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In Situ Spectroelectrochemical Studies on Ladder-Type Oligomers in Solution
and the Solid State
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Introduction

Organic charge-transport layers are the main component of
organic devices. Though they play a key role in the function
of the devices, their mode of operation on a molecular level,
especially with regard to long-term stability, is not yet fully
understood. To gain a better understanding of the complex
electrochemical, chemical, and physical aspects involved, it
is important to determine their electronic state. Our ap-

proach is to first understand the optical and redox proper-
ties such as molecular orbital energies (HOMO, SOMO,
LUMO), reversible charge transfer, radical-ion stability, and
dimer formation of the individual p-conjugated organic mol-
ecules which constitute the layer. This can be approached by
a combination of cyclic voltammetry and UV/Vis/NIR and
ESR spectroscopy,[1] which provides access to all above-
mentioned properties from the spectroelectrochemical data.
Second, the packing of these constituents and its influence
on charge-transfer processes and stabilization of charged
states in the layer must be understood.[2] Third, it is necessa-
ry to investigate the role of the interface between the organ-
ic layer and the metal electrode, not only with respect to en-
ergetics, but more importantly also to the detailed mecha-
nism of charge injection.[3] All these aspects must be investi-
gated for both electron- and hole-transporting layers, as
both are equally important for the operation of a device.
As most of the organic materials are of the p type, n-type

materials are urgently needed as components, for example,
in photovoltaic devices.[4] We selected fluorene-type oligo-
mers[5] of general structures A and B (Scheme 1) as model
structures for systematic investigation of the above-men-
tioned aspects, as they exhibit both reversible reduction (n
doping) and oxidation (p doping) similar to fluorene-based
molecules.[6] They have a two-dimensionally extended p-con-
jugated structure and carry flexible alkyl chains that keep
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them molecularly disperse in
solution. Furthermore, they
lead to amorphous layer struc-
tures, which should show better
long-term stability. Recently,
we began to study this area by
investigating charge injection
into compounds A by tempera-
ture-dependent in situ ESR-
UV/Vis/NIR spectroscopy[5] and
found a considerable influence
of the extent of the p system on
the tendency of radical anions
to dimerize. Stimulated by this
interesting finding, we set out
to explore the hole-injection
properties of such molecules
and to substantially broaden
the entire study by using com-
pounds of type B. Owing to the
slight extension of the p-conju-
gated system in B compared
with A, the corresponding radi-
cal cations become persistent in
solution already for monomeric
structure B1, which makes
studying reversible dimerization
for both reduction and oxida-
tion of the same molecule pos-
sible. The influence of oligomer length on the stabilization
of charged states in compounds An (n=1, 2, 4, 6) and Bn

(n=1, 2; Scheme 1), both in solution and the solid state,
with respect to applications in electroluminescence and pho-
tovoltaics is discussed.

Results and Discussion

Studies in solution

ESR-UV/Vis/NIR spectroelectrochemistry : The UV/Vis/
NIR and the ESR spectra measured for reduction of A1, A2,
B1, B2 and oxidation of A2, B1, B2 demonstrate that one-

electron transfer results in initial formation of radical ions,
as shown illustratively in Figures 1 and 2 for A1 and B1. The
spectroelectrochemical results for all compounds under
study are summarized in Tables 1–3. The visible spectra of
the radical ions of B1 show the expected bands at lmax=

595 nm for radical anion B1C� and lmax=584 nm for radical
cation B1C+ , as was verified by simultaneously applying ESR
spectroscopy. Additionally, during oxidation in the potential
region of the first electron transfer, a new band at 680 nm
for reduction and 660 nm for oxidation of B1 was observed.
The intensity of this latter band increases during reduction
or oxidation (Figure 2). On the back scan this band disap-

pears simultaneously with the bands characteristic of radical
ions, and the UV/Vis spectrum of neutral B1 is recovered;
this indicates reversibility of redox and chemical processes
both for oxidation and reduction of B1. The species associat-
ed with this additional band is ESR-silent and must there-
fore be formed by a chemical follow-up reaction of the radi-
cal ions. This is attributed to the formation of doubly charg-
ed s dimers, which are clearly reversibly formed. This be-
havior applies both to the radical anion and the radical
cation of the same molecule B1, which for one and the same
compound is a new finding. Though the dimerization of rad-
ical ions has already been observed for short p-conjugated
molecules[2] and was to some extent discussed in our previ-
ous work on compounds of type An,

