procedure developed by Buchwald11 to afford compounds 1 and 2,
respectively. Both the 3-pyridyl and 4-pyridyl derivatives were synthesized to assess the
effect of the substitution pattern, as discussed in the introduction. MALDI-TOF, used in the
molecular characterization, indicated that the 4-pyridylamine is more basic than the 3pyridylamine moiety because the mass found for 2 was M + 1, while for 1 the mass
corresponded to M.

Br

N
N

H

N

N

a
N

1
N
b

Br

N

N *HCl

N

N

2

Scheme 4.1. Synthesis of compounds 1 and 2. Reaction conditions: a) NaOtBu, Pd2(dba)3, BINAP,
toluene, 100 qC, b) NaOtBu, Pd(OAc)2, DDFPE, toluene, 100 qC.

The bipyridine and terpyridines were synthesized according to Schemes 4.2 and 4.3,
respectively. For bipyridine 6, 2-bromopyridine was stannylated at the 2-position12 to obtain
compound 3. This was reacted with 2,5-dibromopyridine with Pd(PPh3)4 as catalyst13 giving
5-bromo-[2,2´]-bipyridine 6. For terpyridine 7, compound 3 was reacted with 2,6-dibromo86
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pyridine under Stille conditions to give 6-bromo-[2,2´]-bipyridine 4. 2,5-Dibromopyridine
was reacted with n-butyl lithium in toluene in low concentration at low temperature and the
intermediate was quenched with trimethylstannyl chloride to obtain 2-trimethylstannyl-5bromopyridine 514. Toluene was used as solvent in this reaction because of its noncoordinating character. The 2-lithio intermediate is both kinetically and thermodynamically
favored in toluene. Reaction of 4 with 5 under Stille conditions gave terpyridine 7.
Terpyridine 8 was obtained from 2,6-dibromopyridine and compound 5 under the same
conditions as mentioned for 715.
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N
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Scheme 4.2. Synthesis of the bromosubstituted bipyridine 6 and bromosubstituted terpyridines 7 and
8. Reaction conditions: a) Pd(PPh3)4, 2,6-dibromopyridine, toluene, 115 qC, b) n-BuLi, Me3SnCl,
toluene, -80 qC, c) Pd(PPh3)4, toluene, 115 qC.
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Scheme 4.3. Synthesis of chelating p-phenylenediamine moieties. Reaction conditions: a) N,N´dimethyl-N-phenyl-benzene-1,4-diamine, Pd2(dba)3, BINAP, NaOtBu, toluene, 100 qC.

The bromosubstituted bipyridine 6 and the bromosubstituted terpyridines 7 and 8 were
subsequently reacted with N,N´-dimethyl-N-phenyl-benzene-1,4-diamine with sodium tertbutoxide as base and Pd2(dba)3/BINAP as catalyst (Scheme 4.3). The amino substituted
bipyridine 9 and the amino substituted terpyridines 10 and 11 were isolated in 45%, 44% and
19% yield, respectively. 3,5-Dibromopyridine was reacted under the same conditions as
described for 6-8 to obtain the disubstituted pyridine 12 in 48% yield. The compounds were
fully characterized by 1H NMR, 13C NMR, mass spectrometry, and elemental analysis.

4.2.2 Redox properties of the chelating radical precursors
The redox properties of the free ligands were investigated as described in Chapter 2.
The cyclic voltammograms are shown in Figure 4.3 and the results are summarized in Table
4.1. For 3-aminopyridine 1, two chemically reversible oxidation waves were found. At E01 the
radical cation 1x+ is formed and at E02 the dication 12+ is formed. Measuring at different scan
speeds revealed a linear behavior for the current versus v1/2. For the 4-aminopyridine 2, one
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chemically reversible oxidation wave is present. The first oxidation potential is at a somewhat
higher potential than for 1, as a result of the different topology. In the 3-aminopyridine the
amine is non-conjugated to the pyridine nitrogen, while in the 4-aminopyridine the amine is
mesomerically resonant with the pyridine nitrogen, which becomes more basic as a
consequence of the electron releasing amine. The release of electrons of the amine in the
electron poor pyridine ring, increases the oxidation potential. A second oxidation wave of 2
can be observed at higher potential (~1.23 V, not shown), but this was found to be chemically
not reversible because in subsequent scans an additional oxidation wave was observed.

1.0
normalized current

Normalized current

1.0
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0.0

0.5
0.0
-0.5
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-0.5
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1.0
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0.5

1.0

E (V)

Figure 4.3. Normalized cyclic voltammograms of left: 1 (dash), 2 (solid), 12 (dash-dot); right: 9
(solid), 10 (dash), 11 (dash-dot).
Table 4.1. Oxidation potentials of ligands.

E01

E02

1

0.67

1.18

2

0.81

-

9

0.56

-

10

0.55

-

11

0.54a

1.10a

12

0.48

0.70

Determined in CH2Cl2/Bu4+NPF6- (0.1 mol dm-3) at 295 K, scan rate 100 mV s-1, potential vs. SCE
calibrated using Fc/Fc+, a: two-electron oxidation process.

For the bipyridine 9 and terpyridine 10 one chemically reversible oxidation wave is
present and at E01 the radical cations 9x+ and 10x+ are formed. Irreversible processes occurred
when the scan range was increased to 1.2 V. The first oxidation potential of 9 and 10 is lower
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than that of 1, due to the N-methyl substitution at the p-phenylenediamine instead of the Nphenyl groups in 1. The separation between the anodic and cathodic waves was dependent on
the scan speed indicative of a quasi-reversible electrochemical processes for 9 and 10. The
current was linear with v1/2.
For the disubstituted terpyridine 11 two chemically reversible oxidation waves are
present. At E01 the radical cation 11x+ and di(radical cation) 112xx2+ are formed. At E02 two
electrons are removed resulting in 114+. Both oxidation waves are two-electron processes and
as for 10, they are quasi-reversible. For disubstituted pyridine 12 two individual reversible
one-electron oxidation waves are present due to the fact that the two p-phenylenediamine
radical cations are electronically coupled with each other. The second oxidation wave is
situated at a somewhat higher potential because of the electrostatic repulsion of 12x+ towards
the removal of a second electron resulting in 122xx2+. For 12 E01 and E02 are one-electron
processes for which the anodic current is linear versus v1/2.
In conclusion cyclic voltammetry indicates that it is possible to generate the radical
cation species of all ligands with pendant radical precursors in a reversible fashion. For 1 and
11 it is also possible to generate the dicationic species reversibly.

4.2.3 Optical properties
The optical studies were undertaken with chemical oxidation of the ligands as described
in the previous chapters.
The absorption band for neutral 1 is located at 3.97 eV. Upon addition of thianthrenium
perchlorate two new absorption bands at 1.45 and 3.04 eV appear in the spectrum and the
absorption band at 3.97 eV decreases (Figure 4.4). The two new absorption bands are ascribed
to the formation of radical cation 1x+. After addition of one equiv these bands reach their
maximum intensity and further addition of thianthrenium perchlorate results in the appearance
of a new absorption band at 2.13 eV and a simultaneous loss of the absorption bands at 1.45
and 3.04 eV. The new band is ascribed to the formation of dication 12+. Addition of hydrazine
allows the recovery of the absorption spectrum of neutral 1.
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Figure 4.4. UV/Vis/near-IR spectra visualizing the stepwise oxidation of 1 (left) and 2 (right) with
thianthrenium perchlorate. Dashed lines correspond to neutral species and dotted line to dication
species.

Reversible oxidation of compound 2 with thianthrenium perchlorate in dichloromethane
proved to be impossible. Performing the same experiment in the presence of trifluoroacetic
acid (TFA) circumvented this problem because the acid protonates the nitrogen of the
pyridine ring and blocks this position. The absorption band for neutral 2 is at 4.20 eV in
CH2Cl2/TFA (Figure 4.4), while in the absence of TFA the absorption band for 2 is at 4.02
eV. Upon addition of thianthrenium perchlorate two new absorption bands at 1.48 and 2.84
eV appear in the spectrum and a decrease of the absorption at 4.20 eV occurs as a result of the
formation of 2x+. Together with these absorption bands, two small bands at 0.75 and 2.0 eV
appear in the spectrum. This observation is attributed to the dimerization of two pphenylenediamine units to a benzidine derivative. Similar results, concerning optical spectra
and benzidine formation, were obtained by Martin Struijk10 for asymmetrically substituted pphenylenediamines and these were verified by oxidation of N,N´-bis(3-methylphenyl)-N,N´diphenylbenzidine and are in agreement with data found in literature16. Oxidation to the
dication 22+ was not possible. Addition of hydrazine to 2x+ results in the neutral absorption
spectrum, but it cannot be excluded that the process is partly irreversible due to dimerization.
Neutral bipyridine 9 shows absorption bands at 3.63 and 4.95 eV. The absorption band
at high energy is associated with a S-S* transition of the bipyridine unit (Figure 4.5). Upon
addition of thianthrenium perchlorate, the absorption band at 3.63 eV decreases and two new
absorption bands appear in the spectrum at 1.87 and 2.94 eV, which are ascribed to the
formation of 9x+.
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Figure 4.5. UV/Vis/near-IR spectra visualizing stepwise oxidation with thianthrenium perchlorate of 9
(left) and 10 (right). Dashed lines correspond to neutral species.

Neutral monosubstituted terpyridine 10 shows absorption bands at 3.58, 4.31, and at
5.09 eV. The absorption at high energy (5.09 eV) is associated with a S-S* transition of the
terpyridine moiety (Figure 4.5). Upon addition of thianthrenium perchlorate, two new
absorption bands appear in the spectrum at the same position as for 9x+. They are ascribed to
the formation of 10x+.
Neutral disubstituted terpyridine 11 shows absorption bands at 3.49, 4.10, and 4.95 eV
(Figure 4.6). The absorption band at high energy is, as in the case of 10, due to the terpyridine
moiety. The absorption band at 3.49 eV decreased upon addition of thianthrenium perchlorate
with the concomitant appearance of two new absorption bands at 1.88 and 2.57 eV, which are
ascribed to the formation of radical cation 11x+ and di(radical cation) 112xx2+. Although it was
possible to electrochemically oxidize 11 to the dicationic species, this was not possible in the
chemical oxidation experiments. Addition of more than two equiv of thianthrenium
perchlorate gave absorption bands in the spectrum, which were not reversible.
Oxidation of disubstituted pyridine 12 shows two new absorption bands at 1.97 and 3.44
eV and a simultaneous decrease of the absorption band of neutral 12 at 4.04 eV (Figure 4.6).
As for 2, two absorption bands at 1.20 and 2.57 eV appear in the spectrum, which are also
ascribed to formation of benzidine species. The neutral spectra of 9-12 are reproduced after
addition of hydrazine. For 12 it cannot be excluded that the process is irreversible.
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Figure 4.6. UV/Vis/near-IR spectra visualizing stepwise oxidation with thianthrenium perchlorate of
11 (left) and 12 (right). Dashed line corresponds to neutral species.
Table 4.2. UV/Vis/near-IR absorption maxima in eV.

N

RC1

RC2

DC

1

3.97

1.45

3.04

2.13

2

4.20

1.48

2.84

-

9

3.63; 4.95

1.87

2.94

-

10

3.58; 4.31; 5.09

1.88

2.80

-

11

3.49; 4.10; 4.95

1.88

2.57

-

12

4.04; 4.93

1.97

3.44

-

Determined in dichloromethane, oxidizing agent thianthrenium perchlorate, 295 K.

4.2.4 ESR spectroscopy
To investigate whether the unpaired electron of the radical cation is localized or
delocalized ESR spectroscopy was performed. The measurements on the mono radical cations
were performed in dichloromethane at room temperature and for the di(radical cation)s in
butyronitrile at 120 K. Pyridine 1x+ shows a five line hyperfine splitting with aN1 = 5 Gauss
and aN2 = 6 Gauss originating from the interaction of the unpaired electron with two not
completely equivalent nitrogen atoms (Figure 4.7). In the case of pyridine 2 the measurement
was performed in a 5% TFA/dichloromethane solution, because the optical absorption
experiments indicated that TFA addition is necessary to stabilize the oxidized state.
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Figure 4.7. ESR spectra of 1x+ (left) and 2x+ (right) time dependent and with TFA. Determined in
dichloromethane at 295 K (inset spectrum after 25 min).

