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ABSTRACT: We describe the synthesis and characterization of a novel poly(fluorene-alt-phenylene) substituted
with perylenediimide (PDI) moieties as pendant groups. Cyclic voltammetry experiments show the amphoteric
nature of the material, which combines the good electron donor ability of the polymeric chain with the acceptor
properties of the pendant PDI moieties. Absorption spectroscopy suggests the presence of PDI aggregates, whereas
the emission spectra show a strong emission quenching of both the polymeric backbone and the PDI units. Further
investigation on the energy and/or electron-transfer processes involved is carried out by temperature-dependent
excitation spectra and photoluminescence lifetimes. These studies show the presence of electron transfer not only
from the electron donor polymeric chain to the pendant PDI units but also, and more remarkably, to PDI aggregates
both in solution and in solid state, as is further confirmed by photoinduced absorption spectroscopy.

Introduction
The use of photoactive organic compounds as materials for

organic light-emitting diodes (OLEDs)1 and plastic solar cells2

has gained significant attention in the past decade. Both photo-
active polymers3 and small-size functional molecules4,5 have
been successfully employed in the fabrication of this kind of
optoelectronic devices. Among conjugated polymers, polyfluo-
rene (PF) derivatives have played a key role in the development
of optoelectronic devices due to their high photoluminescence
(PL) and electroluminescence (EL) efficiencies and good thermal
stabilities. Furthermore, facile methods for functionalizing the
C9 position of the fluorene unit offer the possibility of tuning
the optoelectronic properties of PF and to obtain materials with
enhanced solubility and film forming ability.6,7

On the other hand, perylenediimide (PDI)-based colorants
have received a great deal of attention not only in academic
but also as industrial dye and in pigment research.8 More
recently, PDI derivatives have developed into one of the best
n-type semiconductors available to date9 and have found
application in different areas such as organic solar cells5,10 or
field effect transistors,11 among others.12-15 In parallel with the
different applications found for PDI derivatives, a broad range
of derivatives have been synthesized, including derivatives with
extendedπ-conjugation,16 multi-PDI systems,17 supramolecular
architectures,18,19 and a number of PDI derivatives covalently
linked to electroactive moieties.20-28

One of the most active areas of research involving PDI
systems is related to their implications in photoinduced energy
and/or electron-transfer processes. In this regard, Mu¨llen and
co-workers have incorporated perylenemonoimide and PDI dyes
into shape-persistent dendrimers, allowing the investigation of
dye-dye interactions at the single molecule level.29

Conjugated oligomers such as oligothiophenes,30 oligo(p-
phenylenevinylene)s,31-34 oligo(p-phenylene)s,35 and oligopy-
rroles36 have also been covalently linked to perylenemonoimide
and PDI dyes, and their photophysical properties have been
investigated.

Besides, there has been increasing interest in the morphology
of organic semiconductors in films because of its strong
influence on device performance. In this regard, PDI derivatives
have been covalently linked as side chains to poly(methyl
methacrylate)37 and poly(isocyanide)38 and have been incorpo-
rated in the main chain of copolymers39 and supramolecular
polymers.40

Some efforts have also been dedicated to the synthesis of
systems that contain oligo- and polyfluorenes covalently linked
to perylenemonoimide and PDI derivatives (Figure 1). Wasielews-
ki and co-workers have investigated oligofluorenes as molecular
wires (1, Figure 1).41 Electron transfer was identified after
excitation of derivatives1, but not in the reference systems2
containing only oligofluorenes and PDI.

Others have attached peryleneimides at the end of oligofluo-
rene chains. The resulting materials (3, Figure 1) do not show
energy transfer in solution, but an almost complete transfer of
excitation energy to the perylenemonoimides is observed in the
solid state.42 Copolymers4 (Figure 1) have also been synthesized
using 1% and 5% of PDI comonomer,42a and as it might be
expected for materials containing only low amounts of the dye
chromophores, in solution they show the absence of energy
transfer. However, in the solid state, efficient energy transfer
to the chromophores occurs. Similarly, no energy transfer is
observed in solution for polymers5.43

A different type of perylene containing polymer (6, Figure
1) has been synthesized, for which the design permits the
incorporation of a higher concentration of perylene dye without
affecting the electronic properties of the polyfluorene backbone.42a

Whereas the previous types of polymers, in which the perylene
units are directly attached to the main chain, show energy
transfer only in the solid state, efficient energy transfer to the
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pendant groups is clearly observed in the photoluminescence
(PL) spectrum of6.