[5] the reversible dimeri-

Scheme 1. Chemical structures of fluoranthenopyracylene compounds A
and B (A1, B1: n=1; A2, B2 : n=2; A3 : n=3, A4 : n=4; A6 : n=6).
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Figure 1. Cyclic voltammograms of A1 and B1 in 0.1 molL�1 TBABF4/o-DCB (scan rate 0.2 Vs�1) and ESR
spectra of radical ions generated electrochemically in situ at the first redox peak.
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Figure 2. UV/Vis spectra of A1 and B1 (thin solid lines) and visible spectra of their products (dashed lines: radical ions, broad solid lines: s dimers; ex-
panded for clarity) formed on anodic oxidation and cathodic reduction in the region of the first electron transfer in 0.1 molL�1 TBABF4/o-DCB solu-
tions.

Table 1. Cyclic voltammetry data [V vs Fc/Fc+] for A and B in reduction and oxidation (o-DCB+0.1 molL�1 TBABF4, scan rate 0.2 Vs�1). E1=2
(red.)i

and E1=2(ox.)
i are the half-wave potentials for the first (i=1) and the second (i=2) redox step for reduction and oxidation respectively.

Compound E1=2
(red)1 E1=2

(red)2 E1=2
(ox)1 E1=2

(ox)2 E1=2
(ox)1�E1=2

(red)1 E1=2
(red)1�E1=2

(red)2 E1=2
(ox)2�E1=2

(ox)1

A1 �2.09 – 1.02[a] – 3.11 – –
A2 �1.70 �1.97 0.77 1.17 2.47 0.27 0.40
A3 �1.66 �1.82 0.67 0.95 2.33 0.15 0.30
A4 �1.54 �1.65 0.64 0.89 2.18 0.11 0.25
A6 �1.5 �1.5 0.63 0.76 2.13 0 0.13
B1 �2.25 – 0.74 – 2.99 – –
B2 �1.98 �2.20 0.62 0.95 2.60 0.22 0.33

[a] Irreversible first oxidation step.

Table 2. UV/Vis/NIR spectroscopic data for compounds A and B and their anions and cations in 0.1 molL�1 TBABF4/o-DCB solutions.[a]

Compound lmax

[nm (eV)]
HOMO
[eV]

LUMO
[eV]

l 1
max(anion)
[nm]

l 1
max(cation)
[nm]

l 2
max(anion)
[nm]

l 2
max(cation)
[nm]

A1 429 (2.9) �5.82 �2.71 555 – 1390 –
A2 496 (2.5) �5.57 �3.10 660 593 (670, 770) (1120) 1310 (1215) 1520
A3 532 (2.33) �5.44 �3.13 706 645 (721) (1290) 1414 (1308, 1450) 1650
A4 546 (2.27) �5.44 �3.26 728 668 (744) (1476) 1615 (1347) 1494[b]

A6 565 (2.19) �5.43 �3.25 732 (850) 668 (760) (1492) 1630 ca. 1700
B1 468 (2.65) �5.83 �2.74 595 584 –[b] –[b]

B2 545 (2.27) �5.61 �3.11 (673) 735 (658) 725 (1215) 1440 1400[b]

[a] HOMO and LUMO energies were determined from voltammetric and spectroscopic data, by assuming the HOMO energy for Fc/Fc+ to be �4.8 eV
with respect to the zero vacuum level. lmax is the maximum of the main band in the visible region of the neutral compound, l 1

max the maximum of the
main band in the visible region of the corresponding radical ion, and l 2

max the maximum of the main band in the NIR region of the corresponding radical
ion; in parentheses: maxima of the most intense shoulders). [b] Low-intensity signal or not observed.
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zation of both radical cation and radical anion of the same
molecule is new. The slight extension of the p system in B1

as compared to A1 leads to stabilization of the correspond-
ing radical cation B1C+ , which renders its dimerization rever-
sible (Scheme 2).