Pyridine 2x+ shows a time dependent signal. At t = 0 min a three line spectrum is present
indicative of an interaction of the unpaired electron with only one nitrogen atom with aN = 7.3
Gauss (Figure 4.7). This can be rationalized by the repulsion between the generated radical
cation and the protonated nitrogen atom of the pyridine ring. As a result, the unpaired electron
localizes on the nitrogen atom, which is the most remote from the pyridine ring. In time the
signal changes to a five line spectrum and after 25 minutes it reaches a ‘steady state’. The
changes in the ESR spectrum can be explained by the fact that the localized radical cation is
reactive and forms a benzidine species in time. Similar results were obtained for
triphenylamine17, which also forms a benzidine after oxidation. The ESR spectrum could not
be completely simulated with the value (aN = 4.3 Gauss) from literature, probably due to the
presence of a mixture of benzidine and parent localized radical cation from t = 0.
The ESR spectra of bipyridine 9x+, terpyridines 10x+, 11x+, and pyridine 12x+ all show an
eleven line spectrum which originates from the interaction of the unpaired electron with two
nitrogen atoms and six hydrogen atoms of the methyl groups. In Figure 4.8 only the spectrum
of 9x+ is given. The spectrum can be simulated with aN = 6.6 Gauss and aH = 6.6 Gauss. For
112xx2+ and 122xx2+ it is possible to have a high-spin state. For 112xx2+ a broad signal in the 'Ms =
r1 region with a width of 28 Gauss without any fine structure is observed. No signal is
observed in the 'Ms = r2 region. The ESR spectrum of 122xx2+ shows also a broad signal in the
'Ms = r1 region with a width of 29 Gauss and a weak signal in the 'Ms = r2 region at 4 K is
present indicative of a high-spin state (Figure 4.8). The signal in the 'Ms = r2 region could
not be measured above 5 K. The lack of a 'Ms = r2 signal for 112xx2+ can be partly explained
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by the smaller D-value expected for 11 compared to 12. Comparing the results for 122xx2+ with
a similar compound investigated by Martin Struijk10, in which the 3,5-pyridylene is replaced
by a 1,3-phenylene ring, reveals a different behavior. In his case a typical triplet ESR
spectrum was obtained in agreement with strong ferromagnetic interaction between the two
radical cations and a rather strong 'Ms = r2 signal was observed. For 122xx2+ it, therefore,
appears that the pyridine ring might not be a good ferromagnetic coupling unit compared to
the benzene ring. This could be due to a partial localization of the electron spins at the
terminal amine units in 122xx2+ as a results of the electron-poor pyridine ring. In addition, the
results obtained from the optical studies reveal that a possible dimerization takes place for
122xx2+. The concentrations measured in the ESR are ten times higher than for the optical
measurements so, dimerization is more likely to take place in the ESR measurements, and this
can also be responsible for the weak 'Ms = r2 signal. Temperature-dependent ESR
experiments for the 'Ms = r1 signal of 122xx2+ show a linear behavior for the doubly integrated
signal intensity versus the reciprocal temperature according to Curie’s law, which indicates a
high-spin ground state or a degenerated singlet-triplet ground state.
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Figure 4.8. ESR spectra of 9x+, (left) and 112xx2+ (dashed) and 122xx2+ (solid) (right). Inset right 'Ms =
r2 signal of 122xx2+.

4.3 Radical cations of the copper(II) complexes

4.3.1 Complexation of the ligands with copper(II)
In the previous paragraphs it is shown that stable radical cations can be formed from the
pyridine (1), bipyridine (9), and terpyridines (10 and 11) and semi-stable radical cations of
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pyridines (2 and 12). To investigate their interaction with paramagnetic metals complexation
with copper(II) was performed.
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Scheme 4.4. Complexation of 1, 2, 12, and 9 with copper(II). Reaction conditions: a)
bis(hexafluoroacetylacetonato)copper(II), n-heptane, dichloromethane.

The complexation reactions were performed as shown in Scheme 4.4 and Scheme 4.5.
For the pyridines and bipyridine the chelating group was subjected to complexation with
bis(hexafluoroacetylacetonato)copper(II) in an n-heptane/dichloromethane solution affording
the copper(II) complexes 13, 14, 15, and 16 after slow evaporation of the dichloromethane4c
(Scheme 4.4). The terpyridines 10 and 11 were treated with 0.5 equiv of copper(II) chloride in
dichloromethane/methanol, after which the dichloromethane was evaporated and an excess of
ammonium hexafluorophosphate in water was added, to afford the copper(II) complexes 17
and 18 after filtration12 (Scheme 4.5). The copper complexes were characterized with
elemental analysis and mass spectrometry.
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Scheme 4.5. Complexation of 10 and 11 with copper(II). Reaction conditions: a) i: copper(II)
chloride, dichloromethane/methanol; ii: ammonium hexafluorophosphate, water.

4.3.2 Redox properties of the copper(II) complexes
The redox properties were measured as described in the previous chapters and are
depicted in Figure 4.9 and Table 4.3.
For 13 three chemically reversible oxidation waves are present. The oxidation at E01 is
ascribed to the removal of one electron from the complex and at E02 a second electron is
removed resulting in 132xx2+. At E03 the removal of two electrons results in 134+. The
difference between the anodic and cathodic peaks is 60 mV for E01 and E02 while for E03 a
value of 99 mV is measured. Measuring at different scan speeds reveals a linear behavior for
the anodic current versus v1/2. The same behavior is observed for 14 with the difference that
E01 and E02 are shifted a0.1 V towards higher voltages. The observation of two closely spaced
oxidation waves attests that the two chelating groups are electronically coupled and are,
therefore, oxidized at different potentials.
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Figure 4.9. Normalized cyclic voltammograms of left: 13 (dash), 14 (solid), 15 (dash-dot); right: 16
(solid), 17 (dash), 18 (dash-dot).

For 15 two chemically reversible oxidation waves are present. At E01 one electron is
removed from the system affording 15x+. The second oxidation wave is much broader and
involves the stepwise, but unresolved, oxidation of 15 to 154xx4+. Measuring at different scan
speeds reveals a linear relation of the current versus v1/2. The separation between the cathodic
and anodic waves depends on the scan speed, which indicates a quasi-reversible process, on
top of the superposition of different waves. At high scan speed (v = 200 mVs-1) a third quasireversible oxidation wave is present at 1.16 V. Compound 16 shows two chemically
reversible oxidation waves at 0.75 and 1.21 V. The second oxidation wave has a shoulder at
lower potential, which is more pronounced in the back scan and at lower scan speeds. This
could be due to a minor impurity. Both oxidation waves are one-electron processes resulting
in 16x+ at E01 and 162+ at E02, respectively. Both oxidation waves show a linear behavior of
the current versus v1/2. The shift of the first oxidation wave towards higher potentials
compared to 9 is attributed to the electropositive copper(II) ion, which has an electrostatic
repulsion effect. Because this effect was not observed in case of 13, 14, and 15 this suggest
that bipyridine 9 coordinates stronger to copper(II) ion than the monopyridine ligands. The
same is true for the terpyridine complexes 17 and 18 with the difference that for 17 at E01 and
E02 two electrons are removed from the system resulting in 172xx2+ and 174+, respectively. For
18 four electrons are removed at each of the oxidation waves resulting in 184xx4+ and 188+,
respectively. The separation between the anodic and cathodic wave is dependent on the scan
speeds but the current is linear versus v1/2 for 17 as well as for 18. For complex 18 the second
oxidation wave at E02 was not reversible at low scan speeds (v = 50 and 25 mVs-1). In the case
of these complexes there was no evidence that the two chelating groups are electronically
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coupled. The large reduction peak at E02 is due to the insolubility of the dicationic species
172+ and 184+, which precipitate on the working electrode.
Table 4.3. Oxidation potentials of the copper(II)complexes.

E01

E02

E03

13

0.67

0.79

1.23

14

0.78

0.93

1.26

15

0.48

0.74

1.16

16

0.75

1.21

-

17

0.76

1.10

-

18

0.74

1.05

-

Determined in CH2Cl2/Bu4+NPF6- (0.1 mol dm-3) at 295 K, scan rate 100 mV s-1, potential vs. SCE
calibrated using Fc/Fc+.

4.3.3 Optical properties18
The optical spectra of neutral and oxidized states were obtained following the methods
described in previous chapters. The normalized absorption spectra of the neutral ligands and
their copper(II) complexes are shown in Figure 4.10. In case of the pyridine based compounds
(13-15) no significant difference is observed in the absorption maximum upon complexation
of the free ligands (1, 2, 12) with copper(II).
For complex 16, three absorption bands are present in the spectrum compared to two
bands in ligand 9. The absorption band at 4.84 eV belongs to the bipyridine moiety. The
absorption of the p-phenylenediamine unit has shifted towards higher energy (4.04 eV)
compared to 9. A new metal-to-ligand charge transfer (MLCT) absorption band at 3.19 eV
confirms the complexation to copper(II). For the terpyridines 17 and 18 four absorption bands
are present compared to three for the neutral ligands 10 and 11. The absorption at 5.21 and
5.35 eV are associated with the S-S* transition of the terpyridine moiety in 17 and 18,
respectively. A MLCT transition is observed at 3.05 and 2.89 eV for 17 and 18, respectively.
A copper d-d transition, indicative of the formation of complexes between two species,
is observed at 1.75 eV, 1.65 eV, 1.72 eV, 1.71 eV, and 1.69 eV, for 13, 14, 16, 17, and 18
respectively. The intensities of these absorption bands are very low because they correspond
to weakly-allowed transitions.
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Figure 4.10. Normalized absorption spectra of ligands (left) and copper(II) complexes (right).

Addition of thianthrenium perchlorate to neutral 13 and 14 reveals the formation of two
new absorption bands at 1.42 and 3.10 eV and a simultaneous decrease of the absorption band
of the neutral complexes. These changes are ascribed to the formation of radical cation 13x+
and 14x+ and di(radical cation)s 132xx2+ and 142xx2+ (Figure 4.11). The positions of the radical
cation bands are similar to those of the free ligands 1 and 2. Unlike in the free ligand 2, the pphenylenediamine unit of 14 can be oxidized in the absence of TFA. Apparently,
complexation with copper has the same effect as protonation. For 14, absorption bands next to
the radical cation bands, similar to those of 2, appear in the spectrum. This is ascribed to the
formation of benzidine species.
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Figure 4.11. UV/Vis/near-IR spectra visualizing stepwise oxidation of 13 to 132xx2+(left) and of 14 to
142xx2+ (right).

Stepwise oxidation of 15 with thianthrenium perchlorate creates two new absorption
bands at 1.98 and 3.45 eV in the UV/Vis/near-IR spectrum of the oligo(radical cation) 154xx4+
and a simultaneous decrease of the absorption band of neutral 15 at 4.06 eV (Figure 4.12).
Concurrently, two absorption bands at 1.20 eV and 2.57 eV appear in the spectrum and, as for
14, these are ascribed to the formation of benzidine species. The different position of the
absorption bands compared to 13 and 14 is due to the methyl versus phenyl substitution of the
p-phenylenediamine moiety. For bipyridine complex 16, a new absorption band at 1.87 eV of
the radical cation 16x+ appears in the spectrum upon oxidation with the concomitant decrease
of the absorptions of neutral 16 at 3.20 and 4.04 eV (Figure 4.12).
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Figure 4.12. UV/Vis/near-IR spectra visualizing stepwise oxidation of 15 to 154xx4+(left) and of 16 to
16x+ (right).

Oxidation experiments on terpyridine complex 17 reveal a new absorption band at 1.90
eV and a decrease of the absorption bands of neutral 17, as a result of the formation of radical
cation 17x+ and di(radical cation) 172xx2+ (Figure 4.13). Terpyridine complex 18 shows a
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similar behavior as complex 17 upon addition of thianthrenium perchlorate. The only
difference is the presence of additional absorptions at 1.20 eV and 2.40 eV, which were also
observed in case of 15 and are again ascribed to the formation of benzidine species.
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Figure 4.13. UV/Vis/near-IR spectra visualizing stepwise oxidation of 17 to 172xx2+(left) and of 18 to
184xx4+ (right).