In this article we describe the synthesis of a new poly-
(fluorene-alt-phenylene) (PFP) derivative bearing PDI moieties
attached as pendant groups (PFP-PDI, Figure 2). The presence
of the electron-rich dialkoxybenzene units in polymer PFP-
PDI increases the electron-donating ability of the polymeric
chain, in comparison with that of the parent polyfluorene (PF)
system, which, as shown above, by itself is not a strong enough
donor against PDI to result in electron transfer. This fact is,
therefore, of great importance to investigate this polymeric chain
in combination with electron acceptor systems.

The strong tendency of PDI derivatives toπ-stack and
construct one-dimensional aggregates has been well established
in the solid state44 and in solution.45 In this regard, Wasielewski
and co-workers have also investigated extensively the self-
assembly of PDI derivatives driven primarily by strong van der
Waals interactions between the PDI molecules.17f,46 For some
of these derivatives, PDI molecules stack to form aggregates
in which energy transfer processes take place not from individual
molecules but from the aggregated PDI molecules.47

Whereas the presence of low concentrations of PDI units in
compounds1-5 prevents the observation of aggregation
phenomena and, thus, excitation energy transfer occurs without
the participation of PDI aggregates, the synthetic strategy used
for the synthesis of PFP-PDI incorporates a high concentration
of PDI units as side groups and enables the aggregation of PDI
moieties in the polymer. Moreover, the polymeric architecture
enhances theπ-π stacking interaction between the perylene
units.

Thus, in this article we describe the synthesis and the
photophysical processes of the first fluorene-based copolymer
containing covalently linked PDI units that exhibits photoin-
duced electron transfer not only to the individual PDI moieties
but also to aggregated PDI units.

Results and Discussion

Synthesis. The preparation of the donor-acceptor poly-
(fluorene-alt-phenylene) bearing PDI units (PFP-PDI) and the
reference poly(fluorene-alt-phenylene) (PFP) was carried out
using the classical palladium-catalyzed Suzuki48 coupling reac-
tion between the appropriately functionalized monomers. This
approach has the advantage to yield structurally well-defined
alternating copolymers.

Synthesis of Monomers. The synthesis of the suitably
functionalized monomer12 bearing PDI units is shown in
Scheme 1. In order to enhance the solubility and processability,
we have chosen a long nonconjugated alkyl spacer between the
PFP backbone and the PDI groups, which is also expected to
improve the conformational flexibility of the side groups with
respect to the chain.

Thus, the Williamson etherification reaction between 4-hexy-
loxy-2,5-diiodophenol (7)49 and 1-bromo-6-chlorohexane (8)
using potassium carbonate as the base and a catalytic amount

Figure 1. Selected peryleneimide-containing oligo- and polyfluorenes.

Figure 2. Donor-acceptor polymer PFP-PDI.
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of potassium iodide afforded derivative9. The low tendency
of the chlorine atom in8 to act as a leaving group allows the
regioselective etherification between7 and8. The less reactive
chlorine atom in9 is then interchanged in a Finkelstein reaction
by iodine, having a better leaving group character. A further
Williamson etherification reaction between10 and the comple-
mentarily functionalizedN-(4-hydoxyphenyl)-N′-(10-nonade-
cyl)perylene-3,4:9,10-bis(dicarboximide) (11)50 using potassium
carbonate as the base in refluxing DMF afforded monomer12

in a moderate 37% yield. The introduction of long swallow-
tail solubilizing chains in the PDI unit together with the two
hexyloxy groups on the benzene ring provides monomer12
enough solubility to be further polymerized.

