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’ INTRODUCTION

Organic π-conjugated materials from the monomer up to the
polymer level are of great interest for applications in molecular
electronics or the development of organic photovoltaic (OPV)
devices.1�15 In contrast to systems based on thiophene or
phenylene vinylene subunits,6�8 only few studies have been
carried out on azulene derivatives with respect to applications
in OPV devices up to now.16�32 Recently, 3-(azulen-1-yl)-2-
cyanoacrylic acid, 5-(azulen-1-yl)-2-cyanopenta-2,4-dienoic acid,
and derivatives have been studied as sensitizers in dye-sensitized
solar cells (DSSCs).20 These dyes exhibit a strong absorption
band caused by a S2rS0 transition and a weak absorption due to
a S1rS0 transition in the visible spectral range. From the
experimental results it was concluded that, besides electron
injection from the S1 state, direct electron injection from the
S2 state to the TiO2 conduction band is possible.20 In addition,
polyazulenes, which can be synthesized by chemical16,33 and
electrochemical methods,16,34�43 have been suggested for appli-
cations inOPV devices.16 In a previous work, we have studied the
structure and electronic properties of 1,3-poly- and oligo-
azulenes.16 These materials exhibit a broad absorption band

(HOMO�LUMO-based S1rS0 transition), which covers the
range between 400 and 850 nm, in which the solar irradiation
spectrum has its highest intensity. Even though the molar
absorption coefficient across the low-energy absorption band
of azulene is rather low, azulene derivatives as such represent
small and tightly packed units with a small HOMO�LUMO gap
already in their monomer form. This is a significant advantage
compared to transparent thiophene or phenylene vinylene
building blocks for oligomers or polymers, which are frequently
used in OPV devices.6�8 In addition, the optical and electronic
properties of azulene can be further tuned in a facile manner, for
instance, by attachment of additional (electron-rich or electron-
poor) chromophoric groups to the parent core.

To study the electronic interaction between azulene and such
chromophoric groups with selected electronic and optical prop-
erties, the azulene dyads 1�4were synthesized (Chart 1).44 In 1,
a redox-active dianisylphenylamine moiety was introduced because
such electron-rich triarylamine derivatives exhibit high charge
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ABSTRACT: Four azulene dyads have been synthesized and
studied by spectroscopic and electrochemical methods. A triaryla-
mine, a boron-dipyrromethene (BDP or BODIPY), a porphyrin,
and an isoalloxazine moiety have been linked to an extended π
electron system at the 2-position of azulene, leading to the dyads
1�4, respectively. For the synthesis of 1�4, first 2-(4-ethynyl-
phenyl)azulene (EPA) was prepared, which was further reacted
with the halogenated chromophores by Pd-catalyzed cross-cou-
pling reactions. The dyads 1�4 exhibit strong absorption bands in
the visible range, which are dominated by the absorption spectra of
the individual subchromophores. Fluorometric studies of 2�4
revealed that after excitation of the subchromophoric unit attached
to the parent azulene moiety, quenching mainly through energy
transfer to azulene is effective, whereas possible charge-transfer
interactions play only a minor role. Potentiodynamic oxidation of
the dyads 1�4 leads to the formation of polymer films, which are
deposited at the electrode. The polymer film derived from 1 was further characterized by spectroelectrochemistry. During positive
doping of poly-1, a strong absorption band appears at 13,200 cm�1, which is typical for triarylamine radical cations. This band is
overlapping with a broad absorption band in the low-energy region that might be caused by charge-transfer interactions within the
polymer.
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carrier mobilities, which is of utmost importance for applications
in OPV devices.45,46 Triarylamines are widely used as hole carrier
materials in optoelectronic devices, photorefractive materials,
photoconductors, organic light emitting diodes and photovoltaic
cells.47�53 In dyad 2, a boron-dipyrromethene (BDP or BOD-
IPY) dye was used because many BDP dyes absorb intensely in
the visible spectral range and exhibit high fluorescence quantum
yields. BDPs have been used for several analytical applica-
tions such as proton54,55 or metal ion56�58 indication, as photo-
sensitizers,59�61 and in molecular switches.62�65 Furthermore,
the BDP subunit was employed in solar concentrators,66�68

photonic wires,69�71 and artificial photosynthetic antenna-reac-
tion center assemblies.72�74 The azulene-porphyrin dyad 3 was
synthesized because porphyrins have been employed as electron
donors in several dyads and triads for photoinduced electron
transfer (ET) reactions, which may result in charge separation over
large distances as required for photovoltaic applications.72,75,76 In
contrast to other azulene-porphyrin dyads, which have been
studied previously,77�80 in 3 both dyes are linked by an extended
π electron system. Dyad 4 was prepared because flavins are the
active unit of many blue-light photoreceptors81�84 and usually
act as strong electron acceptors, potentially generating charge-
separated states.

Besides their synthesis, the main interest of the work reported
herein was to study the interaction between azulene and the
attached chromophores in the monomeric compounds. How-
ever, with azulene as the core component, polymerization at the
1/3 position of the azulene subunits in 1�4 should also be
possible. For 4, this would result in the formation of a double-
cable polymer.1,85,86 Intrinsically ambipolar materials are an
interesting alternative to blends of an electron donating polymer
with electron acceptors for applications in OPV devices of the

bulk heterojunction type, because when the acceptor units are
linked covalently to the electron-donating polymer, phase se-
paration is prevented.1,85,86 Thus, preliminary electrochemical
polymerization studies complement the research described in
this contribution.

’RESULTS AND DISCUSSION

Synthesis.Our first goal was the preparation of 2-(4-ethynyl-
phenyl)azulene (EPA), which can be linked to several haloge-
nated dyes by Pd-catalyzed cross-coupling reactions. This
afforded the synthesis of the photochromic 2-(4-iodophenyl)-
dihydroazulene (2-(4-iodophenyl)-DHA)87,88 as an intermedi-
ate, which converts into the corresponding vinylheptafulvene
(VHF) under illumination (Scheme S-1, Supporting In-
formation). Elimination of HCN from 2-(4-iodophenyl)-DHA
in the dark led to 2-(4-iodophenyl)-azulene-1-carbonitrile, which
was further reacted to 2-(4-iodophenyl)-azulene by hydrolysis of
the CN-substituent followed by CO2 evaporation.89 EPA was
obtained by a Sonogashira�Hagihara cross-coupling reaction of
2-(4-iodophenyl)-azulene with trimethylsilylacetylene and sub-
sequent deprotection of the ethynylene group. The synthetic
route is depicted in Scheme 1. For other syntheses of azulenes via
DHA, see refs 39�41 and 90�92. As depicted in Scheme 2, EPA
was further coupled with the halogenated chromophores 1a�4a,
resulting in the formation of 1�4.N,N-Di(4-methoxyphenyl)-4-
iodo-phenylamine 1awas prepared according to ref 93, 2a and 3a
through routes adapted from refs 94�96, and the synthesis of 4a
is described in the Experimental Section.
Optical Spectroscopic Investigations. The absorption spec-

tra of 1�4 in CH2Cl2 in comparison to neat azulene are shown in
Figure 1. As would be expected, the characteristic absorption