In none of the experiments it was possible to oxidize the complexes to a state in which a
single p-phenylenediamine becomes doubly charged. The absorption spectra of the neutral
complexes were restored after addition of hydrazine to the radical cation solutions.
Table 4.4. UV/Vis/near-IR absorption bands of neutral and charged Cu(II) complexes in eV.

N

RC1

RC2

13

3.95

1.43

3.10

14

4.04

1.43

3.10

15

4.04; 4.93

1.98

3.45

16

3.19; 4.04; 4.84

1.87

-

17

3.05; 3.54; 4.13; 5.21

1.90

-

18

2.89; 3.61; 4.03; 5.35

1.89

-

Determined in dichloromethane, oxidizing agent thianthrenium perchlorate, 295 K.

In case of complexes 14, 15, and 18 it is not certain whether the oxidation is completely
reversible in view of the formation of benzidine species. The absorption band of the neutral
benzidine is expected to be in the same range as that of the ligand itself. The data concerning
the oxidation experiments is summarized in Table 4.4.

102

complexes of p-phenylenediamine radical cations with copper(II)

4.3.4 ESR spectroscopy of the neutral copper(II) complexes19
All copper(II) complexes have six coordinating groups, which allows for an octahedral
(Oh) geometry (Figure 4.14, a). However, often a distorted Oh coordination is found, for
example as a consequence of differences between the six ligands. The simplest distortion
from Oh is a tetragonal distortion (b and c). As a result the binding of two trans ligands is
significantly different from that of the other four. Copper(II) d9 complexes may also have
more significant distortions from Oh symmetry, even when all ligands are identical, resulting
in a rhombic geometry (d).

a

b

c

d

Figure 4.14. (a) Regular octahedron, (b) elongated tetragonal distortion, (c) compressed tetragonal
distortion, (d) rhombic distortion.

For the pyridine complexes 13-15 it is possible that the N-based ligands are coordinated
either axial or in-plane (Figure 4.15, a-c). The complexation of pyridine to copper(II) is not
very strong, and in solution an equilibrium between mono- and dicomplexated copper(II) has
been observed in several cases19i.
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Figure 4.15. N-coordination to copper(II): (a) trans-axial, (b) cis-in-plane, (c) trans-in-plane, (d)
terpyridine.
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The complexation of copper to bipyridine in complex 16 is stronger than to pyridine, as
noticed in the cyclic voltammetry and UV/Vis/near-IR experiments. For bipyridine complexes
in-plane N-coordination has been observed (Figure 4.15, b). This causes a mixed in-plane-outplane coordination of the bidentate O-donor. The Cu-Oaxial bond is longer than the Cu-Oin-plane
bond, due to the different electronic population of the d-orbitals.
For the terpyridine compounds (MN6) six nitrogen atoms are available for complexation
to copper(II). Several crystal structures show that the Cu-N bonds are inequivalent along
either the molecular x or y-axis (Figure 4.15, d). The Cu-N4 and Cu-N1 are the shortest bonds.
The other bonds are longer with the difference that either Cu-N5 and Cu-N6 are somewhat
longer or shorter than Cu-N2 and Cu-N3, respectively. An important result is that the two
terpyridine units are different in this elongated rhombic octahedral stereochemistry.
The specific coordination geometry and the length of the various bonds influence the
electronic structure and magnetic properties of the Cu(II) complex. As a result the ESR
spectra of Cu(II) are sensitive to the specific coordination and can be used to characterize the
complex in some detail19. For this goal, the ESR spectra of the complexes 13-18 have been
recorded in solution at room temperature (Figure 4.16) and 120 K (Figure 4.17).
The ESR spectra in solution at room temperature for the Cu(hfac)2 adducts with the
diamagnetic ligands show a typical four-line pattern expected for coupling of the electron to
the spin 3/2 Cu nucleus19i. The spectra exhibit a mi-dependent linewidth due to the fact that
the aniostropic interactions are not completely averaged out by rapid tumbling. As result
accurate g values and coupling constants can only be obtained via spectral simulation that
takes this effect into account. This is usually performed via three-parameter polynomial
linewidth dependence. The ESR data obtained via spectral simulation is summarized in Table
4.5. In order to obtain good agreement between the observed and calculated spectra it was
also necessary to include superhyperfine coupling to the pyridine nitrogen in the complexes.
The simulations of 13 revealed that the experimental spectrum can only be simulated when
hyperfine coupling to a single nitrogen nucleus is included. This might indicate a
monocomplexated system in solution. However, for 14 and 15 the spectra could not be
simulated completely with only one equivalent nitrogen. In these cases the actual sample
might consist of a mixture of mono and disubstituted complexes. The terpyridine complexes
show a broad featureless signal, which could be reproduced in the simulation assuming that
six equivalent nitrogen nuclei are present. The values of aN that gave the best fits in the
simulations are in good agreement with those reported previously for related systems19i.
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Figure 4.16. ESR spectra of the copper complexes 13-18 at room temperature in solution.
Table 4.5. ESR data of the copper(II) complexes at room temperature based on computer simulation.
Coupling constants and linewidth parameters are in Gauss.

giso

aCu

aN

ad

bd

cd

13

2.150

52.0

12.5

29.0

11.0

1.7

14a

2.150

48.5

12.0

28.7

12.8

5.6

a

2.150

52.6

12.0

32.7

11.9

3.7

52.0

b

15

16

2.145

12.5

29.0

12.5

0.8

c

17

2.135

40

10

36.0

15.0

1.2

18

2.130

40

10c

25.0

15.0

2.2

a

) Spectrum could not be simulated completely, best fit data are given; b) 2 equivalent nitrogens; c) 6
equivalent nitrogens. d) linewidth = a + bum + cum2.

The ESR spectra of frozen solutions of complexes 13-15 (Figure 4.17) could be
simulated with: gA = 2.06; g// = 2.30, and a// = 140 Gauss. The values for the pyridine
complexes are consistent with an elongated tetragonal distortion19c, which occurs when two
trans ligands are significantly different form the other four. This gives rise to a dx2-y2 ground
state for the copper(II). The ESR spectrum of bipyridine complex is somewhat different and
simulation gives: gx = 2.04; gy = 2.06; gz = 2.29; ax = 5 Gauss; ay = 10 Gauss and az = 155
Gauss, which points to a low tetragonal distortion of a dx2-y2 ground state.
For the terpyridine complexes 18 and 19 (Figure 4.17) the following parameters were
found: gx = 2.017; gy = 2.095; gz = 2.24; ax = 5 Gauss; ay = 10 Gauss and az = 150 Gauss.
These values are attributed to an elongated rhombic octahedral distortion19c, with a dx2-y2
ground state.
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Figure 4.17. ESR spectra of neutral 13-15 (left) and 16-18 (right) at 120 K (dashed line right
simulation of bipyridine 16).

The different values clearly show that the geometry around the copper(II) is markedly
dependent on the ligands used.

4.3.5 ESR spectroscopy of the oxidized copper(II) complexes
To determine which substitution pattern is necessary for ferromagnetic coupling, ESR
measurements at different oxidation levels were performed for 13 and 14 (Figure 4.18). The
first observation is that in the case of the 3-pyridyl complex 13 upon oxidation a narrow
signal for the radical cation and a broad signal (Figure 4.18 indicated with arrows) appear and
that the copper(II) signals disappear. A second observation is that the broad signal has a
maximum intensity when 50% is oxidized, this means that one p-phenylenediamine radical
cation is present, 13x+. Together with this a 'Ms = r2 transition was observed for 13x+. The
shape of the 'Ms = r2 transition (Figure 4.19) shows no direct evidence for interaction with
the unpaired electron of copper(II). At 100% oxidation (132xx2+) no 'Ms = r2 transition was
present. In contrast, the 4-pyridyl complex 14 shows no broad signal upon oxidation and the
copper(II) signals remain with the appearance of a narrow signal for the radical cation. For 14
no 'Ms = r2 transition was observed when the molecule was doubly oxidized (100%, 142xx2+)
or when only one ligand was oxidized (50%, 14x+), which suggests that substitution at the 3position is needed for ferromagnetic coupling with the paramagnetic copper(II). This seems to
contrast with the hypothesis proposed by Iwamura4 which states that a 4-substituted pyridine
(para) will give in-phase spin polarization and, therefore, ferromagnetic coupling, while the
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3-substituted pyridine (meta) results in out-of-phase spin polarization and antiferromagnetic
coupling.
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Figure 4.18. ESR spectra of 13 (left) and 14 (right); (a) neutral; (b) 25% oxidized; (c) 50% oxidized;
(d) 75% oxidized; (e) 100% oxidized.

Temperature-dependent ESR spectroscopy shows a linear behavior for the 'Ms = r1
transition of 13x+ according to Curie’s law. However, the signal in the 'Ms = r2 region shows
a different behavior in which the signal intensity first increases up to 20 K and then decreases
again. This temperature dependence indicates that the triplet state of 13x+ is thermally excited
and lies above the singlet ground state.
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Figure 4.19. ESR spectrum of 'Ms = r2 of 13x+ at 4 K (left); Temperature dependence of the ESR
signal intensity of 13x+ (right) (: 'Ms = r1; : 'Ms = r2).

While this result seems to support (at least in part) Iwamura’s proposition on the spin
polarization in metal-radical complexes, alternative explanations, may also account for this
behavior. First, the singlet ground state could arise from a thermally induced conversion from
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an equatorial to an axial coordination with the copper (II)20. A second explanation could be
that the p-phenylenediamine unit undergoes S-S stacking with the hexafluoroacetylacetonate
ligand21 in such a way that the orbital overlap between the radical cation and the unpaired
electron of the copper(II) is no longer orthogonal and that by increasing the temperature the SS stacking becomes less tight.
For the bipyridine complex 16x+ a 'Ms = r2 signal was observed (Figure 4.20) in the
ESR spectrum of a frozen solution. The shape of the 'Ms = r1 transition changes with
temperature, which might reflect geometry changes with the temperature. At 100 K the 'Ms =
r1 ESR spectrum of 16x+ exhibits similar broad features as have been observed for
13x+ (Figure 4.18).
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Figure 4.20. ESR spectra of 16x+ at 4 K (left); inset right 'Ms = r2 at 4 K; inset left ESR spectrum at
100 K. Temperature dependence of the ESR signal intensity of 16x+ (right) (: 'Ms = r1; : 'Ms =
r2).

As for 13x+ the temperature dependent ESR measurements show a linear behavior for
the 'Ms = r1 region and for the 'Ms = r2 region again an increase up to 15 K and then a
decrease. Hence, also for 16x+ the triplet state is thermally excited and lies above the singlet
ground state.
The energy differences between the singlet and triplet states are estimated to be 87
cal/mol and 86 cal/mol for 13x+ and 16x+, respectively, by fitting the Bleaney-Bowers22
equation (eq 1) to the experimental I versus 1/T plots.

I
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ESR spectroscopy on terpyridine 17 shows that a 'Ms = r2 transition, indicative of a
high-spin state, is present when only one of the ligands is oxidized (Figure 4.21). The 'Ms =
r2 signal of 17x+ shows a pattern which arises from the interaction of the unpaired electron
with the copper(II) unpaired electron, with a aCu = 82 Gauss which is approximately half of
the neutral terpyridine complex 17, indicative of a triplet species. Also the broadening in the
'Ms = r1 signal, as in the case of 13 and 16, was present. Temperature-dependent ESR
measurements on the 'Ms = r1 and 'Ms = r2 signal show a curved behavior for the doubly
integrated signal intensity versus the reciprocal temperature. The ESR spectrum (Figure 4.21)
at 'Ms = r1 of 172xx2+ shows a sharp signal with a width of 22 Gauss and no presence of a 'Ms
= r2 signal, which is indicative of two isolated electrons. Because the terpyridine units are
perpendicular to each other and not exactly equivalent in an elongated rhombic octahedral
configuration the observation that there is no high-spin state present when the molecule is
doubly oxidized could be rationalized with the fact that the orbitals do not have orthogonal
overlap when both p-phenylenediamine units are oxidized. The downwards deviation of the
signal intensity from linearity of the 'Ms = r1 and 'Ms = r2 signal for 17x+ indicates that the
triplet state is not the ground state. Fitting the Bleaney-Bowers equation gives a singlet-triplet
splitting of 30 cal/mol.
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Figure 4.21. ESR spectra of 17x+ at 4 K (left, solid) and 172xx2+ (left, dashed); inset 'Ms = r2 at 4 K of
17x+. Temperature dependence of the ESR signal intensity of 17x+ (right) (: 'Ms = r1; : 'Ms = r2).