An electrochemical oxidation A1 does not show this rever-
sible dimerization (Figure 1, right), and a more complex and
irreversible follow-up chemistry leads to the new dimers D1
and D2. A mechanistic proposal for this follow-up reaction
is presented in Scheme 3. It involves formation of a perylene
subunit by elimination of protons, which is based on similar
observations for diphenylbenzo[k]fluoranthenes[7] and fur-
ther supported by the following findings. On oxidation of A1

two different ESR spectra with corresponding optical bands
at 670 and 928 nm are observed in situ (Figure 3). They are
attributed to the radical cations of dimers D1 and D2, re-
spectively, which are formed subsequently by coupling of
the electrogenerated radical cations. Initially, a neutral
dimer D1 with a single bond between the two monomer
units is formed in a first coupling step. Similar to what is ob-
served for dimeric diphenylbenzo[k]fluoranthenes, oxidation

of just-formed dimer D1 leads
to localization of the charge on
one part of the molecule in
D1C+ , and the oxidation poten-
tial is similar to the oxidation
potential of monomer A1, as
the two monomers are probably
twisted at the central chemical
bond.[7] The ESR line with un-

resolved splitting observed in the initial stages of A1 oxida-
tion (Figure 3a) is assigned to the less stable radical cation
D1C+ . On repeating the potential cycle a new reversible
redox couple was observed at a much lower oxidation po-
tential (ca. 0.6 V vs Fc/Fc+) compared to A1 and D1 (ca.
1.0 V vs Fc/Fc+), which indicates formation of the second

Table 3. ESR data of anions and cations of compounds A and B.

Compound Hyperfine splitting [mT] (anions) Hyperfine splitting [mT] (cations)

A1 4aH=0.055, 4aH=0.277, 4aH=0.298 singlet (D1C+) and 4aH=0.041, 4aH=0.20 (D2C+)[a]

A2 4aH=0.059 singlet (DHp–p=0.22 mT)
A3 weak singlet singlet (DHp–p=0.18 mT)
A4 weak singlet singlet (DHp–p=0.18 mT)
A6 no signal singlet (DHp–p=0.18 mT)
B1 4aH=0.04, 4aH=0.247, 4aH=0.272 4aH=0.026, 8aH=0.15
B2 2aH=0.26, 4aH=0.19 singlet (DHp–p=0.25 mT)

[a] Two overlapping ESR spectra.
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Scheme 2. Reaction scheme of the reversible dimerization of B1C+
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Scheme 3. Reaction scheme of the irreversible dimerization of A1C+

(R=C12H25).
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dimer D2 by intramolecular coupling of oxidized D1. At
this stage of oxidation a stable radical which can be simulat-
ed by splitting constants 4aH=0.041, 4aH=0.199 mT was ob-
served. These ESR splitting parameters support the pres-
ence of a new perylene moiety in the molecule, and there-
fore the second ESR spectrum can be attributed to the radi-
cal cation D2C+ [see also the well-defined ESR spectrum of
D2C+ which was observed on exhaustive in situ oxidation of
A1 with a large platinum mesh (Figure 1, right)]. Formation
of a stable perylene radical cation is known from literature
data;[8] the unpaired spin density is partially localized over
this perylene ring (8 protons). In addition, the back scan to
the initial potential results in a new ESR-silent structure
with an optical band at 610 nm (Figure 3b), which is similar