Chart 1. Chemical Structures of the Azulene Dyads 1�4a

aTriarylamine, boron dipyrromethene, porphyrin, and isoalloxazine were chosen as functional units. Dihedral angles θ for intramolecular twisting
between the azulene and the different appended chromophore units are indicated. For 1,θ describes the angle between the planes of the two phenyl rings
attached to the ethynyl spacer (labeled A, B). This angle is rather similar in all the compounds, varying between 1.5� and 2.5�.
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bands of the chromophore subunits dominate the spectra of 1�4
in the near-UV and visible spectral range. However, with the
example of 2, Figure 2 reveals that the characteristic low-energy
absorption band of azulene is preserved. Interestingly, this is
observed for all of the dyads, that is, irrespective of the degree of
decoupling between the azulene π system and the π system of
the attached chromophore unit (for dihedral angles of the
geometry-optimized structures in the gas phase, see Chart 1).
This is consistent with the finding that the azulene-centered low-
energy transition is also preserved in EPA, in which the phenyl
ring and the azulene ring system are twisted by only 23�; see
Figures 2 and 3.
To get a better understanding of the photophysical processes

operative in the dyads, the absorption and steady-state and time-
resolved fluorescence features of 1�4 and EPA were investigated
in solvents of different polarity at room temperature and at 77 K.
Because of a partly limited solubility of the dyads, acetonitrile
(MeCN, εr = 35.94, nD = 1.344), tetrahydrofuran (THF, εr =
7.58, nD = 1.407), and di-n-butylether (Bu2O, εr = 3.08, nD =
1.399) were employed in these studies; 2-methyl-THF (2-
MTHF) had to be used for the low-temperature glasses.
Spectroscopic Properties of EPA. Before we discuss the

properties of the dyads in more detail, it is helpful to rationalize
the impact of phenylethynyl elongation in EPA compared with
azulene. Figure 3 shows the respective absorption spectra in
MeCN. Apparently, such an elongation of the chromophoric π
system of azulene only leads to a bathochromic shift of the
higher-energy transitions, for instance, from ca. 335 to 385 nm
for the center of the S2 transition. The inset, which is similar to
the top right graph in Figure 2, only recorded at higher con-
centrations, supports the above statement that the oscillator-
weak azulene-localized transitions are only barely affected. With
respect to the fluorescence properties, EPA shows the typical
azulene characteristics of a weak fluorescence from the S2 state
(Figure 4). As would be expected for a molecule with a small
ground-state dipole moment and the lack of explicit electron-rich
and electron-poor substituents such as EPA, the fluorescence

maximum at ca. 405 nm does not shift significantly with solvent
polarity (Table 1). In addition, the fluorescence deactivation
features are also barely affected by the solvent, and the fluores-
cence quantum yields Φf of EPA amount to ca. 1 � 10�3

(Table 1). Although these values are much smaller than the
fluorescence quantum yields of azulene, e.g., 0.041,97 0.040,98

and 0.04698 in ethanol, MeCN, and cyclohexane, respectively,
they are comparable toΦf of otherπ extended azulenes such as 6
(e.g.,Φf = 9.5� 10�4 in cyclohexane [CH]) or 7 (e.g.,Φf = 1.3
� 10�3 in CH; for chemical structures, see Chart 2),99 despite
the fact that the S2�S1 energy gap ΔE(S2�S1) = 10400 cm�1 in
EPA is much smaller than ΔE(S2�S1) = 12,200 cm�1 of 6 and
12,300 cm�1 of 7, both in cyclohexane.99 For comparison,
ΔE(S2�S1) = 13,950 cm�1 for azulene in MeCN.98 Apparently,
our results on EPA stress the findings of earlier studies on
alkylated and halogenated azulenes that the energy gap rule is
not the only decisive parameter in controlling the yield of S2
emission in azulenes.98,100 For instance, an alkylated azulene
derivative such as 8 (Chart 2) shows intermediate ΔE(S2�S1),
e.g., 11,840 cm�1 in CH2Cl2, yet the quantum yields are
generally lower than those of EPA, 6 and 7, e.g., Φf = 4 �
10�4 in CH2Cl2.

98 However, due to the sparse number of studies
on π extended azulenes and the many open mechanistic ques-
tions on simpler substituted azulenes, we cannot interpret our
results in closer context of the data available from the literature.
With respect to excited S2 state relaxation, our fluorescence
lifetime data on azulene (1.15 ns in MeCN, 1.13 ns in Bu2O)
agree well with the published data (e.g., 1.17 ns in CH2Cl2).

98

The corresponding data for EPA are again virtually solvent-
independent and in the lower picosecond range (Table 1).
Spectroscopic Behavior of 1. Returning to the spectral

features of the dyads, Figure 5 shows that the absorption spectra
of 1 are negligibly influenced by solvent polarity, the slight shifts
in the band maxima correlating with the refractive index of the
solvent (vide supra) and thus being mostly due to dispersive
interactions. Above 500 nm, only the typical bands localized on
the azulene fragment are found (Figure 5, inset). In accordance
with the spectroscopic behavior of several substituted dianisyl-
phenylamine model compounds (Chart 3), the intense band at
ca. 415 nm is attributed to a charge-transfer (CT) transition
involving triarylamine donor and the ethynyl-appended moiety
as acceptor. For instance, the absorption spectra of 9 are also
solvent-independent with maxima of the CT bands at ca.
420 nm.101 Since 9 is as planar as 1, the CT bands of both 1
and 9 are comparably intense with molar absorption coefficients
>20,000 M�1 cm�1. As would be expected, the azulene-triar-
ylamine dyad 10, lacking a phenyl group in the π system with
respect to 1, shows a somewhat hypsochromically shifted CT
band of comparable intensity at ca. 410 nm.102 In addition, if
polycyclic aromatic groups are directly attached to the phenyl
ring of the dianisylphenylamine moiety as in 11, a steric distor-
tion of the π conjugated system is induced and the intensity of
the CT band is found in a similar wavelength range yet is markedly
reduced (e.g., ε406 = 6830M

�1 cm�1 in CH2Cl2).
103 The intense

band in the 300�350 nm region is attributed to overlapping
transitions localized on the EPA fragment (see Figure 3) and
triarylamine-localized transitions; for comparison, triphenyla-
mine shows an intense band (e.g., ε300 = 23,700 M�1 cm�1 in
cyclohexane) at ca. 300 nm.104 Although 1 thus is a CT-active
dyad like the models shown in Chart 3, in contrast to 9�11 and in
accordance with other donor�acceptor dyes integrating azulene,105

it is nonfluorescent (Φf < 10�5) in the three solvents investigated.

Scheme 1. Synthesis of 2-(4-Ethynyl-phenyl)azulene (EPA)
from 2-(4-Iodophenyl)-dihydroazulene (DHA)a

a For the synthesis of DHA, see Scheme S-1 in Supporting Information.
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Scheme 2. Synthesis of Azulene Dyads 1�4 Employing Sonogashira�Hagihara Cross-Coupling Reactions between EPA and the
Corresponding Halogenated Chromophores 1a�4a
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Spectroscopic Behavior of 2. In contrast to 1, the two
subchromophores in 2 are virtually perpendicular, preventing
direct π conjugation and rendering the occurrence of CT
absorption bands rather unlikely. Indeed, a comparison of the
spectra in Figures 2 and 3 suggests that the bands of 2 centered at
ca. 320 and 395 nm reflect the overlap of transitions located on
the BDP and the π extended azulene fragment. Apparently, the
orthogonal twisting of 2 divides the compound formally into a
BDP and an azulene-phenyl-ethynyl-phenyl chromophore, and
the entire absorption spectrum of 2 is thus a linear combination
of the spectra of the two subchomophores.106

The results of the fluorescence studies of 2 are collected in
Table 2, and representative fluorescence excitation and emission
spectra are shown in Figures 2 and 4. It is apparent that only the
characteristic emission band of the BDP moiety is found at its
designated position (Figure 4, Table 2). Moreover, the fluores-
cence excitation spectrum corresponds to the typical absorption
spectrum of the isolated parent BDP chromophore (Figure 2).
Charge-transfer type interactions with radiative or nonradiative
charge recombination thus do not play a major role for dyad 2. A
comparison of the fluorescence quantum yields and lifetimes

listed in Table 2 further suggests that an increase in solvent
polarity does not lead to a pronounced acceleration of a
quenching process. The slight increase of Φf and τf from 0.094
to 0.118 and 0.53 to 0.60 ns upon going from MeCN to Bu2O
renders the population of such a nonemissive state by a photo-
induced electron transfer process only a minor pathway. How-
ever, a comparison ofΦf of 2with that of its parent compound 12
(Chart 3, Φf = 0.87 in MeCN)63 shows that the fluorescence is
quenched by a factor of ca. 20 in the case of 2. In view of the
position of the fluorescence band of the heteroaromatic chro-
mophore in the 500�700 nm region and the weak absorption
band of the azulene-based polymerizable unit between 450 and
700 nm, this quenching is tentatively ascribed to energy transfer
from the excited BDP to the azulene fragment.
When we analyze the data of 2 in terms of an intramolecular

F€orster resonance energy transfer (FRET) process,107 we arrive
at a spectral overlap integral J = 3.1� 1013 M�1 cm�1 according
to eq 1. Together with the geometry factor κ2 = 2/3 for random
orientation of the two subunits, the fluorescence quantum yield
of the unperturbed donor (ΦD = 0.87 for 12 in MeCN) and the
refractive index n of the solvent, an effective interaction radius
R0 = 28 Å is obtained with eq 2. If we further consider eqs 3 and 4,
with r being the distance between the FRET partners, τD the
lifetime of the unperturbed donor 12 (5.25 ns in CH2Cl2),

63 and

Figure 1. Absorption spectra of 1�4 in CH2Cl2 at 298 K (clockwise
from top left). The spectrum of neat azulene (gray) is included for
comparison. The Soret band of 3 (λmax = 422 nm, ε = 590,000
M�1 cm�1) is truncated for better comparison.