In case of pyridine complex 15 and terpyridine complex 18 no ESR measurements were
performed in the oxidized states because of the stability problems, previously encountered in
the UV/Vis/near-IR studies.
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4.4 Conclusions and outlook
Chelating p-phenylenediamines incorporating pyridine, 2,2´-bipyridine, and 2,2´;6´,2´´terpyridine moieties were synthesized and investigated. It was shown that stable radical
cations can be formed of 1, 9, 10, and 11 and that this process is reversible. In case of
pyridines 2 and 12 reactions to benzidine species intervene. Complexation of the compounds
with paramagnetic copper(II) was successful and the redox and optical properties proved that
the generated radical cations are stable and reversibly formed for 13, 16, and 17. For 14, 15,
and 18 side-processes ascribed to formation of benzidine species take place. The geometry
around the copper(II) is dependent on the type of ligands. ESR spectroscopy showed that a
meta-substitution of the p-phenylene diamine radical cation at the pyridine ring is necessary
for observing a high-spin state. The temperature dependence of the ESR signal shows that the
triplet state of 13, 16, and 17 is a thermally excited state, lying above the singlet ground state.
This result corresponds with the predictions of Iwamura4. However, the absence of a highspin state for the para-substituted derivative 14 is in contrast with the same theory.
The results described in this chapter show that generation of high-spin metal-ligand
complexes is not as straightforward as suggested in literature and should be investigated in
more detail. The possibility for the pyridine to have mono and dicomplexated species in
solution makes it a poor candidate for solution experiments. The delocalization of the radical
cation in the p-phenylenediamine moiety might be responsible for some of the differences,
compared to the work of Iwamura4 and Ziessel6. The use of different paramagnetic metals
such as manganese(II), in comparison to copper(II), which show S-character, may also be of
interest since then the orbitals of the perpendicular terpyridine moieties might overlap in such
a way that the radical cations have the correct spin polarization.