in its absorption pattern to per-
ylene.[9] On repeating the vol-
tammetric scan a new oxidation
peak was observed at 0.6 V
versus Fc/Fc+ , while the de-
crease in the optical band at
610 nm (assigned to D2) is ac-
companied by an increase in
the band at 928 nm and in the
intensity of the ESR spectrum
assigned to D2C+ . These spec-
troscopic results confirm the
suggested dimerization mecha-
nism for A1 (Scheme 3).
Compounds A2 and B2, the

next higher homologues of A1

and B1, give stable radical ions
in the first electron transfer to a
large extent. As no temperature
dependence of UV/Vis/NIR
spectra of radical ions were ob-
served for these compounds,
formation of p or s dimers is
negligible even down to a tem-
perature of 260 K (see Fig-
ure 4a), at which the dimers
should be more stable both for
radical anions and radical cat-
ions. Generally, the optical
spectra of p-dimerized radical
ions are strongly temperature
dependent.[2] Also, no irreversi-
ble dimerization according to
Scheme 3 is observed. The
higher homologues show similar
behavior.
For all compounds under

study the optical, redox, and
ESR results, along with the
HOMO–LUMO energies deter-
mined from cyclovoltammetric
and optical data (taking the
LUMO value versus vacuum

level of �4.8 eV for ferrocene as internal potential stan-
dard), are summarized in Tables 1–3. The increase in p-con-
jugation length of A1–A6 and B1, B2 is reflected by the bath-
ochromic shift of the absorption bands. This shift already
levels off for hexamer A6. The reductive redox behavior of
the tetramer A4 and the hexamer A6 with a large p system
gives a cyclovoltammetric response similar to that of
oligo(p-phenylenevinylene)s.[10] The redox potentials shift
towards lower energies and the potential difference between
subsequent redox states decreases. For A6 the potential dif-
ference between the first two redox states even vanishes
(Table 1). No ESR signal was observed in the reduction of
A6, while only a very weak, single ESR line was found in
the reduction of A4. The optical absorption bands can be at-
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Figure 3. In situ spectroelectrochemistry of A1 oxidation in TBABF4/o-DCB solution. a) Cyclovoltammetric
curves (solid line: first scan, dashed line: second scan; scan rate 3 mVs�1) and representative ESR spectra ob-
served during oxidation. b) UV/Vis/NIR spectra recorded during the first cyclovoltammetric scan (curve pa-
rameter: potential [V] vs Fc/Fc+ ; the broadened voltammetric peaks are due to the large ohmic drop in the
flat ESR cell).
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tributed to ESR-silent, doubly charged structures which are
formed preferably in the oligomer chain on successive trans-
fer of two electrons.[11] Here formation of an interchain
dimer is negligible because of the higher stability of the di-
anion.
In the oxidation of structures A2–A6 the redox-potential

separation between the first one-electron transfer steps is
higher than in the case of their reduction, and this indicates
differences in delocalization of the positive and negative
charges in the conjugated system. Thus, for A6 oxidation the

potential difference of the first
two electron transfers is
130 mV. The cyclic voltammet-
ric curve of A4 oxidation shows
a relatively even spacing of
about 250 mV up to the fourth
electron transfer, a behavior
which is similar to fullerene re-
ductive voltammetry and indi-
cates delocalized orbitals.[12] For
all homologues A2–A6 we ob-
served an intense single ESR
line in the region of the first ox-
idation peak, in contrast to the
anions of A3–A6 (Table 3). This
behavior is due to the distinct
potential difference of the first
two oxidation peaks for com-
pounds A2–A6, which do not
show superposition of the first
and second electron transfers.
The ESR spectrum of the radi-
cal cation A2C+ shows a single
rather sharp line (DHp–p=

0.22 mT), in contrast to the rad-
ical anion A2C� . The same holds
true for the homologues A3–A6

(DHp–p�0.18 mT; Table 3). In
addition, the significantly differ-
ent g values observed, for ex-
ample, for radical anion A2C�

(2.0052) and radical cation A2C+

(2.0026) confirm different de-
localization of positive and neg-
ative charges. The unresolved
ESR signal points to extended
delocalization of the unpaired
electron in the radical cations
of these compounds and forma-
tion of mobile charge carriers,
as the ESR line width of poly-
conjugated systems can be
taken as a measure of charge-
carrier mobility.[13]

The UV/Vis/NIR pattern of
the species formed on oxidation
of A2–A6 and B1, B2 is similar

to that observed in their reductive electrochemistry, as illus-
trated for reduction and oxidation of A2 in Figure 4b. Gen-
erally, in the first stages of oxidation two characteristic ab-
sorption bands of ESR-active species (polaron-like struc-
tures) dominate the optical range (Table 2). In the higher
energy absorption, a rich vibrational fine structure and a
similar pattern for all structures (500–800 nm region) was
found. This transition can be assigned to excitation of the
unpaired electron from SOMO (S) to LUMO (L), whereas
the band observed in the NIR region is caused by excitation
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from HOMO (H) to SOMO (see the simplified energy dia-
gram in Figure 4b). For anions the transition at higher wave-
lengths can be assigned to excitation of the unpaired elec-
tron from SOMO to LUMO, as was observed in oligomeric
extended p systems.[14] The smaller energy difference be-
tween HOMO and SOMO in cations compared with that
between SOMO and LUMO in anions indicates different
charge distributions in positively and negatively charged
structures A and B, as was already indicated by cyclovoltam-
metric and ESR experiments. Furthermore, a characteristic
red shift was observed for both anions and cations, which in-
creases with increasing chain length (Table 2). The pattern
of the lower energy transitions (NIR region) is more com-
plex, but a red shift of this band is observable. Thus, by in-
creasing the chain length the NIR bands become much
broader, reflecting the increase in charge delocalization. In
the case of cations both visible and NIR bands are broader
compared to anions (e.g., see Figure 4b), and this confirmed
greater delocalization in p-doped states.

Thin-layer spectroelectrochem-
istry : In a standard spectroelec-
trochemical setup with a plati-
num mesh as working elec-
trode, for which semi-infinite
diffusion conditions must be
considered, comproportiona-
tion/disproportionation reac-
tions will make the redox mech-
anism of the studied fluoranthe-
nopyracylene structures more
complicated. Thus, a strong in-
crease in spin concentration
occurs in the second electron
transfer. The increase in spin
number is attributed to a com-
proportionation between the
starting material and the diionic
species to produce radicals
(A2+ +A!2AC+). To avoid this
problem of interference by the
starting material, we used a
spectroelectrochemical cell with
thin-layer behavior. In our cell
construction the advantages of
laminated electrodes[15] are
combined with those of litho-
graphic/galvanic (LIGA) spec-
troelectrochemical cells by
using microstructured electrode
materials.[16] As standard lami-
nated working electrode a gold
LIGA structure having honey-
combed microstructure with
well-defined hexagonal holes
was used. The space between
the electrode surface and the

flat wall of the ESR cell is sufficiently small to create thin-
layer conditions at lower scan rates. Similar experiments
with this cell construction were successfully applied to the
spectroelectrochemistry of pyrrole hexamer by using a gold
micromesh electrode.[17] The gold LIGA electrodes used in
this study ensure stable handling during the measurements
due to their mechanical stability. The larger active and well-
defined metal electrode surface of the LIGA structure re-
sults in a better electrochemical response compared to com-
mercially available gold micromeshes, which is advantageous
for detailed mechanistic studies. We applied this electrode
especially in reduction and oxidation of trimeric A3 to dis-
tinguish between very similar patterns of optical spectra of
mono and doubly charged A3 (see below).
The spectroelectrochemical behavior of trimer A3 on re-