Figure 2. (Left) Absorption spectra of 2 in MeCN (solid black) and Bu2O (dotted black) at 298 K. The corrected fluorescence excitation spectrum of 2
in MeCN (gray) is included for comparison (see text). (Right) Top: Enlargement of the 400�750 nm region with the spectra of 2 (solid black), EPA
(gray) and azulene (dotted black) in MeCN. Bottom: Enlargement of the 400�800 nm region with the spectra of 3 (black) and EPA (gray) in Bu2O.

Figure 3. Absorption spectra of EPA (black) and azulene (gray) in
MeCN at 298 K. The inset shows an enlargement of the 400�750 nm
region.
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τDA the lifetime of dyad 2, and if we assume that no other
processes contribute significantly to the deactivation of the
excited BDP state, the donor�acceptor distance of the FRET
partners is determined to ca. 19.5 Å, equaling within(0.2 Å the
distance between the BDP core and the center of the azulene unit
as obtained from the optimized ground state geometry by DFT
calculations.

J ¼
Z

FDðλÞεAðλÞλ4dλ ð1Þ

R0
6 ¼ 8:875� 10�5k

2ΦDJ
n4

ð2Þ

kFRET ¼ 1
τD

R0

r

� �6

ð3Þ

kFRET ¼ 1
τDA

� 1
τD

ð4Þ

Comparative fluorescence measurements carried out at 298 and
77 K for 2 and 12 as a reference compound support this
interpretation, that is, the fluorescence of 2 is still a factor of
15 smaller than that of the unperturbed BDP chromophore at
low temperatures. The major intramolecular deactivation path-
way is tentatively ascribed to energy transfer.
Spectroscopic Behavior of 3. For 3, a closer inspection of the

absorption spectra of 3a (for chemical structure, see Scheme 2)
and 3 reveals also a linear combination of the single spectra of the
subchromophores, that is, of the porphyrin and the azulene-
phenyl-ethynyl-phenyl fragments. However, as is evident from

Figure 2 and a comparison of the spectra of 3 and EPA in
Figures 1 and 3, the overlap is much stronger for this dyad. Again,
as for 2, only the characteristic emission band of the porphyrin
moiety is found at 654 ( 1 nm, independent of solvent polarity
(Figure 4).108 The fluorescence quantum yields and lifetimes of
3, equaling for instance 0.01 and 1.41 ns in Bu2O, show also no
pronounced trend as a function of solvent polarity, as in the case
of 2. Moreover, also for 3with respect to parent 13 (Chart 3,Φf =
0.11 in dichloroethane),109 the fluorescence is quenched yet not
as pronounced as in the BDP case. Since we did not find any hints
of cyclic energy transfer as reported for an azulene-zinc porphyr-
in dyad in ref 78, presumably due to the distinctly weaker S2
fluorescence of EPA (or, more precisely, the azulene-phenyl-
ethynyl-phenyl fragment) compared with azulene, we analyzed
the energy transfer in 3 according to the same formalism as above
and obtained an effective interaction radius R0 of ca. 19 Å and a
donor�acceptor distance of ca. 16 Å.110

Spectroscopic Behavior of 4. For 4, the situation with regard
to spectral overlap between the absorption and emission bands is
even worse than for the other two dyads. The S2rS0 absorption
band of the azulene-phenyl-ethynyl-phenyl unit and the S1rS0
absorption band of the isoalloxazine moiety show pronounced
overlap as does the fluorescence band of the isoalloxazine group,
with a maximum at ca. 530 nm and a full width at half height of ca.
100 nm, with the low-energy absorption band of the azulene unit.
Consequently, fluorescence quenching is even more efficient in
this case, and the fluorescence quantum yield of flavin, determined

Figure 4. Normalized fluorescence spectra of 2 (dotted black), 3 (gray),
and EPA (solid black) in MeCN at 298 K.

Table 1. Fluorescence Properties of EPA at Room
Temperature

solvent λabs (nm)
a λem (nm) Φf τf (ps)

MeCN 313, 395, 579 (670) 408 9� 10�4 13

THF 316, 399, 582 (673) 407 1� 10�3 17

Bu2O 315, 399, 582 (673) 404 1� 10�3 17
aMaxima of the respective bands; for the longest-wavelength bands, the
position of the lowest-energy sub-band is given in brackets.

Chart 2. Azulene Derivatives from the Literature Discussed
in the Text

Figure 5. Absorption spectra of 1 inMeCN (black), THF (dotted), and
Bu2O (gray) at 298 K. The inset shows a representative enlargement of
the 400�750 nm region with the example of MeCN.
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to 0.16 in THF and 0.24 in MeCN by us here, is drastically
reduced to ca. 1 � 10�3 for 4 in both solvents.111 The
fluorescence lifetimes of the dyad were determined to 56 and
64 ps in MeCN and THF, almost 2 orders of magnitude faster as
those of flavin, 3.72 ns in THF and 4.92 ns in MeCN. Because of
the strong variation of the fluorescence yield and lifetime properties
of the parent compound in the two solvents employed here—the
spectral band position remains almost unchanged, however—a
further analysis of an energy transfer process was not attempted.
While the triarylamine moiety was attached to the azulene

backbone mainly because of its ability to serve as efficient hole
carrying subunit (referring to 1), the chromophoric groups
attached to the azulene core in 2�4 have been chosen in order
to increase the absorption of light in the visible range. For a
photovoltaic application, the absorption of light that is the
excitation of the chromophore should lead to the formation of
a charge-separated state. Apparently, this is not the case for dyads
2�4, at least not in their monomeric state. However, oxidation of

the azulene subunit may result in the formation of 1,3-poly-
azulene derivatives, and the optic and electronic properties of
poly-1�4 may differ significantly from those of 1�4 in their
monomeric state. In principle, polymers of 1�4 can be formed
by chemical or electrochemical polymerization, and depending
on the polymerization conditions, polymers of different average
chain length should be obtained, withmixed polymers being even
possible. Since the preparation of different types of polymers and
their detailed characterization would go far beyond the scope of
this publication, we report here only the studies of the electro-
chemical behavior of dyads 1�4, to gain insight about the
possibility of the electrochemical formation of the corresponding
polyazulene derivatives in a future step.
Electrochemical Investigations. Electrochemical Polymer-

ization of 1. Cyclic voltammetry was performed in order
to determine the oxidation potentials of 1�4. The multicycle
cyclic voltammograms (CVs) of 1, collected at a scan rate of
v = 50 mV s�1, are depicted in Figure 6 (inset: initial cycle with
v = 250 mV s�1). The potentiodynamic oxidation of 1 leads to
polymerization, which results in the formation of polymer films
at the electrode. During this process, two major oxidative waves
are present (E1/2 at ca. 270 and 900 mV vs Fc/Fcþ). By
comparison with related azulene-triarylamine systems, the
first wave (at less positive potentials) is assigned to the
oxidation of the triarylamine subunit (almost reversible at fast
scan rates) and the second to the irreversible oxidation of the
azulene moiety.16 This assignment is supported by the fact
that redox potentials of E1/2 = 109 mV vs Fc/Fcþ and E1/2 =
600 mV vs Fc/Fcþ have been reported for trianisylamine112

and azulene in CH2Cl2.
16

Chart 3. Dianisylphenylamine, BDP, and Porphyrin Model Compounds from the Literature Discussed in the Texta

aFor the definition of the dihedral angles θ, see the footnote of Chart 1. Angles for 9 and 10 pertain to the angle between the phenyl and anthryl or
azulenyl moieties, and the angle for 11 to the twisting between the adjacent phenyl and acridinyl group.