4.5 Experimental
General methods and materials. General methods and materials were used as described in the
previous chapters.
N,N´,N´-Triphenyl-N-pyridin-3-yl-benzene-1,4-diamine (1). An oven-dried Schlenk tube was
charged with 3-bromopyridine (1.2 mmol, 190 mg), N,N,N´-triphenyl-benzene-1,4-diamine (1 mmol, 340
mg), NaOtBu (1.4 mmol, 135 mg), Pd2(dba)3 (2 mol%, 18.3 mg) and BINAP (4 mol%, 24.9 mg). The tube
was evacuated and refilled with argon for three times after which dry toluene (3 mL) was added and the
reaction mixture was stirred for 24 h at 100 qC. The reaction mixture was cooled to room temperature,
poured into dichloromethane and filtered over hyflo. The filtrate was evaporated in vacuo and the crude
product was taken up in dichloromethane and precipitated with n-hexane yielding a light brown solid (225
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mg, 54%); mp: 175.5 qC. 1H NMR (CDCl3) G 8.38 (d, 1H, J = 2.75 Hz) 8.20 (dd, 1H, J = 4.67, 1.4 Hz) 7.41
(m, 1H) 7.28 (m, 4H) 7.12 (m,8H) 7.02 (m, 8H). 13C NMR (CDCl3) G 153.8, 147.7, 146.8, 144.7, 143.9,
142.6, 141.4, 129.5, 129.2, 128.9, 125.9, 125.2, 124.0, 123.9, 123.5, 123.4, 122.7. Mass calculated: 413.19.
Mass found: 413.22.
N,N´,N´-Triphenyl-N-pyridin-4-yl-benzene-1,4-diamine (2). An oven-dried Schlenk tube was
charged with 4-bromopyridine HCl (1.2 mmol, 230 mg), N,N,N´-triphenyl-benzene-1,4-diamine (1 mmol,
340 mg), NaOtBu (1.4 mmol, 140 mg), Pd(OAc)2 (2.5 mol%, 5.6 mg) and (–)-(R)-N,N´-dimethyl-1-[(S)-2(diphenylphosphino)ferrocenyl]ethylamine (5 mol%, 22 mg). The tube was evacuated and refilled with
argon for three times after which dry toluene (3 mL) was added and the reaction mixture was stirred 24 h at
100 qC. The reaction mixture was cooled to room temperature, poured into dichloromethane and filtered
over hyflo. The filtrate was evaporated in vacuo and the crude product was taken up in dichloromethane
and precipitated with n-hexane yielding a light brown solid (209 mg, 51%); mp: 192.2 qC. 1H NMR
(CDCl3) G 8.23 (d, 2H, J = 5.9 Hz) 7.37 (m, 2H) 7.24 (m, 8H) 7.12 (m, 4H) 7.04 (m, 5H) 6.73 (dd, 2H, J =
5.12, 1.8 Hz) 13C NMR (CDCl3) G 153.7, 150.0, 147.4, 145.4, 145.0, 139.0, 129.7, 129.3, 127.6, 126.5,
125.4, 124.4, 124.3, 123.1, 112.1. Anal. Calcd for C29H23N3: C, 84.23; H, 5.61; N, 10.16. Found: C, 83.88;
H, 5.47; N, 9.79. Mass calculated: 413.19. Mass found: 414.22.
2-Trimethylstannylpyridine (3). 2-Bromopyridine (10 mmol, 0.95 mL) was dissolved in dry THF
(40 mL) and cooled to –78 qC. n-BuLi (12 mmol, 8.75 mL, 1.6 M in hexane) was added to the reaction
mixture and this was stirred for 1 h. Trimethylstannyl chloride (12 mmol, 2.4 g) in dry THF (10 mL) was
added, the reaction mixture was slowly warmed to –10 qC after which it was poured into water and
extracted with dichloromethane. The organic layer was washed with brine, dried over MgSO4 and
evaporated in vacuo yielding a yellow liquid (1.35 g, 56%) which was used without further purification. 1H
NMR (CDCl3) G 8.73 (m, 1H) 7.50 (m, 1H) 7.43 (m, 1H) 7.13 (m, 1H) 0.38 (s, 9H).
6-Bromo-[2,2´]-bipyridine (4). Compound 3 (6.61 mmol, 1.6 g) and 2,6-dibromopyridine (13.2
mmol, 3.13 g) were dissolved in dry toluene (25 mL) and argon was bubbled through the system for 30 min
after which Pd(PPh3)4 (3 mol%, 230 mg) was added. The reaction mixture was stirred for 48 h at 115 qC.
After cooling the reaction mixture was poured into water and extracted with dichloromethane. The organic
layers were washed with brine and dried over MgSO4 and evaporated in vacuo. The resulting brown solid
was purified by column chromatography (Al2O3; dichloromethane/n-hexane; 6/4) resulting in a light brown
solid (400 mg, 25%) 1H NMR (CDCl3) G 8.66 (dd, 1H, J = 4.8, 1.1 Hz) 8.39 (m, 2H) 7.81 (td, 1H, J = 7.7,
1.83 Hz) 7.66 (t, 1H, J = 7.7 Hz) 7.48 (d, 1H, J = 7.7 Hz) 7.32 (ddd, 1H, J = 7.7, 4.8, 1.1 Hz)
5-Bromo-2-trimethylstannylpyridine (5). 2,5-Dibromopyridine (1 mmol, 0.24 g) was dissolved in
dry toluene (60 mL). The reaction mixture was cooled to –80 qC. n-BuLi (1.2 mmol, 0.75 mL, 1.6 M in
hexane) was added and the mixture was stirred for 7 h at –80 qC after which trimethylstannyl chloride (1.2
mmol, 0.24 g) in toluene (1 mL) was added. The reaction mixture was stirred for another h after which it
was warmed to –10 qC and poured into water and extracted with toluene. The organic layer was washed
with brine, dried over MgSO4 and evaporated in vacuo to yield a slightly yellow liquid (0.25 g, 78%) which
was used without further purification. 1H NMR (CDCl3) G 8.83 (d, 1H, J = 2.5 Hz) 7.67 (ddd, 1H, J = 8.0,
2.2, 1.1 Hz) 7.35 (d, 1H, J = 8.0 Hz) 0.37 (s, 9H).
5-Bromo-[2,2´]-bipyridine (6). 2-Trimethylstannylpyridine (3) (5 mmol, 1.21 g) and 2,5dibromopyridine (10 mmol, 2.36 g) were dissolved in dry toluene (15 mL) and argon was bubbled through
the system for 30 min after which Pd(PPh3)4 (3 mol%, 173 mg) was added. The reaction mixture was
stirred for 48 h at 110 qC. After cooling the reaction mixture was poured into water and extracted with
dichloromethane. The organic layers were washed with brine and dried over MgSO4 and evaporated in
vacuo. The resulting brown solid was purified by column chromatography (Al2O3; dichloromethane/n-
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hexane; 6/4) resulting in a light yellowish solid (400 mg, 34%); mp: 66.9 qC. 1H NMR (CDCl3) G 8.74 (d,
1H, J = 1.7 Hz) 8.68 (d, 1H, J = 4.1 Hz) 8.38 (d, 1H, J = 8.0 Hz) 8.32 (d, 1H, J = 8.5 Hz) 7.95 (dd, 1H, J =
8.5; 2.2 Hz) 7.83 (t, 1H, J = 9.3 Hz) 7.34 (m, 1H); 13C NMR (CDCl3) G 150.1, 149.2, 139.4, 137.0, 123.9,
122.3, 120.9.
5-Bromo-[2,2´;6´,2´´]-terpyridine (7). 6-Bromo-[2,2´]-bipyridine (4) (1.27 mmol, 300 mg) and 2trimethylstannyl-5-bromopyridine (5) (1.5 mmol, 481 mg) were dissolved in dry toluene (8 mL). Argon
was bubbled through for 30 min after which Pd(PPh3)4 (3 mol%, 52 mg) was added and the reaction
mixture was stirred for 48 h at 110 qC. After cooling to room temperature the reaction mixture was poured
into water and extracted with dichloromethane. The organic layer was washed with brine and dried over
MgSO4 and evaporated in vacuo. The crude product was purified by column chromatography (Al2O3;
dichloromethane/n-hexane; 6/4) resulting in a white solid (210 mg, 53%); mp: 122.3 qC. 1H NMR (CDCl3)
G 8.76 (d, 1H, J = 2.5 Hz) 8.73 (m, 1H) 8.60 (d, 1H, J = 8.0 Hz) 8.55 (d, 1H, J = 8.5 Hz) 8.48 (dd, 1H, J =
7.7, 1.1 Hz) 8.43 (dd, 1H, J = 8.0, 1.1 Hz) 7.98 (dd, 2H, J = 8.8, 1.7 Hz) 7.88 (td, 1H, J = 7.7, 1.7 Hz) 7.36
( ddd, 1H, J = 8.5, 4.7, 1.1 Hz). 13C NMR (CDCl3) G 155.9, 155.4, 154.6, 154.3, 150.1, 149.1, 139.3, 137.9,
136.8, 123.9, 122.3, 121.2, 121.0, 120.8.
5,5´´-Dibromo-[2,2´;6´,2´´]-terpyridine (8). 2,6-Dibromopyridine (2 mmol, 0.47 g) and 2trimethylstannyl-5-bromopyridine (5) (4.67 mmol, 1.5 g) were dissolved in dry toluene (13 mL), argon was
bubbled through the system for 30 min after which Pd(PPh3)4 (3 mol%, 150 mg) was added. The reaction
mixture was heated at 110 qC for 40 h. After cooling the reaction mixture was poured into water and
extracted with dichloromethane. The organic layers were washed with brine and dried over MgSO4 and
evaporated in vacuo. The resulting brown oil was purified by column chromatography (Al2O3;
dichloromethane/n-hexane; 6/4) resulting in a white solid (400 mg, 51%); mp: 202.4 qC. 1H NMR (CDCl3)
G 8.74 (d, 2H, J = 2.6 Hz) 8.47 (d, 2H, J = 8.4 Hz) 8.43 (d, 2H, J = 8.1 Hz) 7.95 (m, 3H); 13C NMR
(CDCl3) G 154.5, 150.2, 139.4, 138.1, 122.3, 121.2, 121.1.
N-[2,2´]-Bipyridinyl-5-yl-N,N´-dimethyl-N´-phenyl-benzene-1,4-diamine (9). An oven-dried
Schlenk tube was charged with (6) (1.3 mmol, 300 mg), N,N´-dimethyl-N-phenyl-benzene-1,4-diamine (1.5
mmol, 300 mg), NaOtBu (1.8 mmol, 172 mg), Pd2(dba)3 (2 mol%, 23.4 mg) and BINAP (4 mol%, 32 mg).
The Schlenk tube was evacuated and refilled with argon three times. Dry toluene (4 mL) was added and the
reaction mixture was heated at 105 qC overnight. After cooling the reaction mixture was poured into
dichloromethane and filtered over hyflo. The filtrate was evaporated in vacuo. The resulting crude product
was purified by column chromatography (Al2O3; dichloromethane) resulting in a light brown solid (230
mg, 49%); mp: 106.6 qC. 1H NMR (CDCl3) G 8.61 (m, 1H) 8.26 (m, 2H) 8.21 (d, 1H, J = 8.8 Hz) 7.74 (dt,
1H, J = 8.1, 1.8 Hz) 7.29 (m, 2H) 7.19 (m, 2H) 7.12 (m, 2H) 7.04 (m, 4H) 6.98 (t, 1H, J = 8.4 Hz) 3.36 (s,
3H) 3.33 (s, 3H) 13C NMR (CDCl3) G 156.5, 155.7, 148.9, 145.2, 140.8, 136.7, 136.6, 129.2, 125.9, 122.2,
121.9, 121.5, 121.3, 121.0, 120.3, 119.8, 40.3, 40.1. Anal. Calcd for C24H22N4: C, 78.66; H, 6.05; N, 15.29.
Found: C, 78.38; H, 6.11; N, 15.11. Mass calculated: 366.18. Found: 366.32.
N,N´-Dimethyl-N-phenyl-N´([2,2´;6´2´´]terpyridin-5-yl)benzene-1,4-diamine (10). An ovendried Schlenk tube was charged with (7) (0.51 mmol, 160 mg), N,N´-dimethyl-N´-phenyl-benzene-1,4diamine (0.7 mmol, 150 mg), NaOtBu (0.8 mmol, 77 mg), Pd2(dba)3 (2 mol%, 9.3 mg) and BINAP (4
mol%, 12.7 mg). The Schlenk tube was evacuated and refilled with argon three times. Dry toluene (4 mL)
was added and the reaction mixture was heated at 105 qC overnight. After cooling the reaction mixture was
poured into dichloromethane and filtered over hyflo. The filtrate was evaporated in vacuo. To the crude
product acetone was added and the resulting solid was filtered off, yielding a slightly yellow solid (99 mg,
44%); mp: 168.1 qC. 1H NMR (CDCl3) G 8.69 (m, 1H) 8.60 (dt, 1H, J = 8.1; 1.1 Hz) 8.45 (d, 1H, 8.8 Hz)
8.34 (dd, 1H, J = 8.8; 1.1 Hz) 8.31 (dd, 1H, J = 8.8; 1.1 Hz) 8.27 (d, 1H, J = 3.0 Hz) 7.89 (t, 1H, J = 8.1
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Hz) 7.84 (td, 1H, J = 7.7, 1.8 Hz) 7.30 (m, 4H) 7.13 (m, 2H) 7.05 (m, 4H) 6.97 (tt, 1H, J = 7.3, 1.1 Hz); 13C
NMR (CDCl3) G 156.5, 155.7, 155.0, 149.0, 146.1, 140.9, 137.6, 136.7, 129.2, 125.9, 123.5, 122.0, 121.7,
121.3, 121.2, 121.1, 120.2, 119.8, 119.5, 40.3, 40.1. Anal. Calcd for C29H25N5: C, 78.53; H, 5.68; N, 15.79.
Found: C, 78.37; H, 5.34; N, 15.67. Mass calculated: 443.20; Found: 443.01.
5,5´´-Bis{[N-methyl-N(methylphenylamino)-4-phenyl]amino}-2,2´;6´,2´´-terpyridine
(11).
Compound 9 (0.2 mmol, 80 mg), N,N´-dimethyl-N´-phenyl-benzene-1,4-diamine (0.5 mmol, 104 mg),
NaOtBu (0,7 mmol, 67.3 mg), Pd2(dba)3 (2 mol%, 9.2 mg) and BINAP (4 mol%, 12.4 mg) were added to
an oven-dried Schlenk tube. The tube was evacuated and refilled with argon for three times after which dry
toluene (2 mL) was added. The reaction mixture was heated at 110 qC and stirred for 96 h. After cooling
the reaction mixture was poured into dichloromethane and filtered over hyflo. The filtrate was evaporated
in vacuo. The crude product was purified by column chromatography (Al2O3; dichloromethane) resulting in
a light brown solid (25.1 mg, 19%); mp: 216.1 qC. 1H NMR (CDCl3) G 8.44 (d, 2H, J = 8.8 Hz) 8.29 (d,
2H, J = 3.0 Hz) 8.22 (d, 2H, J = 7.9 Hz) 7.84 (t, 1H, J = 7.7 Hz) 7.28 (m, 6H) 7.14 (m, 4H) 7.05 (m, 8H)
6.98 (t, 2H, J = 7.4 Hz) 3.40 (s, 6H) 3.36 (s, 6H) 13C NMR (CDCl3) G 155.3, 148.9, 146.5, 145.9, 145.4,
141.1, 137.4, 136.8, 129.2, 125.9, 125.7, 122.3, 121.8, 121.6, 121.2, 120.1, 118.4, 40.3, 40.1. Anal. Calcd
for C43H39N7: C, 78.99; H, 6.01; N, 15.00. Found: C, 78.05; H, 5.84; N, 14.77. Mass calculated: 653.31;
Found: 654.32.
3,5-Bis{[N-methyl-N(methylphenylamino)-4-phenyl]amino}pyridine (12). An oven-dried
Schlenk tube was charged with 3,5-bromopyridine (1 mmol, 236.9 mg), N,N´-dimethyl-N´-phenyl-benzene1,4-diamine (2.4 mmol, 510 mg), NaOtBu (2.8 mmol, 270 mg), Pd2(dba)3 (4 mol%, 36.6 mg) and BINAP
(6 mol%, 74.7 mg). The tube was evacuated and refilled with argon for three times after which dry toluene
(3 mL) was added and the reaction mixture was stirred 24 h at 100 qC. The reaction mixture was cooled to
room temperature, poured into dichloromethane and filtered over hyflo. The filtrate was evaporated in
vacuo and the crude product was precipitated from dichloromethane and n-hexane yielding a slightly
yellowish solid (240 mg, 48%); mp: 145.5 qC. 1H NMR (CDCl3) G 7.77 (d, 2H, J = 2.5 Hz) 7.28 (m, 5H)
7.00 (m, 13H) 6.70 (t, 1H, J = 2.5 Hz) 3.31 (s, 6H) 3.28 (s, 6H); 13C NMR (CDCl3) G 145.6, 144.8, 142.2,
130.7, 129.1, 124.2, 122.5, 120.5, 119.1, 111.4, 40.3, 40.1. Anal. Calcd for C33H33N5: C, 79.33; H, 6.66; N,
14.02. Found: C, 78.36; H, 6.57; N, 13.18. Mass calculated: 499.26. Found: 499.24.
Cu(II)(hfac)2(3-pyridylligand)2 (13). Copper(II) hexafluoroacetylacetonate hydrate (0.12 mmol, 60
mg) was dissolved in n-heptane (13.3 mL) and refluxed under argon for 15 min. After cooling the reaction
mixture to room temperature N,N´,N´-triphenyl-N-pyridin-3-yl-benzene-1,4-diamine (1) (0.24 mmol, 100
mg) in dry dichloromethane (3.3 mL) was added. The solution was left under a stream of argon overnight.
The copper complex was obtained as a yellow solid (140 mg, 88%); mp: 225.7qC. Anal. Calcd for
CuC68H48N6O4F12: C, 62.60; H, 3.71; N, 6.44. Found: C, 61.32; H, 3.23; N, 6.16.
Cu(II)(hfac)2(4-pyridylligand)2 (14). Was prepared as described above only N,N´,N´-triphenyl-Npyridin-4-yl-benzene-1,4-diamine (2) was used as ligand. The copper complex was obtained as a green
solid (123 mg, 78%); mp: 230.9 qC. Anal. Calcd for CuC68H48N6O4F12: C, 62.60; H, 3.71; N, 6.44. Found:
C, 62.26; H, 3.50; N, 6.19.
Cu(II)(hfac)2(3,5-dipyridyleneligand)2 (15). Was prepared as described above only 3,5-Bis{[Nmethyl-N(methylphenylamino)-4-phenyl]amino}pyridine (12) was used as ligand. The copper complex was
obtained as a brown solid (131.1 mg, 88%); mp: 144.4 qC (decomposed). Anal. Calcd for
CuC76H68N10O4F12: C, 61.80; H, 4.64; N, 9.48. Found: C, 61.39; H, 4.53; N, 8.92.
Cu(II)(hfac)2(5-bipyridylligand) (16). Copper(II) hexafluoroacetylacetonate hydrate (0.10 mmol,
51 mg) was dissolved in n-heptane (12 mL) and refluxed under argon for 15 min. After cooling the reaction
mixture to room temperature N-[2,2´]-bipyridinyl-5-yl-N,N´-dimethyl-N´-phenyl-benzene-1,4-diamine (9)
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(0.10 mmol, 38.1 mg) in dry dichloromethane (2 mL) was added. The solution was left under a stream of
argon overnight. The copper complex was obtained as a yellow/green solid (64.2 mg, 76%); mp: 204.2 qC.
Anal. Calcd for CuC34H24N4O4F12: C, 48.38; H, 2.68; N, 6.64. Found: C, 48.53; H, 2.60; N, 6.53.
Cu(II)(PF6)2(5-terpyridinylligand)2 (17). N,N´-Dimethyl-N´-phenyl-N-[2,2´;6´2´´]-terpyridin-5-ylbenzene-1,4-diamine (10) (0.113 mmol, 50 mg) was dissolved in dry dichloromethane (4 mL). Copper(II)
chloride (0.056 mmol, 7.58 mg) in methanol (2 mL) was slowly added. The reaction mixture was stirred
overnight after which the dichloromethane was evaporated in vacuo. An excess of NH4PF6 in water was
added after which the methanol was evaporated. The formed solid was filtered and washed with water
yielding a yellow solid (54 mg, 78%); mp: 140.6 qC (decomposed). Anal. Calcd for C58H50N10P2F12Cu: C,
56.15; H, 4.06; N, 11.29. Found: C, 56.27; H, 3.87; N, 11.12. Mass calculated: 1240.67; Found: 1094.22
(M+ - 1 PF6).
Cu(II)(PF6)2(5,5´-diterpyridinyleneligand)2 (18). 5,5´´-Bis{[N-methyl-N(methylphenyl amino)-4phenyl]amino}-2,2´;6´,2´´-terpyridine (11) (0.061 mmol, 40 mg) was dissolved in dry dichloromethane (4
mL). Copper(II) chloride (0.03 mmol, 4.11 mg) in methanol (1 mL) was slowly added. The reaction
mixture was stirred overnight after which the dichloromethane was evaporated in vacuo. An excess of
NH4PF6 in water was added after which the methanol was evaporated. The formed solid was filtered and
washed with water yielding a yellow solid (37.4 mg, 74%); mp: 141.4 qC (decomposed). Anal. Calcd for
CuC86H78N14P2F12: C, 62.18; H, 4.73; N, 11.80. Found: C, 60.98, H, 4.44, N, 11.40. Mass calculated:
1660.10; Found: 1516.09 (M+ - 1 PF6).
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Chapter 5

N-Phenyl-p-oligoanilines

Synthesis and properties

Abstract: N-Phenyl-p-oligoanilines (n=1-6) with an all-para topology were synthesized and
investigated by means of cyclic voltammetry, UV/Vis/near-IR spectroscopy, and electron spin
resonance spectroscopy. Cyclic voltammetry showed a decrease for the first and second
oxidation potentials going from the dimer to the hexamer. For the shorter oligomers (n=1-4),
the all-para topology results in a quinoid structure when two electrons are removed from the
system whereas for the longer oligomers (n=5,6) two unpaired electrons are present in the
doubly oxidized state .