Synthesis of Donor-Acceptor Polymer PFP-PDI. The
target polymer PFP-PDI was synthesized by a Suzuki poly-
condensation of an equimolecular mixture of the diiodo-
functionalized monomer12and the 2,7-bis(4,4,5,5-tetramethyl-
1,3,2-dioxaborolan-2-yl)-9,9-(3,7-dimethyloctyl)fluorene (13)51

Scheme 1. Synthesis of PDI Monomer 12

Scheme 2. Synthesis of Polymer PFP-PDI
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in the presence of 5 mol % Pd(PPh3)4 in a mixture of dry
degassed THF and aqueous potassium carbonate for 48 h under
reflux (Scheme 2). Although boronic acids have been often
directly used as reagents in poly-Suzuki couplings, boronic esters
like 13 have proven to be more advantageous in this kind of
reaction, since the presence of the 1,1,2,2-tetramethylethylene
glycol units has a protective effect on the labile boronic acid
precursor. Simultaneously to the polymerization, a hydroxylation
deprotection process takes place, in which the removal of such
protecting groups as ethylene glycol does not affect the
couplings.52 The resulting well-defined alternating copolymer
PFP-PDI was then precipitated out of the thick reaction mixture
by addition of methanol, purified by reprecipitation from
chloroform/methanol and thoroughly washed with additional
methanol and diethyl ether to remove ionic species and
unreacted materials. Thus, the PFP-PDI polymer, in which a
poly(fluorene-alt-phenylene) polymeric chain is endowed with
PDI units as pendant groups, could be obtained in nearly
quantitative yield as a bright red solid.

In order to be used as a reference material in the photophysical
investigations, we have also synthesized copolymer PFP by an
analogous Suzuki polycondensation between 1,4-dihexyloxy-
2,5-diiodobenzene (14)53 and bisborolane1554 under the same
conditions as previously described for PFP-PDI (Scheme 3).
Following the same experimental procedure, PFP was precipi-
tated out of the reaction mixture and further reprecipitated from
methanol, to give PFP as a beige solid in 87% yield.

The good solubility of PFP-PDI and PFP polymers in
common organic solvents enabled their characterization by size
exclusion chromatography (SEC), NMR, optical and electro-
chemical techniques, and further photophysical investigations.
Of the two compounds, PFP-PDI shows an increased solubility,
presumably due to the presence of the additional swallow tails
on the PDI units.

Taking into account their structural resemblance, the1H NMR
spectra of PFP-PDI and PFP display the signals corresponding
to the alkyl chains at high fields and those of the alkoxy groups
at around 4 ppm as common features. In contrast to monomer
12, in which the nonequivalent alkoxy protons appear as three
overlapping triplets, in PFP-PDI and PFP a broad singlet is
observed for those protons, as is often observed in other

polymeric materials. The remaining signals corresponding to
the benzene and fluorene backbone are also displayed at low
fields (7.0-7.8 ppm) with certain similarity. In the case of PFP-
PDI, the presence of the PDI units gives rise to additional signals
with respect to reference polymer PFP. Thus, the distinctive
expected signals at low fields (8.7-8.2 ppm) for the aromatic
PDI protons are clearly visible. The1H NMR spectrum of PFP-
PDI is completed by the signal at 5.2 ppm for the proton directly
linked to the imide nitrogen as a broad singlet. The FTIR
spectrum of PFP-PDI further proves its structure and contains
the typical strong bands at 1699 and 1653 cm-1 for imide groups
and also the characteristic absorption pattern of the perylene
skeleton with bands around 1580 and 1590 cm-1.55 Finally,
evidence concerning the purity of PFP, PFP-PDI, and all the
intermediates used in their synthesis is given by elemental
analysis, which is in accordance with the expected values.

The molecular weights of PFP-PDI and PFP were deter-
mined by SEC analysis ino-dichlorobenzene (o-DCB) at 80
°C using polystyrene standards and showMw andMn values of
101 000 and 16 400 g/mol (pd) 6.2) for PFP-PDI and 38 000
and 13 100 g/mol (pd) 2.9) for reference compound PFP. A
bimodal behavior is observed in the time trace of PFP-PDI,
with peak molecular weights ofMp ) 20 170 and 82 500 g/mol.
Probably this is due to aggregation phenomena at the concentra-
tion used in the SEC experiment (1-0.5 mg mL-1).