Table 2. Fluorescence Properties of 2 at RoomTemperaturea

solvent λem (nm) Φf τf (ns)

MeCN 538 0.094 0.53

THF 541 0.107 0.57

Bu2O 539 0.118 0.60
a It should be noted that any possible residual fluorescence of the
azulene-phenyl-ethynyl-phenyl fragment upon excitation of 2 at
375 nm could not be reliably detected, presumably due to the compara-
tively low quantum yield of the S2�S0 emission and the intense
absorption of the BDP chromophores at ca. 450 nm.
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When multicycle CVs at low scan rates were performed only
on the first oxidation of 1, electrochemical polymerization was
observed as well (Figure S-1, Supporting Information). Ob-
viously, the oxidation of the triarylamine is followed by ET from
the azulene resulting in subsequent polymerization. Hence, there
is a strong electronic coupling in the azulene-triarylamine dyad.
Themulticycle CVs of the resulting polymer film inmonomer-

free solution (Figure 7A) are dominated by one single oxidative
wave, which is assigned to the reduction of the triarylamine redox
moiety in the polymer. Hence, the electrochemical properties of
films of 1 are dominated by the triarylamine subunit at low to
moderately positive potentials. The polymer films were highly
stable in the depicted potential range. When the potential was
increased to more positive values, the polymer films showed
some decrease with each cycle. An analogous behavior has been
reported for polyazulene at high doping levels.16 The CVs of the
polymer film of 1 in monomer-free solution at different scan rates
(Figure 7B) exhibit a linear increase of the current with scan rate,
as is expected for a process without limiting diffusion.
Electrochemical Polymerizationof 2.Compound 2 could be

polymerized upon electrochemical polymerization as well
(Figure S-2). Again, two oxidative subwaves were found. How-
ever, this time the first wave was not reversible at all (Figure S-2,
inset a). Since both the oxidation of azulene and the oxidation
of the BDP derivative 2a occur at a potential of ca. 600 mV
vs Fc/Fcþ, it is not easy to distinguish which subunit of 2 is
oxidized first (for the Br-BDP derivative 2a, a reversible oxidation
at E1/2 = 630 mV vs Fc/Fcþ and a reversible reduction at
E1/2 = �1670 mV vs Fc/Fcþ were measured in CH2Cl2). For
the monomer 2, multicycle CVs scanning only over the first
oxidation were sufficient to achieve electropolymerization. The
CVs of the polymer film of 2 are dominated by a single oxidative
wave at low oxidative potentials (Figure S-2, inset b), which is
probably caused by oxidation of the BDP-substructure.
Electrochemical Polymerization of 3.The azulene-porphyr-

in dyad 3 also underwent electrochemical polymerization upon
oxidation. Similar to compound 2, two irreversible oxidative
subwaves were found during the oxidation of the monomer.

Figure 6. Multicycle CVs (5 cycles) showing the potentiodynamic oxidative polymerization of 1 in CH2Cl2 at a scan rate of v = 50 mV s�1 (inset: initial
cycle measured at v = 250 mV s�1).

Figure 7. (A) Multicycle CVs of the polymer film of 1 in monomer
free solution (CH2Cl2 þ TBAH, 10 cycles) at a scan rate of 20 mV
s�1. (B) CVs of the polymer film of 1 in monomer free solution
(CH2Cl2 þ 0.2 M TBAH) at different scan rates (40�200 mV s�1,
smallest to largest cycle). The scan rate was increased in steps of
20 mV s�1.
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Themulticycle CVs for the potentiodynamic polymerization of 3
are depicted in Figure S-3. The anodic peak potential for the first
oxidation of 3 is 530 mV vs Fc/Fcþ. The polymer films turned
out to be stable, if charging-discharging steps were carried out up
to moderately positive potentials (about 1 V vs Ag/AgCl
pseudoref). The CVs of the polymer film of 3 in monomer-free
solution (Figure 8A) look similar to those obtained for electro-
chemically polymerized azulene.16

Electrochemical Polymerization of 4. Finally, electrochemi-
cal polymerization of dyad 4 could also successfully be accom-
plished. The isoalloxazine substructure (in its quinone state) is
not expected to undergo any further oxidation at positive potentials.
The CVs showing the potentiodynamic polymerization of 4 are
depicted in Figure S-4. The anodic oxidation peak in the initial
cycle is at 670 mV vs Fc/Fcþ. As expected due to the electron
withdrawing properties of the isoalloxazine substructure, this
redox potential is slightly more positive than the potential of 600
mV vs Fc/Fcþ, which has been determined for the anodic
oxidation of the parent azulene subunit.16 Polymer films ob-
tained by polymerization of 4were stable and exhibited reversible
electrochemical behavior upon moderate positive doping. The
CVs of a polymer film of 4 in monomer-free solution collected at
different scan rates are depicted in Figure 8B.
The potentials for the first anodic oxidation peak of 1�4 are

summarized in Table 3. As expected, the first oxidation of the

azulene-triarylamine dyad occurs at the lowest positive potential,
whereas the oxidation of the azulene-isoalloxazine dyad requires
the highest potential. Depending on the scan rate, the first
oxidation of the dyads 1�4 results in the formation of polymers.
Since the oxidation of all dyads is possible in a narrow potential
range, it might be even possible to form mixed polymers by
potentiodynamic copolymerization of 1�4 and bare azulene
(Epa = 600 mV vs Fc/Fcþ).
Spectroelectrochemistry. Representative spectroelectro-

chemical measurements were performed on the polymer films
of 1 in reflection mode as depicted in Figure 9 (a Pt electrode
served as mirror and as working electrode, differential spectra are
shown). The charging and discharging of the film was performed
over the potential region of the first oxidative subwave
(Figure 7). A spectrum collected after the film was discharged
again was identical to the initial spectrum (before charging and
discharging), which confirmed the reversibility of the observed
process. The spectra are dominated by the increase of a strong
absorption band at 13,200 cm�1, which is typical for triarylamine
radical cations.102,113�115 Besides this main absorption, a broad
absorption in the low-energy region is present, which might be
caused by intervalence charge transfer between neutral and
positively charged triarylamines or triarylamine and azulene
subunits. Hence, the triarylamine subunits have a strong influence
on the optical and electrochemical properties of the polymer film.
This might lead to improved hole conducting properties of the
polymer film formed from 1 in comparison to pristine polyazulene.

’CONCLUSION

In the present work, we have described a synthetic route for
the preparation of 2-(4-ethynyl-phenyl)azulene (EPA) and have
shown how EPA can be linked to halogenated dyes with different

Figure 8. CVs of the polymer films of 3 (A) and 4 (B) in monomer-
free solution (CH2Cl2 þ 0.2 M TBAH) at different scan rates (20�
200 mV s�1, smallest to largest cycle). The scan rate was increased in
steps of 20 mV s�1.

Table 3. Electrochemical Potential of the First Anodic Peak
for Oxidation of the Azulene Dyads 1�4

dyad

1 2 3 4

Epa (mV) vs Fc/Fcþ 390 600 530 670

Figure 9. Spectroelectrochemistry of the polymer film of 1 in mono-
mer-free solution (CH2Cl2 þ 0.2 M TBAH) upon ongoing oxidation
(doping). The potential was increased in steps of 50 mV. The signal at
ca. 11500 cm�1 is an artifact of the instrument.
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optical and electrochemical properties by Pd-catalyzed cross-
coupling reactions. The spectroscopic investigation of EPA has
shown that fluorescence from the S2 state is even possible for
azulene derivatives possessing an energy gap between S1 and S2
state as small as 10,000 cm�1. The chromophore-appended
azulene dyads 1�4 exhibit strong absorption bands in the
near-UV and visible range. Highly coplanar and π conjugated 1
shows strong charge-transfer interactions and is nonfluorescent.
For 2 and 3, irradiation in the visible leads to excitation of the
appended BDP or porphyrin subchromophore, the fluorescence
of which is partly quenched through energy transfer to azulene
while possible charge-transfer interactions play only a minor
role. For 4, the quenching is even more pronounced, but the
strong overlap of isoalloxazine S1 and substituted azulene S2
transitions precluded a more detailed analysis of the mechanism.
The results reported here provide valuable insight into the
features of dyads constructed from π extended azulene and
chromophore units spanning the entire near-UV�vis absorption
spectroscopic range. With respect to their use in OPV applica-
tions it should be kept in mind, however, that these optical
properties are only valid for the monomeric azulene dyads,
whereas polymers derived from them may differ.