Chapter 5

5.1 Introduction
When the spin polarization principles of S-conjugated systems are applied to a planar
system, a disubstituted p-phenylenediamine di(radical cation) is expected to give an out-ofphase spin polarization, which results in a low-spin molecule. However, it is known
theoretically1 and experimentally2 that a p-phenylene moiety can also act as ferromagnetic
coupling unit. Selected examples from the literature are shown in Figure 5.1. In these cases a
large out-of-plane torsion breaks the direct conjugation between the radical centers across the
ring. With the loss of conjugation, the quantum chemical overlap between the two single
occupied wave functions approaches zero which allows the exchange integral to exert a
ferromagnetic coupling.
Cl
O
N

N

S +• N

N +• S

Cl

•

•

O
Cl

Cl

Figure 5.1. Several examples of high-spin molecules in which a p-phenylene unit serves as
ferromagnetic coupling unit from: Rassat2a (left), Baumgarten2b (middle) and Dietz2c (right).

Such ferromagnetic coupling via para-phenylene was recently proposed for
oligoanilines by Sein and coworkers who argued 3: ‘…. recent studies on aniline trimers based
on m-phenylenediamine, as opposed to p-phenylenediamine, show triplet formation for the
dication form. In that work, it was conjectured that a central meta moiety might be a
requirement for high-spin behavior; our work suggests that a para moiety will work as well.’
More specifically Sein et al. claimed that the emeraldine dihydrochloride (Figure 5.2)
possesses a triplet ground state based on quantum chemical calculations and unpublished ESR
measurements.
HCl N

H2N
N

+

HCl -

+

NH2

Figure 5.2. Emeraldine dihydrochloride investigated by Sein and coworkers3.
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The synthesis of para substituted aniline oligomers4 dates back to 1930 when Yoffe et
al. synthesized various oligoanilines by an iron(III) chloride mediated oxidative coupling of
the p-aminodiphenylamine hydrochloric salt followed by reduction with phenylhydrazine5. In
1939 Yoffe adapted this route to prepare the aniline trimer and tetramer using a repeating
reaction sequence involving coupling and reduction reactions6. Later, Honzl et al. were the
first to synthesize a series of phenyl-terminated oligoanilines by a condensation reaction of
the aniline dimer and trimer with 2,5-bis(carboxyethyl)cyclohexadione, followed by
dehydrogenation, hydrolysis, and decarboxylation7. Wudl and coworkers prepared a
monodisperse phenyl-capped octaaniline, via a modified Honzl route8, and studied three
different oxidation states. The conductivity of this low molecular weight oligomer was similar
to that of polyaniline, demonstrating that an intermolecular mechanism is important for charge
transport. More recently, Buchwald used a palladium-catalyzed amination of aryl bromides in
conjunction with orthogonal protective groups, to prepare phenyl-capped oligoanilines up to
the 24-mer9.
N-Substituted oligoanilines received attention only in recent years. Strohriegl and
Heinze reported the synthesis of N-phenyl-p-oligoanilines up to the tetramer via the coppercatalyzed Ullmann reaction of aryl iodides and diphenylamines10. N-Methyl substituted
oligoanilines were prepared by Heinze via methylation of Honzl’s oligoanilines11. Ullmann
couplings were also used by Martijn Wienk to prepare alternating meta-para Nphenyloligoanilines up to the hexamer12. Hartwig and coworkers used palladium-catalyzed
amination of aryl perfluorosulfonates to generate a hexadecamer (16-mer) N-anisyl-moligoaniline13. Palladium-mediated reactions as developed by Buchwald and Hartwig were
used by Martin Struijk to prepare alternating meta-para N-phenyl- and N-methyloligoanilines
up to the octamer14,15. Hartwig used palladium-catalyzed reactions to synthesize regiodefined
polymeric triarylamines in para, meta, and alternating meta-para configurations16.
The electrochemical and spectroscopic properties of all-para oligoanilines received only
very limited attention. Schacklette and coworkers, who described the electrochemical and
optical properties of a phenyl-capped tetramer and presented a single crystal structure of the
salt of the doubly oxidized oligomer, have performed one of the most detailed studies17.
However, due to the acidic hydrogens, the oxidized forms of unsubstituted oligoanilines
display abundant positional, cis-trans, and conformational isomerism, which complicates their
detailed investigation18. Heinze and Strohriegl investigated the redox properties of Nsubstituted oligoanilines, which do not suffer from this drawback, up to the tetramer with
cyclic voltammetry, but the electronic and electron spin resonance spectra of the redox states
were not reported10,11. Yet, as for other conjugated oligomers, assessing the electronic
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structure of p-oligoanilines has an important role to gain insight into the structure-property
relationships of polyaniline.
In this chapter a series of N-phenyl-p-oligoanilines from the dimer up to the hexamer
(Figure 5.3) is synthesized and investigated with cyclic voltammetry, UV/Vis/near-IR
spectroscopy and electron spin resonance to assess the electronic properties of these
homologous molecules and their redox states experimentally.

N

n N

n = 1, Ph2p
2, Ph3p
3, Ph4p
4, Ph5p
5, Ph6p

Figure 5.3. Investigated N-phenyl-p-oligoanilines.

5.2 Synthesis of the oligoaniline derivatives
Previously N-phenyl-p-oligoanilines have been prepared using the Ullmann coupling
reaction, which requires rather drastic conditions10. Here, the N-phenyl-p-oligoanilines were
synthesized under milder conditions based on the palladium-catalyzed coupling reactions of
arylbromides and aryl amines as developed by Buchwald and Hartwig (Scheme 5.1). Ph2p
has been described previously by Martin Struijk15. For the synthesis of the longer N-phenyl-poligoanilines, N,N,N´-triphenyl-benzene-1,4-diamine was reacted with an excess of 1,4dibromobenzene to obtain the monosubstituted compound 1. In this reaction a small amount
of Ph4p was obtained as a by-product, which was fortunately sufficient to perform all
subsequent measurements. Compound 1 was reacted with three different reagents to obtain
the other oligoanilines of the series. For the trimer, Ph3p, 1 was reacted with diphenylamine
under the same conditions as applied for 1. Ph3p was isolated as a greenish solid in 16% yield
after precipitation. The pentamer, Ph5p, was obtained as a brownish solid in 11% yield after
reaction of aniline with two equiv of compound 1 under similar conditions. N,N´-Diphenylbenzene-1,4-diamine was reacted with two equiv of compound 1 under similar conditions as
for Ph5p to obtain the hexamer, Ph6p, in 30% yield after precipitation in diethyl ether.
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Scheme 5.1. Synthesis of the N-phenyl-p-oligoaniline derivatives. Reaction conditions: a) Pd2(dba)3,
P(o-tolyl)3, NaOtBu, toluene, 105 qC; b) Pd2(dba)3, DPPF, NaOtBu, toluene, 105 qC.

Surprisingly, the solubility of the longer N-phenyl-p-oligoanilines was very low, which
precluded analysis with

13

C NMR spectroscopy. Consequently Ph5p and Ph6p were only

characterized with mass spectrometry and elemental analysis. The low solubility of Ph5p and
Ph6p contrasts with that of a related octamer having alternating para-meta topology
(synthesized by Martin Struijk), which was readily soluble in dichloromethane15,19.

5.3 Redox properties of the oligoanilines
Cyclic voltammetry was performed as described in the previous chapters. oDichlorobenzene (ODCB) was used as solvent because the longer oligomers are not soluble in
dichloromethane in sufficiently high concentration. The oxidation potentials of the shorter
oligomers (dimer, trimer, and tetramer) were also recorded in dichloromethane and the data
were compared with those obtained in ODCB. The cyclic voltammograms are depicted in
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Figure 5.4 and Figure 5.5 and the data is summarized in Table 5.1. For Ph2p the difference
between the cathodic and anodic peak potentials is extremely large (a300 mV) in ODCB
compared to dichloromethane (a85 mV). This effect decreases for the longer oligomers Ph3p
and Ph4p.

1.0

dichloromethane
ortho-dichlorobenzene

Normalized current

Normalized current

1.0
0.5
0.0
-0.5

ortho-dichlorobenzene
dichloromethane

*

0.5
0.0
-0.5

*

-1.0

-1.0

-1.5
-0.2 0.0 0.2 0.4 0.6 0.8 1.0 1.2 1.4 1.6

-0.2

E (V)

0.0

0.2

0.4

0.6

0.8

1.0

E (V)

Figure 5.4. Cyclic voltammograms of Ph2p (left) and Ph3p (right); 100 mV s-1 at 295 K; *)
unresolved impurity.

Ph2p exhibits two chemically reversible oxidation waves; both are one-electron
processes (Figure 5.4). The difference between the cathodic and anodic peak potentials
depends on the scan speed when the measurement is performed in ODCB, indicative of a
quasi-reversible process. Measuring at different scan speeds gives a linear behavior for the
peak current versus v1/2.
For Ph3p two chemically reversible oxidation waves are found (Figure 5.4). Again each
oxidation wave corresponds to a one-electron process. The shoulder at 0.56 V is attributed to
an impurity, possibly Ph2p. Irreversible processes occurred when the scan range was
increased to 1.6 V; this was also observed by Heinze and Strohriegl10. Measuring at different
scan speeds gives a linear dependence for the peak current versus v1/2, indicative of a
diffusion-limited electrochemical oxidation. In dichloromethane, the difference between the
anodic and cathodic peak potentials is a55 mV for both E01 and E02. In ODCB the separation
for E01 is 110 mV, while for E02 a similar value as in dichloromethane is observed.
The tetramer, Ph4p, displayed four chemically reversible oxidation waves in both
dichloromethane and ODCB, each corresponding to a one-electron process (Figure 5.5). The
differences between the cathodic and anodic peak potentials are 50-70 mV, indicative of
electrochemically reversible processes. A linear behavior for the peak current versus v1/2 was
established at different scan rates for all four oxidation waves.
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Figure 5.5. Cyclic voltammograms of Ph4p (left) (100 mV s-1 at 295 K) and Ph5p and Ph6p (right)
(10 mV s-1 at 295 K).

The pentamer, Ph5p, was not sufficiently soluble in dichloromethane for
electrochemical analysis and therefore cyclic voltammetry was performed in ODCB. Close
examination of the voltammogram reveals that four ill-resolved oxidation waves can be
distinguished (Figure 5.5). The differences between the anodic and cathodic peak potentials
are 70, 80, 60, and 90 mV for the four oxidation waves, respectively. For Ph6p four
chemically reversible oxidation waves are present in the cyclic voltammogram (Figure 5.5).
The anodic and cathodic peaks are separated by ~80 mV. The cyclic voltammograms for
Ph5p and Ph6p were recorded at a scan speed of 10 mV s-1 because at higher scan speeds no
separate peaks were observed.
Table 5.1. Oxidation potentials of the N-phenyl-p-oligoanilines.

E01

E02

Ph2p

0.49 (0.53)

1.02 (1.05)

Ph3p

0.44 (0.43)

0.76 (0.78)

1.24b (1.11)

Ph4p

0.36 (0.40)

0.63 (0.66)

1.07 (1.13)

1.20 (1.28)

0.36

0.56

0.80

1.08

0.36

c

c

1.28

Ph5p

a
a

Ph6p

E03

0.55
+

-

1.04

E04

-3

Determined in ortho-dichlorobenzene / Bu4 NPF6 (0.1 mol dm ) at 295 K, scan rate 100 mV s-1,
potential vs. SCE calibrated using Fc/Fc+. Data in parenthesis are values obtained in
dichloromethane. a) scan rate 10 mV s-1; b) only reversible at scan speed of 200 mV s-1; c) unresolved
two-electron process.
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The oxidation potentials of the three shorter oligomers are similar to those previously
determined by Strohriegel and Heinze10,11. Considering the data collected in Table 5.1 and
Figure 5.6 it is clear that the first and second oxidation potentials in ODCB decay going from
Ph2p to Ph4p and reach a constant value for Ph5p and Ph6p. This indicates that in the neutral
state the effective conjugation length of the N-phenyl-p-oligoanilines is rather small.