duction confirms the existence of well-defined thin-layer
conditions in the spectroelectrochemical cell (Figure 5). The
A3 dianion exhibits a dominant absorption band in the NIR
region at 1250 nm that points to a bipolaronic structure.
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Figure 5. In situ ESR-UV/Vis/NIR spectrocyclovoltammogram of A3 reduction in 0.1 molL�1 TBABF4/o-DCB.
a) Representative difference UV/Vis/NIR spectra (inset: all measured optical spectra in a 3D plot) recorded
during b) the cyclovoltammetric scan along with c) the characteristic ESR spectrum observed at the maximum
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This band is only slightly blue-shifted from the NIR band
corresponding to radical anion A3C� The visible absorption
band (ca. 700 nm) is considerably weaker and slightly broad-
er than that of the A3 radical anion. Similar phenomena
were observed in the oxidation of A3 (not shown), although
some important differences were found. The difference be-
tween the first and the second voltammetric peaks is much
higher than in A3 reduction. The ESR signal of the radical
cation is therefore considerably stronger due to higher radi-
cal concentrations. No dicationic species are formed at the
potential of the first electron transfer; the second electron
transfer is clearly separate. Similar to the results for A3 re-
duction, the NIR band of the radical cation has a vibronic
pattern. Furthermore, a new absorption band at 1550 nm ap-
pears in the second electron transfer, while the ESR intensi-
ty decreases, as is expected for ESR-silent, doubly charged
A3. In contrast to A3 reduction, the band in the visible
region is also present in the region of the second electron
transfer. Only a slight decrease in the intensity of this band
was observed. The same phenomenon was found in thin-film
spectroelectrochemistry of A2, where similar optical bands
were observed in the first two one-electron oxidation peaks
(see below). The bands of both the cation and dication are

only slightly blue-shifted compared with the optical bands of
the radical cation structure.

Studies in the solid state

Spectroelectrochemistry of solid films : A comparison of the
solution and solid-state spectroelectrochemical behavior is
of major importance with respect to the existence of intra-
and interchain interactions between charged extended p sys-
tems. Thin solid films of compounds A1 and A2 were pre-
pared by vacuum evaporation onto glass substrates coated
with indium tin oxide (ITO) and studied by solid-state elec-
trochemistry. For A1 and A2 the AFM images of the films
and their UV/Vis absorption spectra in contact with acetoni-
trile (ACN) with TBABF4 as supporting electrolyte are
shown in Figure 6. Their UV/Vis spectra in o-dichloroben-
zene (o-DCB) and dichloromethane (DCM) solutions are
shown for comparison. Taking into account the difference in
dipole moments for o-DCB (m=2.14 D) and DCM (m=
1.14 D) the slight red shift of the optical band in o-DCB
(lmax=500 nm) in comparison to DCM solutions (lmax=

495 nm) confirms the p character of this optical transition in
compounds A1 and A2.
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Figure 6. a) AFM image of a thin solid film of A1 prepared by vacuum evaporation onto ITO/glass substrate and UV/Vis spectra of A1 in o-dichloroben-
zene and dichloromethane solution and of a thin solid film of A1 on ITO in contact with acetonitrile/0.1 molL�1 TBABF4 solution. b) AFM image of a
thin solid film of A2 prepared by vacuum evaporation onto ITO/glass substrate and UV/Vis spectra of A2 in dichlorobenzene and dichloromethane solu-
tions and of a thin solid film of A2 on ITO in contact with acetonitrile/0.1 molL�1 TBABF4 solution.

www.chemeurj.org J 2006 Wiley-VCH Verlag GmbH&Co. KGaA, Weinheim Chem. Eur. J. 2006, 12, 3103 – 31133110