Potentiodynamic oxidation of the dyads 1�4 led to the
formation of polymer films, which were deposited at the elec-
trode. As has been shown by spectroelectochemical investiga-
tions of the polymers of dyad 1, a strong electronic interaction
between the attached chromophore unit and the polyazulene
backbone exists. Detailed investigations of the polymeric pro-
ducts are subject of future studies.

’EXPERIMENTAL SECTION

Synthesis. 2-(4-Iodophenyl)-azulene-1-carbonitrile. This reaction
was carried out in darkness due to the light-sensitive starting material
dihydroazulene (2-(4-iodophenyl)-2H-azulene-1,1-dicarbonitrile). Di-
hydroazulene (2.11 g, 5.52 mmol,Mr = 382.20, 1 equiv) was dissolved in
200 mL of abs CH2Cl2, and DBU (0.988 mL, 6.62 mmol,Mr = 152.24, d =
1.008 g/cm3, 1.2 equiv) was added to this solution with continuous stirring.
The reaction mixture was then stirred at room temperature, and the
reaction was monitored by thin layer chromatography (TLC) (CH2Cl2/
PE40�60 2:1 ; Rf = 0.52). The product was identified as a violet spot on
the TLC plate, whereas the starting material was found as a yellow spot
that turned red when observed under light. After 2 days the reaction was
complete. The solvent was removed on the rotary evaporator, and the
remaining product was cleaned by column chromatography (SiO2;
CH2Cl2/PE 2:1, Rf = 0.5). The product was obtained as violet shiny
crystals after crystallization from CH2Cl2/PE. Yield: 1.71 g, 3.04 mmol,
55%; mp = >189 �C; C17H10NI 355.17 g/mol. Anal. Calcd: C 57.49, H
2.84, N 3.94. Found: C, 57.44, H 2.78, N 4.00. EI-MS (PI) Mþ 355
(100%), 356 (18%); (M�HI) 227 (94%), 228 (24%); additional peaks
at 201 (33%), 200 (31%). 1H NMR (400 MHz, CDCl3): δ 8.66(1H, d,
J = 9.67, H8), 8.43(1H, d, J = 9.73, H4), 7.87(2H, m, AA0, H10), 7.84(1H,
m, H6), 7.81(2H, m, BB0, 2H, H11), 7.56(1H, dd, H7), 7.53(1H s, H3),
7.52(1H, dd, H5).

13C NMR (100.6 MHz, CDCl3): δ 150.8(C9),
145.7(C8a), 142.5(C3a), 139.3(C6), 138.4(C10), 138.2(C4), 136.1(C8),
133.9(C2), 130.2(C11), 128.2(C5), 128.0(C7), 117.8(CN), 116.3(C3),
95.9(C12), 94.1(C1). Determination was done by HSQC and HMBC;
for atom numbering, see Chart S-1, Supporting Information.
2-(4-Iodophenyl)-azulene. 2-(4-Iodophenyl)-azulene-1-carbonitrile

(0.806 g, 2.269 mmol, Mr = 355.17, 1 equiv) was dissolved in 12 mL
of conc H2SO4. The yellow solution was stirred continuously while
being heated to 100 �C in an oil bath. The reaction was monitored by
TLC (CH2Cl2/PE40�60; 2:1). After 1.5 h the reaction was complete.

The reaction mixture was then added to 100 mL of ice�water, and the
resulting light-blue suspension was neutralized with Na2CO3. The
reaction mixture was then extracted from CH2Cl2 over 2 days on an
extractor. The organic phase was collected, and the solvent was
evaporated on the rotary evaporator. After evaporation, the bright shiny
violet crystals were dried on the vacuum pump and dissolved in 30mL of
conc H3PO4 (85%). This yellow solution was stirred constantly while
being heated to 100 �C, and the reaction was monitored by TLC
(CH2Cl2/PE40�60; 2:1). After 1 h the reaction was complete. The
reaction mixture was then added to 100 mL of ice�water, which formed
a blue precipitate. The suspension was then added to 100 mL of CH2Cl2
(the product dissolves partially in CH2Cl2), and the product was
separated from the water phase 3 times with CH2Cl2 (or until the phase
remaining in the separating funnel was colorless). The organic phases
were collected together. After drying over Na2SO4, the solvent was
removed on the rotary evaporator yielding a blue product. The product
was then cleaned by column chromatography (SiO2; solvent CH2Cl2;
TLC control). The product containing fractions were combined, solvent
was removed, and the product was dried on a vacuum pump. The
product was obtained as blue shiny crystals that were crystallized from
CH2Cl2/PE. Yield: 0.628 g, 1.90 mmol, 84%; mp = pyrolysis at
266�267 �C; C16H11I; 330.16 g/mol. Anal. Calcd: C, 58.21, H 3.36.
Found: C, 58.06, H 3.41. EI-MS (PI) Mþ: 330 (68%), 331 (13%). (Mþ �
HI): 220 (100%) additional peaks at 176 (13%), 165 (19%). 1H NMR
(600MHz, CDCl3): δ 8.30(2H, d, J4,5 = 9.2, H4), 7.79 (2H, m, AA0, H11),
7.69(2H, m, BB0, H10), 7.64(2H, s, H1), 7.54(1H, t, J6,5 = 9.9, H6),
7.17(2H, dd, J4,5 = 9.2, J6,5 = 9.9, H5).

13CNMR (150.9MHz, CDCl3): δ
148.5(C2), 141.3(C3a), 138.0(C11), 136.9(C6), 136.3(C4), 136.0(C9),
129.3(C10), 124.0(C5), 114.2(C1), 94.0(C12). Determination was done
by HSQC and HMBC; for atom numbering, see Chart S-2, Supporting
Information.

(4-Azulen-2-yl-phenylethynyl)-trimethyl-silane. 2-(4-Iodophenyl)-
azulene (250 mg, 0.758 mmol), PdCl2(PPh3)2 (16 mg, 23 μmol,
3 mol %) and CuI (2 mg, 0.011 mmol, 1.5 mol %) were dissolved in
5 mL of abs Et3N under nitrogen atmosphere. Then trimethylsilylace-
tylene (118 μL, 0.834 mmol, 1.1 equiv) was added. The reaction mixture
was stirred and heated to 55 �C for about 3 h (TLC control). The solvent
was removed on the rotary evaporator. The product was then cleaned by
column chromatography (SiO2; solvent CH2Cl2; TLC control). The
product containing fractions were combined, solvent was removed and
the product was dried on a vacuumpump. Yield: 208mg, 0.692mmol, 91%;
C21H20Si; 300.48 g/mol. 1H NMR (600 MHz, CDCl3): δ 8.28(2H, d,
J4,5 = 9.2, H4), 7.90(2H, m, AA0, H10), 7.66(2H, s, H1), 7.55(2H, m, BB0,
H11), 7.52(1H, t, J6,5 = 9.9, H6), 7.16(2H, dd, J4,5 = 9.2, J6,5 = 9.9, H5),
0.27(9H, s, SiMe3).

13C NMR (150.9 MHz, CDCl3): δ 148.5(C2),
141.2(C3a), 136.5(C6), 136.3(C9), 136.0(C4), 132.3(C11), 127.1(C10),
123.7(C5), 122.5(C12), 114.3(C1), 105.0(C13), 95.2(C14), �0.3(SiMe3);
δ-values taken of HMQC and HMBC from cross-coupling correlation;
for atom numbering, see Chart S-3, Supporting Information.