Oxidation potential (V)
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1.0
0.8
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Number of nitrogen atoms

Figure 5.6. Oxidation potential of the N-phenyl-p-oligoanilines versus number of nitrogen atoms.  :
E01 ;  : E02; z : E03; { : E04.

A similar conclusion was reached from a theoretical investigation of the chain-length
dependence of the electronic and optical properties of unsubstituted oligoanilines20. It is
noteworthy that for the Phnp oligomers with an even number of nitrogens, n, the potential
difference of the n/2 and (n/2)+1 oxidations is usually larger than differences between any
other successive waves.

5.4 Optical and magnetic properties
To gain more insight into the properties of the N-phenyl-p-oligoanilines redox states,
two spectroscopic techniques were combined, namely UV/Vis/near-IR and electron spin
resonance (ESR) spectroscopy. The oligomers were studied as a function of the average
number of electrons removed. All measurements were performed in dichloromethane. Martijn
Wienk has already described the UV/Vis/near-IR oxidation experiments of the dimer21, but
some of the spectra will be discussed briefly here as well (Figure 5.8 and Table 5.2).
The absorption spectra of the neutral N-phenyl-p-oligoanilines are shown in Figure 5.7.
All oligoanilines exhibit a broad, featureless absorption in the UV region. Compared to
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oligo(phenyleneethynylene)s and oligo(phenylenevinylene)s the bathochromic shift with
increasing number of repeat units is relatively small, confirming the modest effective

Normalized absorbance (O. D.)

conjugation along the chain20.
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Figure 5.7. Normalized absorption spectra of the neutral N-phenyl-p-oligoanilines.

Addition of thianthrenium perchlorate to Ph2p results in the appearance of two
absorption bands in the absorption spectrum at 1.44 and 3.05 eV, and a simultaneous decrease
of the absorption band at 3.97 eV (Figure 5.8). After addition of one equiv these new
absorption bands reach their maximum intensity. The bands are associated with the formation
of Ph2px+ radical cations. Addition of a second equiv of thianthrenium gives rise to a new
absorption band at 2.09 eV and a simultaneous decrease of the absorption bands of the Ph2px+
radical cation at 1.44 and 3.05 eV. The 2.09 eV band is ascribed to the formation of the
Ph2p2+ dication. These results were confirmed by the changes in the (doubly integrated) ESR
signal intensity recorded during the course of the oxidation process. Upon addition of
thianthrenium perchlorate, the ESR signal intensity initially increases and reaches a maximum
after one equiv has been added. Addition of the second equiv results in a subsequent decrease
of the ESR signal. This confirms that Ph2p2+ is a closed shell (S = 0) species.
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Figure 5.8. UV/Vis/near-IR titration experiment of Ph2p (left) and ESR intensity dependence on
equivalents of thianthrenium perchlorate (right). Numbers in the left graph correspond to the equiv of
thianthrenium perchlorate.

Addition of thianthrenium perchlorate in small amounts to Ph3p gave two new
absorption bands at 0.99 and 2.88 eV, attributed to the formation of Ph3px+ radical cations,
and a simultaneous loss of the absorption band of neutral Ph3p. After addition of one equiv
these absorption bands reached a maximum intensity. Addition of a second equiv
thianthrenium perchlorate gave a new absorption band at 1.27 eV of Ph3p2+ and a
simultaneous decrease of the absorption bands at 0.99 and 2.88 eV. During the stepwise
oxidation of Ph3p the ESR signal intensity first increases up to the addition of one equiv of
thianthrenium perchlorate, followed by a decrease of the ESR signal at higher oxidation levels
(Figure 5.9). These observations indicate that Ph3p2+ prefers to adopt a quinoid-like structure
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rather than a biradical configuration.
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Figure 5.9. UV/Vis/near-IR titration experiment of Ph3p (left) and ESR intensity dependence on
equivalents of thianthrenium perchlorate (right). Numbers in the left graph correspond to the equiv of
thianthrenium perchlorate.
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Similar observations were made for Ph4p (Figure 5.10). The radical cation absorption
bands of Ph4px+ have shifted slightly to lower energy (0.87 and 2.76 eV) compared to Ph3px+,
but they also reach a maximum intensity after addition of one equiv of thianthrenium
perchlorate. Addition of a second equiv gave new absorptions at 0.97 and 3.17 eV, with a
simultaneous loss of the absorption bands at 0.87 and 2.76 eV. These changes are ascribed to
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Figure 5.10. UV/Vis/near-IR titration experiment of Ph4p (left) and ESR intensity dependence on
equivalents of thianthrenium perchlorate (right). Numbers in the left graph correspond to the equiv of
thianthrenium perchlorate.

The ESR signal intensity of Ph4p reaches a maximum intensity after removal of one
electron, while removal of a second electron results in an almost complete loss of ESR
activity. For Ph4p also a third electron can be removed, which results in the re-appearance of
the ESR signal.
The absorption bands of neutral Ph5p and Ph6p (3.85 and 3.81 eV, respectively) still
shift slightly to lower energies compared to the shorter oligoanilines (Figure 5.8). Addition of
thianthrenium perchlorate to Ph5p initially produces two bands at lower energy of almost
equal intensity at 0.78 and 2.75 eV (Figure 5.11).
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Figure 5.11. UV/Vis/near-IR titration experiment of Ph5p (left) and ESR intensity dependence on
equivalents of thianthrenium perchlorate (right). Numbers in left graph correspond to the equiv of
thianthrenium perchlorate.

However, upon further oxidation, the pentamer Ph5p shows a somewhat different
behavior than the shorter oligomers. Two equally intense bands remain in the spectrum,
whereas for Ph2p to Ph4p the lower energy band was much more intense in the doubly
oxidized state. Surprisingly, the transition energies of the second oxidation state, Ph5p2+, are
almost at the same position as those of Ph2px+. Hence, the doubly oxidized state of Ph5p can
be regarded as consisting of two Ph2px+ radical cations, separated by a central triarylamine
unit. Unfortunately Ph5p suffers from a rather low solubility that hampered the detailed
quantitative analysis of the ESR signals. However, as can be seen in Figure 5.11, the ESR
signal of Ph5p increases up to the addition of one equiv of oxidizing agent and then remains
constant. The remaining ESR signal at the higher oxidation levels supports the idea inferred
from the optical spectra that Ph5p2+ is not a closed-shell species but contains two identical
radical ions.
Similar results have been obtained for Ph6p. In the first oxidation step a radical cation
is formed which exhibits an optical spectrum (Figure 5.12) that is very similar to that of
Ph4px+ and Ph5px+. In the second step, the newly formed bands increase in intensity and
exhibit a small shift to higher energies. Importantly, in this Ph6p2+ state the two bands still
have a similar intensity, and their position is in close agreement with those of the Ph3px+
radical cation (0.99 and 2.90 eV for Ph6p2+ versus 1.00 and 2.88 eV for Ph3px+). This
suggests that the electronic structure of Ph6p2+ resembles that of two individual Ph3px+
radical cations, separated by a central p-phenylene ring. Like for Ph5p it seems possible to
remove two electrons from the molecule without creating a quinoid structure. The ESR signal
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intensity of Ph6p increases up to the addition of three equiv of thianthrenium perchlorate,
consistent with the proposed open-shell character. However, the low solubility does not allow
to extract unambiguous conclusions from the ESR results.
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Figure 5.12. UV/Vis/near-IR titration experiment of Ph6p (left) and ESR intensity dependence on
equivalents of thianthrenium perchlorate (right). Numbers in left graph correspond to the equiv of
thianthrenium perchlorate.

The results of these experiments are summarized in Figure 5.13 and Table 5.2. The
absorption energies of the neutral oligomers, their radical cations, and dications shift with
increasing length to lower values.
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Figure 5.13. UV/Vis/near-IR energies of: z: neutral oligomer; {: low-energy band of radical cation;
: high-energy band of radical cation; : low-energy band of dication.
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Table 5.2. Absorption energies of the oligoaniline redox states in eV.

N

RC1

RC2

DC1

Ph2p

3.97

1.44

3.05

2.09

Ph3p

3.93

0.99

2.88

1.27

Ph4p

3.90

0.87

2.76

0.97

Ph5p

3.85

0.78

2.75

1.35

Ph6p

3.81

0.76

2.72

1.00

N = neutral absorption; RC1 = low-energy absorption of radical cation; RC2 = high-energy
absorption of radical cation; DC1 = low-energy of dication.

5.5 Discussion and conclusions
N-Phenyl-p-oligoaniline derivatives Phnp with an all-para topology were synthesized
and investigated from the dimer to the hexamer. The first oxidation potential of these
oligomers decreases with chain length up to Ph4p and then becomes constant. The electronic
absorption spectra of all Phnpx+ radical cations exhibit two equally intense transitions in the
blue and in the near-IR region of the spectrum. The first oxidation potentials and the energies
of the optical absorptions show a moderate decrease with the length of the oligomer and
suggest a limited extension of the conjugation in the neutral and singly oxidized state.
The second oxidation potential of the Phnp oligomers is more strongly dependent on n
than the first oxidation potential and saturates only at n = 6. Up to n = 4, the electronic spectra
of the Phnp dications are characterized by an intense low-energy absorption and a weaker
band at higher energy. This behavior is strongly reminiscent of that observed for many
conjugated oligomers, such as oligothiophenes, oligo(thienylenevinylenes), oligopyrroles, and
oligo(p-phenylenevinylenes)22. In these cases, the first oxidation produces a radical cation (S
= ½) which exhibits two strong (polaronic) absorption bands and the second oxidation
converts this radical cation into a spinless (S = 0) dication that shows only one strong
(bipolaronic) band at an energy positioned between the two bands of the radical cation. The
loss of ESR intensity associated with the second oxidation of the smaller oligomers (Ph2p,
Ph3p, and Ph4p) confirms that the all-para topology results in a quinoid (bipolaronic)
structure when two electrons are removed.
These changes are schematically depicted in Figure 5.14 for Ph3p. The first electron
removed, generates a radical cation, which is ESR active. Removal of the second electron
initially creates a di(radical cation) that rearranges to a quinoid structure, which is ESR
130

N-Phenyl-p-oligoanilines

inactive. For Ph3p2+ two equivalent quinoid resonance forms contribute to the ground state,
which stabilizes this dication with respect to Ph2p2+ and lowers both E02 and the energy of the
dication absorption band (DC1, Table 5.2). For Ph4p2+ additional resonance contributions are
possible, and not surprisingly a further decrease of E02 and DC1 is observed.
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Figure 5.14. Mechanism for the formation of the quinoid structure for Ph3p2+.

In contrast, the optical spectra of the two longest oligomers give a strong indication that
it is possible to create two unpaired electrons via oxidation without a rearrangement of the
resulting dication into a quinoid structure. Especially the close correspondence of the spectra
of Ph5p2+ and Ph6p2+ with those of Ph2px+ and Ph3px+ respectively, strongly suggest that the
dications have an open-shell configuration and comprise two smaller radical cations as
depicted in Figure 5.15 for Ph5p2+.
The reduced tendency to form a quinoid structure in Ph5p2+ and Ph6p2+ can be
rationalized by the intramolecular coulombic repulsion that tends to localize the two positive
charges and their associated electron spin towards the termini of the dication. In combination
with rotational freedom around the central moieties in the molecule this localization
apparently results in an effective decrease of the quantum chemical overlap of the two
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degenerate singly occupied molecular orbitals and favors the open-shell biradical structure
over the closed-shell quinoidal configuration.
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Figure 5.15. Proposed structure for the Ph5p2+ biradical.