P. Rapta, L. Dunsch et al.

www.chemeurj.org


Pristine thin films of A1 and A2 deposited on ITO sub-
strates underwent no changes in air or in contact with aceto-
nitrile (negligible solubility in ACN was observed for all
compounds under study). Therefore the observed red shift
(lmax=510 nm) and the considerable line broadening are
most likely caused by interactions of molecules in the solid
state.[18] The lowest energy mode (arrows in Figure 6) indi-
cates a molecular interaction in the samples. Especially the
lowest energy mode for A1, which is resolved as a peak, re-
flects regular molecular aggregates in the amorphous film.
This is also supported by AFM measurements, in which
well-defined stepped structures are observed for A1 layers
on ITO on the submicrometer scale (Figure 6a).
The spectroelectrochemistry of the solid films was studied

in 0.1 molL�1 TBABF4/acetonitrile solutions. During catho-
dic reduction of the A1 film on ITO, new optical bands of
the radical anion A1C� and its reversibly formed s dimer di-
anion (A1)2

2� were found, similar to the solution spectro-
electrochemistry of A1 (Figure 7a). Only a slight shift of the
bands for both the radical anion and dimer (550 and

715 nm) and line broadening were observed in comparison
to spectroelectrochemistry in o-DCB solutions (absorptions
at 555 and 700 nm). Therefore, both the reduction behavior
and the stabilization of negatively charged states of A1 are
similar in solution and in the solid state. A more complex
behavior was observed for oxidation of the A1 film (Fig-
ure 7b). As already described above for solution spectro-
electrochemistry, oxidation of A1 results in complex chemi-
cal reactions leading to formation of dimers D1 and D2
(Scheme 3). Similarly, oxidation of the A1 solid film in ace-
tonitrile leads to irreversible changes in the film and simul-
taneously the color of the film surface changes. A violet col-
oration was observed, similar to the anodic oxidation of A1

in dichlorobenzene. The same redox behavior on oxidation
of A1 both in the film and in solution is strongly supported
by in situ ESR spectroelectrochemistry of the A1 film in
acetonitrile. Here similar ESR spectra were observed on oxi-
dation as in solution spectroelectrochemistry (inset in Fig-
ure 7b). The line broadening and slight anisotropy of the
ESR signal of the radicals of dimers D are due to the solid
matrix. In contrast to solution UV/Vis spectroelectrochemis-
try, much broader unresolved optical bands in the region
from 450 to 800 nm were found for the film (Figure 7b).
This can be explained by the fact that the chemical follow-
up reactions are not diffusion-controlled and the products
formed are “trapped” in the film. Additionally, irreversible
changes in the film cause strong changes in baseline of the
spectra.
Further in situ ESR-UV/Vis/NIR solid-state spectroelec-

trochemical studies were therefore focused on the spectro-
electrochemistry of A2 solid film, in which reversible redox
processes are expected. The spectroelectrochemical re-
sponse of the A2 thin layer on ITO shows two distinct oxida-
tion steps (Figure 8a). Similar to solution electrochemistry,
two well-defined waves at 1.55 and 1.70 V versus Ag pseu-
doreference electrode were observed, which are associated
with spectral changes, as shown in Figure 8b and c. In the
first anodic electron transfer two optical bands at 604 and
1490 nm were found which are characteristic of radical
cation A2C+ . Compared to spectroelectrochemistry in o-DCB
these bands are slightly shifted (595 and 1510 nm). No re-
markable changes in the shape of optical spectra and ESR
intensity compared to solution spectroelectrochemistry were
found. This confirms the absence of strong molecular inter-
actions in the amorphous state of the solid films, which re-
sults in a negligible tendency for interchain dimer formation,
similar to the behavior already observed in solution spec-
troelectrochemistry at lower temperatures. The lack of inter-
chain dimerization is due to the influence of the bulky sub-
stituents, which reduces the intermolecular interactions even
in the different redox states and increases the persistence of
the amorphous state. In the thin solid films steric hindrance
plays a crucial role, as these substituents are twisted out of
plane of the planar part of the molecule, where most of spin
density is located.[5] Consequently, they also hinder interac-
tion between the two neighboring radical cations and thus
block dimerization. This is similar to findings for thienylene-
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vinylene oligomers.[19] To some extent this solid-state behav-
ior is also due to the lower mobility of the molecules.
In the second electron transfer further optical transitions