2-(4-Ethynyl-phenyl)-azulene (EPA). (4-Azulen-2-yl-phenylethynyl)-
trimethyl-silane (208 mg, 0.692 mmol) and 0.8 mL of 1 N KOH were
dissolved in methanol (approximately 150 mL). The reaction mixture
was stirred overnight at room temperature. The solvent was removed on
the rotary evaporator, and the remaining product was cleaned by flash
chromatography (SiO2; preadsorption; solvent CH2Cl2/PE 1:1, Rf =
0.5). The product was obtained as violet shiny crystals after crystal-
lization from CH2Cl2/PE. Yield: 98 mg, 0.429 mmol, 62%; mp =
decomposition at 180 �C; C18H12; 228.29 g/mol. Anal. Calcd: C,
94.70, H 5.30. Found: C, 93.79, H 5.61. EI-MS (PI) Mþ: 228 (100%),
229 (18%); M2þ: 114 (6%), additional peak at 226 (23%). 1H NMR
(600 MHz, CDCl3): δ 8.29(2H, pd, J4,5 = 10.1, H4), 7.92 (2H, m, AA0,
H10), 7.66(2H, s, H1), 7.58(2H, m, BB0, H11), 7.53(1H, pt, J6,5 = 10.0,
H6), 7.17(2H, dd, J4,5 = 10.1, J6,5 = 10.0, H5), 3.17(1H, s, ethynyl).
13C NMR (150.9 MHz, CDCl3): δ 148.5(C2), 141.1(C3a), 136.66(C9),
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136.67(C6), 136.2(C4), 132.5(C11), 127.2(C10), 123.7(C5), 121.5(C12),
114.3(C1), 83.5(C13), 77.9(C14); δ-values taken of HMQC andHMBC
from cross-coupling correlation; for atom numbering, see Chart S-4,
Supporting Information.
[4-(4-Azulen-2-yl-phenylethynyl)-phenyl]-bis(4-methoxy-phenyl)-

amine (1). 2-(4-Ethynyl-phenyl)-azulene (40 mg, 0.175 mmol), N,
N-Di(4-methoxyphenyl)-4-iodo-phenylamine93 (86 mg, 0.2 mmol),
PdCl2(PPh3)2 (8 mg, 11 μmol, 7 mol %), and CuI (2 mg, 0.011 mmol,
7 mol %) were dissolved in 5 mL of abs Et3N under nitrogen atmo-
sphere. The reaction mixture was stirred at 55 �C for about 4 h. The
solvent was removed, and the product was cleaned by flash chromatog-
raphy (SiO2; solvent CH2Cl2). The product containing fractions were
combined, solvent was removed, and the product was dried in vacuo.
Yield: 61 mg, 0.115 mmol, 66%; mp = 233�236 �C; C38H29NO2;
531.65 g/mol. EI-MS (PI) Mþ: 531 (100%), 532 (40%); M2þ: 265.5
(15%); additional peaks at: 516 (11%), 258 (11%). EI-MS (high
resolution, PI): calcd 531.2198, found 531.2204; Δ = 1.1 ppm. 1H
NMR (600 MHz, CDCl3): δ 8.28(d, J4,5 = 9.3, 2H, C4), 7.93 (m, AA0,
2H, Az-Ph), 7.68(s, 2H, C1), 7.58(m, BB0, 2H, Az-Ph), 7.51(t, J6,5 = 9.8,
1H, C6), 7.33 (m, AA0, 2H, Am-Ph), 7.16(dd, J4,5 = 9.3, J6,5 = 9.8, 2H, C5),
7.08(m, AA0, 4H, MeO-Ph), 6.87�6.84(m, BB0, Am-Ph, BB0, MeO-Ph,
6H), 3.81(s, 12H, MeO). 13C NMR (150.9 MHz, CDCl3): δ 156.2,
148.9, 148.7, 141.3, 140.1, 136.5, 136.0, 135.6, 132.3, 131.8, 127.3, 127.0,
123.7, 123.5, 119.0, 114.6, 114.3, 113.8, 91.3, 88.3, 55.4; δ-values taken
of HMQC and HMBC from cross-coupling correlation.
2,6-Diethyl-1,3,5,7-tetramethyl-8-(p-bromophenyl)-4-difluorobor-3a,

4a-diaza-(s)-indacene94 (2a). p-Brombenzaldehyde (1.11 g, 6 mmol)
and 3-ethyl-2,4-dimethylpyrrole (1.47 g, 12 mmol) were dissolved in
150 mL of abs CH2Cl2 under inert gas atmosphere. Three drops of
trifluoroacetic acid were added. The reaction mixture was stirred for 4 h.
Then, DDQ (1.36 g, 6 mmol) dissolved in CH2Cl2 was added and stirred
for another 15 min. Subsequently, 6 mL of N-ethyl-diisopropylamine
and 6 mL of BF3 3 Et2O were added and stirred for 30 min. The reaction
mixture was washed with water. The organic phase was dried over
anhydrous MgSO4. The solvent was evaporated. The product was purified
by flash chromatography (SiO2; preabsorption, petrolether/CH2Cl2, 8:1).
The product was dissolved in a minimum amount of CH2Cl2 and
crystallized by gradually adding n-hexane and evaporating the CH2Cl2.
Fine green bright crystals were filtered off and dried in vacuo. Yield: 0.4
g, 0.87 mmol, 15%; mp = 266�259 �C; C23H26BrN2BF2; 459.19 g/mol.
Anal. Calcd: C, 60.16, H 5.71, N 6.10. Found: C, 60.16, H 5.68, N 5.91.
EI-MS (PI) Mþ: 457 (26%), 458 (100%), 459 (50%), 460 (98%), 461
(24%); Mþ � CH3: 442 (24%), 443 (98%), 444 (46%), 445 (97%), 446
(22%). 1H NMR (400 MHz, CDCl3): δ 7.63(2H, m, AA0), 7.18(2H, m,
BB0), 2.53(6H, s, CH3, C3), 2.30(4H, q, J= 7.6Hz), 1.32(6H, s, CH3, C1),
0.98(6H, t, J = 7.6 Hz). 13C NMR (100.6 MHz, CDCl3): δ 154.2, 138.5,
138.1, 134.8, 133.0, 132.3, 130.6, 130.2, 123.0, 17.0, 14.6, 12.5, 11.9.
2,6-Diethyl-1,3,5,7-tetramethyl-8[4-(4-azulen-2-yl-phenyl-ethynyl)-

phenyl]-4-difluorobor-3a,4a-diaza-(s)-indacene (2). Br-BDP 2a (63 mg,
0.137 mmol) and 2-(4-ethynyl-phenyl)-azulene (31 mg, 0.136 mmol)
were dissolved in 2 mL of abs NEt2 under inert gas atmosphere together
with Pd(PPh3)2Cl2 (6 mg, 11.4 μmol, 8.4 mol %) and CuI (1.5 mg,
7.88 μmol, 5.8 mol %). The reaction mixture was stirred for 4 h at 60 �C.
The solvent was evaporated. The product was purified by flash chro-
matography (SiO2, petrolether/CH2Cl2, 4:1). The productwas dissolved in
a minimum amount of CH2Cl2 and was crystallized by gradually adding
n-hexane and evaporating the CH2Cl2. Fine red crystals were filtered
off, washed with hexane, and dried in vacuo. Yield: 35 mg, 0.058 mmol,
43%; mp = >350 �C; C41H37BF2N2; 606.56 g/mol. Anal. Calcd: C,
81.19, H 6.16, N 4.62. Found: C, 81.19, H 6.06, N 4.41. EI-MS (PI) Mþ:
607 (42%), 606 (100%), 605 (24%), M2þ: 303 (14%), additional peaks
at: 592 (11%), 591 (29%), 296 (23%). 1H NMR (600 MHz, CDCl3): δ
8.31(2H, d, J4,5 = 9.3, H4), 7.98(2H, m, AA0, Az-Ph), 7.70(2H, s, H1),
7.69(2H, m, AA0, Ph-BDP), 7.66(2H, m, BB0, Ph-Az), 7.54(1H. t, J6,5 =

9.9 H6), 7.31(2H, m, BB0, Ph-BDP), 7.18(2H, dd, J4,5 = 9.3, J6,5 = 9.9, H5),
2.54(6H, s, CH3, C3), 2.31(4H, q, J = 7.6 Hz), 1.35(6H, s, CH3, C1),
0.99(6H, t, J = 7.6 Hz). 13C NMR (150.9 MHz, CDCl3): δ 154.0, 148.6,
141.3, 139.2, 138.2, 136.8, 136.6, 136.3, 135.7, 132.9, 132.1, 132.1, 130.5,
128.5, 127.5, 123.9, 123.9, 122.5, 114.4, 90.9, 89.9, 17.1, 14.5, 12.5, 11.9;
δ-values taken of HMQC and HMBC from cross-coupling correlation.