5.6 Experimental
General methods and materials. General methods and materials were used as described in the
previous chapters. Ortho-dichlorobenzene was purified via distillation over sodium.
N-(4-Bromo-phenyl)-N,N´,N´-triphenyl-benzene-1,4-diamine (1). An oven-dried Schlenk tube
was charged with 1,4-dibromobenzene (5 mmol, 1.2 g), N,N,N´-triphenyl-benzene-1,4-diamine (3 mmol,
1.0 g), NaOtBu (4 mmol, 400 mg), Pd2(dba)3 (1 mol%, 27.4 mg) and P(o-tolyl)3 (3 mol%, 27.4 mg). The
tube was evacuated and refilled with argon for three times after which dry toluene (10 mL) was added and
the reaction mixture was stirred 24 h at 105 qC. The reaction mixture was cooled to room temperature,
poured into dichloromethane and filtered over hyflo. The crude product was poured into diethyl ether and
the solid was filtered off which turned out to be Ph4p.The organic layer was evaporated in vacuo and the
crude product was purified via column chromatography (SiO2; DCM/n-heptane, 1/1) (427.3 mg, 29%) 1H
NMR (CDCl3) G 7.32 (d, 2H, J = 6.59 Hz) 7.26 (m, 6H) 7.11 (m, 6H) 6.97 (m, 9H). 13C NMR (CDCl3) G
147.8, 147.4, 147.1, 143.5, 142.2, 132.2, 129.5, 125.8, 125.3, 124.7, 124.1, 124.0, 123.1, 122.7, 114.5.
N-[4-(Diphenylamino)phenyl]-N,N´,N´-triphenyl-1,4-benzenediamine (Ph3p). An oven-dried
Schlenk tube was charged with 1 (0.2 mmol, 100 mg), diphenylamine (0.25 mmol, 42.3 mg), NaOtBu (0.29
mmol, 28 mg), Pd2(dba)3 (1 mol%, 1.9 mg) and P(o-tolyl)3 (3 mol%, 1.9 mg). The tube was evacuated and
refilled with argon for three times after which dry toluene (1 mL) was added and the reaction mixture was
stirred 24 h at 105 qC. The reaction mixture was cooled to room temperature, poured into dichloromethane
and filtered over hyflo. The organic filtrate was evaporated in vacuo and the crude product was precipitated
with DCM/n-hexane, 3/7 yielding Ph3p as a green solid (18 mg, 16%). 1H NMR (CDCl3) G 7.26 (m, 11H)
7.14 (m, 9H) 7.00 (m, 13H). 13C NMR (CDCl3) G 147.7, 142.8, 142.5, 129.3, 129.2, 129.1, 129.0, 125.4,
125.0, 123.6, 123.1, 122.3. Mass calculated: 579.26. Mass found: 579.23. Anal calculated for C42H33N3: C,
87.01; H, 5.74; N, 7.25. Found: C, 86.87; H, 5.46; N, 6.62.
N,N´-Bis[4-(diphenylamino)phenyl]-N,N´-diphenyl-1,4-benzenediamine (Ph4p). 1H NMR
(CDCl3) G 7.28 (m, 14H) 7.14 (m, 11H) 7.03 (m, 17H). 13C NMR (CDCl3) G 147.8, 142.8, 142.6, 142.5,
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129.1, 129.0, 125.4, 125.1, 125.0, 123.6, 123.1, 122.3, 122.0. Mass calculated: 746.33. Mass found: 746.44.
Anal calculated for C54H42N4: C, 86.83; H, 5.67; N, 7.50. Found: C, 83.71; H, 5.37; N, 7.00.
N-{4-[N-(4-Diphenylamino)phenyl-N-phenyl]aminophenyl}-N´-[4-diphenylamino)phenyl]N,N´-diphenyl-1,4-benzenediamine (Ph5p). An oven-dried Schlenk tube was charged with 1 (0.41 mmol,
200 mg), aniline (0.2 mmol, 18.6 mg), NaOtBu (0.5 mmol, 48.1 mg), Pd2(dba)3 (1 mol%, 3.73 mg) and
DPPF (3 mol%, 6.82 mg). The tube was evacuated and refilled with argon for three times after which dry
toluene (1.5 mL) was added and the reaction mixture was stirred 48 h at 105 qC. The reaction mixture was
cooled to room temperature, poured into dichloromethane and filtered over hyflo. The organic filtrate was
evaporated in vacuo and the crude product was precipitated with diethyl ether yielding Ph5p as a brownish
solid (20 mg, 11%). Mass calculated: 913.40. Mass found: 913.42.
N,N´-Bis{4-[N-(4-diphenylamino)phenyl-N-phenyl]aminophenyl}-N,N´-diphenyl-1,4-benzene
diamine (Ph6p). An oven-dried Schlenk tube was charged with 1 (0.2 mmol, 100 mg), diphenyldiamine
(0.1 mmol, 26 mg), NaOtBu (0.29 mmol, 28 mg), Pd2(dba)3 (1 mol%, 1.9 mg) and DPPF (3 mol%, 3.33
mg). The tube was evacuated and refilled with argon for three times after which dry toluene (1.5 mL) was
added and the reaction mixture was stirred 48 h at 105 qC. The reaction mixture was cooled to room
temperature, poured into dichloromethane and filtered over hyflo. The organic filtrate was evaporated in
vacuo and the crude product was precipitated with diethyl ether yielding Ph6p as a brownish solid (32.6
mg, 30%). Mass calculated: 1080.47. Mass found: 1080.55. Anal calculated for C78H60N6: C, 86.64; H,
5.59; N, 7.77. Found: C, 85.21; H, 5.45; N, 8.01.
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Summary
The search for an organic material that exhibits magnetic properties is a scientific
challenge to chemistry, physics, and material science. The most important properties that such
a material should have are stability at room temperature and resistance to oxygen and water.
To prepare such magnetic material some important design requirements have to be fulfilled.
The research described in this thesis is focused on the design, synthesis, and characterisation
of organic molecules which, upon doping, have multiple unpaired electrons that exhibit intraor intermolecular ferromagnetic coupling resulting in high-spin molecules and architectures.
The high-spin molecules used in this research are based on S-conjugated oligomers,
oligo(phenyleneethynylene)s and oligo(phenylenevinylene)s, with pendant radical groups (pphenylenediamine radical cations) attached to it in a regio-regular fashion. The substitution
pattern on the S-conjugated backbone is very important and a regio-regular substitution
pattern is needed to have ferromagnetic spin alignment. Moreover, in this system, a spin
defect will not necessarily be detrimental. The radicals were generated from their pphenylenediamine precursors by chemical oxidation and were studied with cyclic
voltammetry, UV/Vis/near-IR spectroscopy, and electron spin resonance. From these
measurements it became clear that the unpaired electrons in the ground state show
intramolecular ferromagnetic interactions and that a high-spin state was observed when the
radicals were neighbors as well as next-nearest-neighbors.
To come to a magnetic material both intra- and intermolecular ferromagnetic
interactions have to be present between the high-spin molecules. The magnetic interactions
are strongly dependent on the orientation of the molecules. High-spin C3 symmetrical
molecules were used to see whether intermolecular interactions can be tailored to align spins
in three dimensions. Two different point of views were chosen. The first approach is based on
S-S aggregation. The synthesized molecules, based on the same principle as mentioned above,
showed high-spin behavior but no S-S aggregation could be observed. The second method
deals with the use of discotic liquid crystalline materials to induce order. For this substituted
triphenylenes were synthesized and investigated. High-spin behavior was observed as well as
liquid crystalline behavior but intermolecular interactions could not be established.
Another way to three dimensional electron-spin alignment is the use of metal
complexation. To this end, small oligomers were synthesized based on p-phenylenediamine
moieties with different chelating groups (pyridine, bipyridine and terpyridine) and their
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properties were investigated. It is shown by cyclic voltammetry, UV/VIS/near-IR
spectroscopy, and electron spin resonance that for most ligands stable radical cations can be
generated. Complexes of these chelating molecules with paramagnetic copper(II) were
prepared and it was demonstrated that for the 3-aminopyridine, the bipyridine, and the mono
substituted terpyridine a thermally excited triplet state was present in which the spin of copper
and that of the organic radical interact. Some of the complexes, disubstituted pyridine and
terpyridine, showed side reactions to benzidine species upon oxidation.
Finally, N-phenyl-p-oligoanilines (dimerohexamer) were synthesized and investigated
to see whether it was possible to generate high-spin molecules in an all-para topology as
compared to the well-known meta-para systems. The smaller oligomers showed that an allpara configuration results in a quinoid structure when two electrons are removed from the
system. The longer oligomers revealed that it is possible to have unpaired electrons in the
system without a quinoid structure.
The subject of organic magnets remains a synthetic and physical challenge.
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Samenvatting

Het vinden van een organisch materiaal dat magnetische eigenschappen vertoond is een
wetenschappelijke uitdaging. De belangrijkste eigenschappen die zo’n materiaal moet hebben
om als toepassing te kunnen dienen zijn stabiliteit bij kamertemperatuur en bestand zijn tegen
zuurstof en water. Om tot een magnetisch materiaal te komen zijn een aantal belangrijke
ontwerpeisen vereist. Het promotieonderzoek was gericht op het ontwerpen, synthetiseren en
karakteriseren van organische moleculen die als eigenschap hebben dat als ze geoxideerd
worden ze meerdere ongepaarde elektronen bevatten die op zodanige manier interacties met
elkaar aangaan dat ze ferromagnetisch koppelen tot high-spin moleculen. Dit betekent dat ze
een netto magnetisch moment hebben.
De high-spin moleculen die in dit onderzoek zijn gebruikt, zijn gebaseerd op Sgeconjugeerde oligomeren, oligo(fenyleen ethynyleen), oligo(fenyleen vinyleen), met daaraan
gebonden radicaal groepen die gebaseerd zijn op p-fenyleendiamine fragmenten, die op een
regioregulaire manier met elkaar gekoppeld zijn. Deze constructie zorgt er voor dat defecten
in het systeem niet fataal hoeven te zijn. Deze topologie is nodig om de juiste spin polarisatie
te verkrijgen voor ferromagnetische interacties tussen de verschillende radicalen. Om te
onderzoeken of er inderdaad nog steeds interactie zou zijn als er een ‘defect’ aanwezig zou
zijn, zijn er ook oligomeren gesynthetiseerd die een zogenaamd ‘defect’ bevatten. Deze
moleculen zijn geanalyseerd met cyclische voltammetrie, UV/Vis/near-IR spectroscopie en
elektronspin-resonantie (ESR). Uit deze metingen wordt duidelijk dat de ongepaarde
elektronen in de grondtoestand intramoleculair met elkaar koppelen tot een high-spin
molecuul zowel als ze naast elkaar zitten en als er een ‘defect’ ingebouwd is.
Om tot een materiaal te kunnen komen moet er ook voldaan worden aan
intermoleculaire ferromagnetisch interacties tussen de high-spin moleculen. De magnetische
interactie is sterk afhankelijk van de oriëntatie van de moleculen. Er is gekeken naar C3
symmetrische moleculen gebaseerd op dezelfde topologie als boven. Twee verschillende
invalshoeken zijn gekozen. De eerste is gebaseerd op S-S aggregatie. De gesynthetiseerde
materialen vertonen high-spin gedrag maar er kon geen S-S aggregatie aangetoond worden.
De tweede invalshoek is het gebruik van discotische vloeibaar-kristallijne materialen. Het
gesynthetiseerde molecuul bleek zowel high-spin te zijn als vloeibaar-kristallijn echter
interacties tussen de discoten kon niet worden aangetoond.
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Een andere manier om tot driedimensionale systemen te komen is het gebruik van
metaalcomplexatie. In dit onderzoek zijn kleine oligomeren gemaakt gebaseerd op pfenyleendiamine eenheden met verschillende chelerende groepen (pyridine, bipyridine en
terpyridine) en de eigenschappen werden onderzocht met cyclische voltammetrie,
UV/Vis/near-IR spectroscopie en ESR. De eigenschappen van deze systemen zijn onderzocht
zonder en met koper(II). Stabiele radicaal cationen werden verkregen voor de meeste
liganden,

echter

in

de

complexen

van

de

3-aminopyridine,

bipyridine

en

de

monogesubstitueerde terpyridine bleek de high-spin toestand niet de grondtoestand te zijn
maar een thermische. Een aantal complexen, digesubstitueerde pyridine en terpyridine, gaven
bij oxidatie nevenreacties tot benzidine species.
Als laatste is er gekeken naar oligo-N-phenylanilines via een para topologie om te
bestuderen of deze topologie ook tot high-spin moleculen zou leiden in vergelijking met de
bekende meta-para topologie. In de korte oligomeren is dit niet het geval, deze vormen
quinoide structuren, maar in de langere oligomeren (6-meer) is er duidelijk ander gedrag
aanwezig waarbij er kon worden aangetoond dat er ongepaarde radicaal cationen aanwezig
waren.
Het onderwerp organische magneten blijft hierdoor een uitdaging zowel synthetisch
gezien als fysisch gezien.
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