Electrochemistry. The redox properties of the novel elec-
troactive donor-acceptor copolymer PFP-PDI were determined
by cyclic voltammetry measurements at room temperature in
dichloromethane solution, using a platinum disk and wire as
working and counter electrodes, respectively, Ag/AgCl as
reference electrode, and tetrabutylammonium hexafluorophos-
phate (TBAPF6, 0.1 M) as supporting electrolyte. The ferrocene/
ferrocenium (Fc/Fc+) couple was used as internal reference and
showed a peak at+0.35 eV vs Ag/AgCl.

The cyclic voltammogram of PFP-PDI (Figure 3) shows the
amphoteric behavior of the material. At negative values, two
distinct one-electron reversible (-1.05 and-1.25 eV vs Fc/
Fc+) reduction waves corresponding to the PDI moiety are
clearly visible. For comparison, the reference compoundN,N′-
(1-hexylheptyl)perylene-3,4:9,10-bis(dicarboximide),56 dialkyl-
PDI (Scheme 3), gives peaks at-1.11 and-1.31 eV vs Fc/
Fc+, which is similar to the values reported earlier for PDI
compounds.57,58 It is worth mentioning that the presence of the
electron-rich benzylic rings in the PDI unit causes a small
change (0.06 eV)57 on the electronic properties of the PDI
because of the presence of nodes of the HOMO and LUMO
orbitals at the imide nitrogen.19a Thus, the PDI units can be

Scheme 3. Synthesis of Reference Polymer PFP and Chemical
Structure of Reference Dialkyl-PDI

Figure 3. Cyclic voltammogram of PFP-PDI copolymer in dichlo-
romethane solution. Pt was used as working and counter electrode and
TBAPF6 as supporting electrolyte, at a scan rate of 200 mV s-1.
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regarded as independent chromophoric systems whose electronic
properties remain unaltered by the imide substituent.59 At
positive potentials a broad quasi-irreversible oxidation wave can
be detected, with an onset at+0.56 eV vs Fc/Fc+, which was
also found for the reference polymer PFP (+0.55 eV vs Fc/
Fc+) and can, therefore, be assigned to the oxidation of the
polymer chain.

The similar values observed for the oxidation and reduction
processes of the two electroactive moieties in PFP-PDI
compared to the reference compounds suggest that there is no
significant ground state interaction between the electron-
donating polymer backbone and the electron-accepting PDI
moieties.

UV-Vis Absorption Spectra. The UV-vis absorption
spectra of the donor-acceptor copolymer PFP-PDI together
with that of references PFP and dialkyl-PDI in diluted (ca. 5 ×
10-6 M) toluene and chlorobenzene solutions are depicted in
Figure 4. The absorption spectrum of PFP-PDI consists of the
approximate superposition of the absorption features of its
constitutive units, confirming the minimal interaction between
the chromophores in the ground state, in agreement with the
electrochemical behavior. The spectrum displays an intense
absorption band at around 370 nm corresponding to theπ-π*
transition in the fluorene-benzene polymeric backbone as
inferred from comparison with the reference compound PFP.
Additionally, the absorption spectrum of PFP-PDI shows
characteristic bands arising from the presence of the PDI side
groups, with maxima in toluene at 528, 492, and 462 nm.
However, the comparison of the absorption spectrum of PFP-
PDI with that of the dialkyl-PDI reference shows some
differences. Thus, the dialkyl-PDI reference shows a maximum
of the (0,0) vibronic transition at 527 and a maximum of the
(0,1) vibronic at 490 nm, which is 1.62 times lower in intensity
(in both toluene and chlorobenzene). This corresponds well to
the values found for free perylene units (0,0)/(0,1)≈ 1.6.60 In
these diluted solutions, dialkyl-PDI can be regarded as com-
pletely dissolved (i.e., nonaggregated), as the measured solubility
of this compound exceeds 100 g L-1 in common organic
solvents.56 Further evidence is given by the absence of any sign
of aggregate emission upon photoexcitation. For PFP-PDI,
however, the absorption spectrum is bathochromically shifted
compared to the dialkyl-PDI. The (0,1) vibronic band shows
an increase relative to the (0,0) transition. This is typical for
stacking of PDI chromophores in H-aggregates, where the
chromophores are cofacially arranged. Strong vibronic coupling
in the H-aggregates results in an enhanced (0,1) vibronic band
compared to nonaggregated PDI molecules.17c,e,f,46aThus, upon

aggregation of PDI, the ratio of the intensities of the (0,0) and
the (0,1) transitions decreases, which is often used as an
indication of aggregation47,61with π-type stacking behavior that
can be rationalized by the molecular exciton model.17c,e,f