were observed at 582 and 1432 nm with a corresponding de-
crease in ESR intensity (Figure 8b). This confirms the ESR-
silent character of the formed dicationic structures. These
two optical bands are very similar to those of the monocat-
ion, differing only in a slight blue shift similar to that ob-
served in thin-layer spectroelectrochemistry of A3. However,
similar to fullerene electrochemistry[12] the oxidized or re-
duced species of A2 undergoes slow dissolution into acetoni-

trile, and consequently the
spectroelectrochemical respons-
es are determined by both the
film surface and the dissolved
species. Therefore, the influ-
ence of dissolved A2C+ on the
Vis/NIR pattern cannot be ex-
cluded. Nevertheless, the spec-
troelectrochemistry of the solid
film in contact with acetonitrile
is representative for the solid-
state behavior and valid for
comparison with solution spec-
troelectrochemistry.

Conclusion

The redox reactions of thermal-
ly stable fluoranthenopyracy-
lene oligomers with extended p

conjugation were studied by in
situ ESR-UV/Vis/NIR spectro-
electrochemistry. They exhibit
both reversible reduction (n
doping) and oxidation (p
doping). One-electron transfer
to these structures results in an
initial formation of radical ions.
In the shortest “oligomers” A1

and B1, ESR-silent, doubly
charged s dimers are reversibly
formed by a chemical follow-up
reaction of the radical anions of
A1 and B1 and the radical
cation of B1. Compound B1 is
the first for which this dimeriza-
tion was observed for both the
radical anion and the radical
cation. While the oxidation of
A1 leads to irreversible forma-
tion of its dimers D1 and D2, a
slight extension of the p

system, as in B1, results in suffi-
cient stabilization of the radical
cation to prevent irreversible

dimerization. The larger p systems of A2–A6 lead to reversi-
ble oxidative and reductive redox behavior and no forma-
tion of interchain dimers. Like for oligo(p-phenylenevinyl-
ene)s the redox potential shifts towards lower energies and
the potential difference between subsequent redox states de-
creases. As the separation of the oxidation potentials of A2–
A6 is larger than for reduction a stronger Coulombic repul-
sion between positive charges is expected. An ESR signal
(singlet) was detected in the first electron transfer for all
structures A2–A6 at the first anodic peak. Increasing the
chain length decreases the ESR linewidth, and the much
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broader NIR spectra of the radical cations indicate high de-
localization and mobility of positive charges on the chain.
Thin films of A1 and A2 on ITO substrates exhibited similar
optical and ESR spectroelectrochemical behavior to their
solutions. Therefore, both redox behavior and stabilization
of charged states are comparable in solution and in the solid
state.

Experimental Section

Cyclic voltammograms were obtained in a three-electrode system with
platinum working and counterelectrodes and silver-wire pseudoreference
electrode. The potentials were corrected against ferrocene/ferrocenium
(Fc/Fc+) internal standard added after each measurement. ESR and opti-
cal measurements were carried out in o-dichlorobenzene (Aldrich) with
0.1 molL�1 tetrabutylammonium tetrafluoroborate (TBABF4, Fluka) as
supporting electrolyte. The ESR spectra were recorded on a 300D X-
Band ESR spectrometer (Bruker, Germany), and optical spectra on a
UV/Vis/NIR spectrometer system TIDAS (J & M, Aalen, Germany) or
UV/Vis spectrometer S 2000 (Sentronic, Germany). A PG 284 potentio-
stat (HEKA, Germany) was used for potential control.

Compounds An (n=1, 2, 4, 6) and Bn (n=1, 2) (Scheme 1) were synthe-
sized using previously reported procedures.[5,20] The sample films were
prepared by evaporating the compounds onto ITO-coated glass at 1Q
10�6 mbar in the temperature range from 300 to 500 8C.
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