5-(4-Bromo-phenyl)-10,15,20-tris(3,5-di-tert-butyl-phenyl)-por-
phyrin95,96 (3a). To a mixture of 3,5-di-tert-butyl-benzaldehyde (1 g,
4.58mmol), p-brombenzaldehyde (283mg, 1.53mmol), and Zn(OAc)2
(0.336 g, 1.53 mmol) in propionic acid (100 mL) was added pyrrole
(0.43 mL, 6.2 mmol) dissolved in propionic acid at 100 �C within 1 h
under vigorous stirring. The resulting dark solution was refluxed for
further 4 h and then cooled to room temperature. The solvent was
evaporated, and the solid residue was purified by chromatography (short
column, SiO2, CH2Cl2). All product-containing fractions were collected.
The volume was reduced to 100 mL, and pyridine (2 mL) and an excess
of DDQ (2 g) were added at room temperature. The resulting mixture
was stirred until the oxidation was complete (ca. 2 h). The cold solution
was washed three times with 18% aqueous HCl solution (3� 100 mL),
neutralized with saturated aqueous NaHCO3 solution (3 � 100 mL),
washed with brine (1� 100 mL), dried with Na2SO4, and evaporated to
give a black-purple crude product. Purification by flash chromatography
(SiO2, petrolether/CH2Cl2: 8/1) yielded pure product as deep purple
crystals. Yield: 0.095 g, 92.2 μmol, 6.0%; mp = >350 �C; C68H77BrN4;
1030.29 g/mol. EI-MS (PI) Mþ: 1032 (21%), 1031 (63%), 1030
(100%), 1029 (61%), 1028 (79%); M2þ: 515 (10%). 1H NMR (400
MHz, CDCl3): δ 8.91(4H, m, pyrrole), 8.91(2H, d, J = 4.77 Hz,
pyrrole), 8.82(2H, d, J = 4.77 Hz, pyrrole), 8.11(2H, m, AA0),
8.09(4H, d, ABC system δA = δB, J = 1.83, Hortho, 3,5-di-tert-butyl-
phenyl at position 10 and 20), 8.08(2H, d, J = 1.86, Hortho, 3,5-di-tert-
butyl-phenyl at position 15), 7.89(2H, m, BB0), 7.81(2H t, ABC system
δA = δB, J = 1.83, Hpara, 3,5-di-tert-butyl-phenyl at position 10 and 20),
7.80(1H, t, J = 1.86, Hpara, 3,5-di-tert-butyl-phenyl at position 15),
1.54(36H, s), 1.53(18H, s), �2.70(2H, s, NH).

5-[4-(4-Azulen-2-yl-phenylethynyl)-phenyl]-10,15,20-tris(3,5-di-
tert-butyl-phenyl)-porphyrin (3). The porphyrin derivative 3a (158 mg,
0.153 mmol) and 2-(4-ethynyl-phenyl)-azulene (35 mg, 0.153 mmol)
were dissolved in absNEt3 (10mL) under inert gas atmosphere together
with Pd2(dba)3CHCl3 (27 mg, 26 μmol), and CuI (2.5 mg, 13 μmol).
Then tri-tert-butylphosphine (23 μL, 0.0773 mmol) was added and the
reaction mixture was stirred at 55 �C overnight. The solvent was
evaporated. The product was purified by flash chromatography (SiO2;
solvent CH2Cl2). The resulting red product was dried in vacuo after
crystallization from PE/CH2Cl2. Yield: 82 mg, 70 μmol, 47%; mp =
>350 �C; C86H88N4; 1177.67 g/mol. EI-MS(PI) Mþ: 1179(13%),
1178(38%), 1177(91%), 1176(100%); M2þ: 589.5(5%), 589(16%),
588.5(35%), 588(39%) EI-MS (high resolution, PI): calcd 1176.7009,
found 1176.7032,Δ = 2.0 ppm. 1HNMR (400MHz, CDCl3): δ 8.91(2H,
d, J = 4.78 Hz, pyrrole, HB), 8.90(4H, m, pyrrole), 8.87(2H, d, J = 4.78 Hz,
pyrrole, HA), 8.29(2H, d, J = 9.2 Hz, H4-Az), 8.25(2H, m, AA0, H18),
8.09(4H, d, ABC systemδA =δB, J= 1.83, Hortho, 3,5-di-tert-butyl-phenyl
at position 10 and 20), 8.08(2H, d, J=1.83,Hortho, 3,5-di-tert-butyl-phenyl at
position 15), 8.02(2H, m, AA0, H11), 7.96(2H, m, BB0, H17), 7.80(2H t,
ABC system δA = δB, J = 1.83, Hpara, 3,5-di-tert-butyl-phenyl at position
10 and 20), 7.79(1H, t, J = 1.83, Hpara, 3,5-di-tert-butyl-phenyl at
position 15), 7.77(2H, m, BB0, H12), 7.71(2H, s, H1-Az), 7.52(1H, t,
J = 9.9 Hz, H6-Az), 7.17(2H, pt, H5-Az), 1.53(36H, s), 1.52(18H, s),
�2.67(2H, s, NH). Determination was done by HSQC, HMBC and
ROESY; for atom numbering, see Chart S-5, Supporting Information.

10-(4-Bromo-phenyl)-3-heptyl-10H-benzo[g]pteridine-2,4-dione
(4a). A total of 100 mg (0.271 mmol, Mr = 369.174, 1 equiv) of 10-(4-
bromo-phenyl)-10H-benzo[g]pteridine-2,4-dione (synthesized analogously
to the corresponding Cl-derivative as described in ref 116), 0.449 mL
(2.71 mmol, Mr = 226.102, d = 1.365, 10 equiv) of 1-iodoheptane, and
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0.375 g (2.71mmol,Mr = 138.204, 10 equiv) of K2CO3were dissolved in
abs DMF under nitrogen. The reaction was stirred at room temperature
for 24 h in the dark. After the solvent was removed, the product was
purified by chromatography. (SiO2; CH2Cl2/MeOH 49:1). The pro-
duct was obtained as yellow-green crystals after crystallization from
CH2Cl2 and hexane. Yield: 66 mg; 0.141 mmol; 52%; mp = 319 �C,
C23H23BrN4O2; 467.36 g/mol ESI-MS (PI) Mþ: 467 (98%), 468
(27%), 469 (100%), 470 (26%). 1H NMR (CDCl3): δ 8.33(1H, m,
H6), 7.81(2H, m, AA0, ph), 7.68(1H, m, H8), 7.60(1H, m, H7), 7.22(2H,
m, BB0, ph), 6.92(1H, m, H9), 4.05(2H, t, J = 8.5, H1), 1.68(2H, m, H2),
1.27(8H, m, H3�6), 0.87(3H, t, J = 6.8, H7).

13C NMR (100.6 MHz,
CDCl3): δ 159.1, 154.9, 149.8, 137.9, 135.6, 135.3, 134.2, 133.9, 133.8,
132.8, 129.3, 126.6, 124.8, 116.7, 42.2, 31.7, 29.0, 27.7, 26.9, 22.6, 14.1.
10-[4-(4-Azulen-2-yl-phenylethynyl)-phenyl]-3-heptyl-10H-benzo-

[g]pteridine-2,4-dione (4). Compound 4a (56 mg, 0.12 mmol) and
2-(4-ethynyl-phenyl)-azulene (27.7 mg, 0.12 mmol) were dissolved in
abs NEt3 (6 mL) under inert gas atmosphere together with Pd2-
(dba)3CHCl3 (27 mg, 0.026 mmol) and CuI (3 mg, 0.016 mmol).
Then tri-tert-butylphosphine (23 μL, 0.0773 mmol) was added, and the
reaction mixture was stirred at 60 �C overnight. The solvent was
evaporated. The product was purified by flash chromatography
(Al2O3; solvent CH2Cl2). The solvent was removed, and the resulting
olive-green product was dried in vacuo. Because the product still
contained small traces of the starting material (Br-isoalloxazine de-
rivative), further purification by HPLC was done before spectroscopic
and electrochemical measurements were carried out. Yield: 30mg, 0.049
mmol, 41%; mp = pyrolysis at 284 �C; C41H34N4O2; 614.75 g/mol. EI-
MS(PI) Mþ: 616(11%); 615(45%); 614(100%) EI-MS (high resolu-
tion, PI): calcd 616.2682, found 614.2670, Δ = 1.9 ppm. 1H NMR (400
MHz, CDCl3): δ 8.34(1H, m, H6), 8.31(2H, d, J = 9.2 Hz, H4,8-Az),
7.99(2H, m, AA0-ph-Az), 7.83(2H, m, AA0-ph-isoall.), 7.70(2H, s, H1,3-
Az), 7.69�7.66(3H, m, H8 and BB0-ph-Az), 7.59(1H, m, H7), 7.54(1H,
t, J = 9.9 Hz, H6-Az), 7.32(2H, m, B-ph-isoall.), 7.19(2H, m, H5,7-Az),
6.94(1H, m, H9), 4.08(2H, t, J = 7.4Hz, CH2 at C1), 1.71(2H, m, CH2 at
C2), 1.42�1.20(8H, m, 4�CH2 at C3�6), 0.87(3H, t, J = 6.8 Hz, CH3).
13C NMR (100.6 MHz, CDCl3): δ 159.2, 155.1, 149.9, 148.6, 141.4,
137.9, 136.94, 136.92, 136.5, 135.6, 135.3, 134.4, 133.9, 133.8, 132.8,
132.4, 127.8, 127.6, 126.5, 126.1, 124.0, 122.1, 116.8, 114.5, 92.1, 89.0,
42.2, 31.7, 29.0, 27.8, 26.9, 22.6, 14.1.
4-(4-Azulen-2-yl-phenylethynyl)-benzaldehyde. The synthesis was

carried out from 2-(4-iodophenyl)-azulene and 4-ethynyl-benzaldehyde
analogously to the synthesis of (4-azulen-2-yl-phenylethynyl)-trimethyl-
silane from 2-(4-iodophenyl)-azulene and trimethylsilylacetylene. Yield:
85%; C25H16O; 332.41 g/mol. 1H NMR (600 MHz, CDCl3): δ 9.96(s,
1H, Caldehyde), 8.24(d, J4,5 = 9.6 Hz, 2H, C4), 7.91(m, AA0, 2H, Az-Ph),
7.82(m, AA0, 2H, COH-Ph), 7.63(m, BB0, 2H,COH-Ph), 7.62(s, 2H, C1),
7.58(m, BB0, 2H, Az-Ph), 7.47(t, J6,5 = 9.8, 1H, C6), 7.12(pt, J4,5 = J6,5 =
9.7 Hz, 2H, C5).

13C NMR (150.9 MHz, CDCl3): δ 191.4, 148.5, 141.4,
137.0, 136.9, 136.5, 135.4, 132.4, 132.1, 129.7, 129.6, 127.6, 124.0, 121.2,
114.5, 93.7, 89.7; δ-values taken of HMQC and HMBC from cross-
coupling correlation.
Azulene-fulleropyrrolidine dyad (5). 4-(4-Azulen-2-yl-phenylethynyl)-

benzaldehyde, N-isooctyl-glycine, and C60 were stirred in abs toluene
under inert gas atmosphere at 90�100 �C overnight. Thereafter the
volume of the solvent was decreased under reduced pressure. Upon
filtration, a dark-brown solid remained that was washed three times with
CH2Cl2. The crude product was only soluble in very low concentration
in toluene and CS2. Moreover, it exhibited rather poor solubility in
common organic solvents. Therefore, further purification by chroma-
tography was not possible. C94H35N; 1178.32 g/mol. The product was
identified by mass spectroscopy: ESI-MS (PI) MHþ: 1178.5 (98%),
1179.5 (100%), 1180.5 (65%), 1181.5 (30%). A 1H NMR spectrum
(CS2/CDCl3 ca. 9/1) showed peaks between 8.5 and 4 ppm that are
characteristic for the azulene and the fulleropyrrolidine substructure.

Steady-State Absorption and Fluorescence Spectroscopy.
Steady-state absorption and fluorescence measurements were carried
out on a UV�vis�NIR spectrophotometer and a traceably character-
ized spectrofluorometer.117,118 For all room temperature measurements,
the temperature was kept constant at 298( 1K. Unless otherwise noted,
only dilute solutions with an absorbance of less than 0.1 at the absorption
maximum were used. Fluorescence experiments were performed with a
90� standard geometry, with polarizers set at 54.7� for emission and
0� for excitation. The fluorescence quantum yields (Φf) were deter-
mined relative to coumarin 102 in ethanol (excitation range <400 nm,
Φf = 0.765( 0.004)117 coumarin 153 in ethanol (excitation range 400�
440 nm, Φf = 0.542 ( 0.005),117 4-dicyanomethylene-2-methyl-6-(p-
dimethylaminostyryl)-4H-pyran (DCM) in ethanol (excitation range
440�480 nm, Φf = 0.433 ( 0.004),117 and 12 in MeCN (excitation
range 480�520 nm,Φf = 0.87( 0.02),63 respectively. The uncertainties
of measurement were determined to (5% (for Φf > 0.2), ( 10% (for
0.2 > Φf > 0.02) and (20% (for 0.02 > Φf). For the experiments
involving 2�4, excitation wavelengths were chosen in a region in which
almost exclusively the appended chromophore absorbed and absorption
of the π-extended azulene fragment was negligible, i.e., ca. 430�480 nm.
The low-temperature measurements were performed with a continuous
flow cryostat. Liquid nitrogen was pumped from a storage container via a
transfer tube by a gas flow pump through the cryostat. The temperature
was externally controlled. The temperature in the sample rod was
monitored via the temperature-dependent resistance of a sensor that
was calibrated with a Peltier element.
Time-Resolved Fluorescence Spectroscopy. Fluorescence

lifetimes (τf) were determined by a unique customized laser impulse
fluorometer with picosecond time resolution, which we have described
in earlier publications.119,120 The fluorescence was collected at right
angles (polarizer set at 54.7�; monochromator with spectral bandwidths
of 4, 8, and 16 nm), and the fluorescence decays were recorded with a
modular single photon timing unit described in ref 120. While realizing
typical instrumental response functions of fwhm of ca. 25�30 ps, the
time division was 4.8 ps channel�1 and the experimental accuracy
amounted to (3 ps, respectively. The laser beam was attenuated using
a double prism attenuator and typical excitation energies were in the
nanowatt to microwatt range (average laser power). The fluorescence
lifetime profiles were analyzed with a PC using the software package
Global Unlimited V2.2 (Laboratory for Fluorescence Dynamics, Uni-
versity of Illinois). The goodness of the fit of the single decays as judged
by reduced chi-squared (χR

2) and the autocorrelation function C(j) of
the residuals was always below χR

2 < 1.2.
Computational Details.The optimization of the S0 ground state

geometries in the gas phase was performed with the density func-
tional theory (DFT)method employing the hybrid functional B3LYP
with a 6-31G basis set and energy-minimized as implemented in
Gaussian 03.121

Electrochemical Setup. Cyclic voltammetry measurements were
performed at room temperature using an undivided electrochemical cell
with a three-electrode arrangement and a computer-controlled poten-
tiostat/galvanostat. As working electrode, we used a homemade plati-
num disk electrode together with an Ag/AgCl pseudoreference- and a
platinum counter electrode. As supporting electrolyte, tetrabutyl-am-
monium hexafluoro-phosphate (TBAH) was used. For electrochemical
experiments 5 mg of the compounds were dissolved in 5�8 mL of the
solvent. Spectroelectrochemistry was measured in reflection at a home-
made platinum disk electrode.
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