Therefore, the observed change in absorption of the PDI units
in PFP-PDI with respect to dialkyl-PDI indicates that the PDI
units in the polymer areπ-stacked. In toluene the intensity of
the (0,1) transition is higher than that of the (0,0) one, with a
ratio (0,0)/(0,1) of 0.98, indicating more aggregation than in
chlorobenzene. For dichloromethane, the observed aggregation
seems less than in chlorobenzene (Table 1).

We assume that aggregation takes place predominantly within
the polymer chain itself and that intermolecular aggregates do
not form at the concentrations of PDI chromophores that we
have investigated (ca. 5 × 10-6 M), as it is known that PDI
chromophores bearing long alkyl tails do not tend to aggregate
up to 10-3 M in the solvents investigated.56 Therefore, in PFP-
PDI, the intramolecular aggregation must be induced by the short
distance between two consecutive PDI moieties and, hence, the
high local concentrations.

Photoluminescence Spectra. The photoluminescence proper-
ties of the PFP-PDI donor-acceptor polymer were measured
in three solvents with different relative permittivity, i.e., toluene
(ε ) 2.43), chlorobenzene (ε ) 5.47), and dichloromethane (ε

) 9.02), which is an indication of the polarity of the solvent.
The photoluminescence spectra of PFP-PDI and the two
reference materials (PFP and dialkyl-PDI) were recorded (Figure
5) with selective excitation of the PFP backbone (λexc ) 370
nm) or the PDI side groups (λexc ) 480 nm).

The singlet excited-state energies of PFP, dialkyl-PDI, and
PFP-PDI were determined from the photoluminescence maxima
in toluene (Table 2). The energy of the lowest singlet excited
state (S1,D) of the PFP backbone in polymer PFP-PDI is 0.73

Figure 4. Absorption spectra of PFP-PDI along with references PFP
and dialkyl-PDI.

Table 1. Peak-to-Peak Ratios for the First and the Second
Absorption and Fluorescence Peaks of PFP-PDI in the Three
Investigated Solvents Compared to the Reference Dialkyl-PDI

ratio absa ratio PLb

toluene 0.98 8.0
chlorobenzene 1.06 6.0
dichloromethane 1.11 3.5
dialkyl-PDI (toluene,o-DCB) 1.62 0.1

a Peak-to-peak ratio of the absorbance at 530 and 495 nm, (0,0)/(0,1).
b Peak-to-peak ratio of the fluorescence at 630 and 535 nm, aggregate/
(0,0).

Figure 5. Photoluminescence spectra of PFP, dialkyl-PDI, and PFP-
PDI in toluene (top) and chlorobenzene (bottom). Note that the vertical
axis gives the logarithm of the PL intensity.
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eV higher than the S1 of the PDI dangling groups (S1,A). Thus,
after excitation of the polymer backbone, energy transfer from
the PFP to the PDI moieties can be anticipated.

The emission spectra show the same features in the three
solvents. The PFP reference polymer shows a broad emission
with a maximum at around 415 nm. The dialkyl-PDI reference
compound shows the characteristic fluorescence spectrum of
nonaggregated PDI with maxima at 536, 579, and 628 nm. Upon
excitation of the PFP backbone (λexc ) 370 nm) the emission
spectrum of PFP-PDI shows maxima at 415 nm from the PFP
backbone and at 535 nm from the nonaggregated PDI and a
broad band around 630 nm. The maximum at 535 nm indicates
that energy transfer takes place from the PFP chain to the PDI
moieties when the PFP is photoexcited, as the PDI part hardly
absorbs at 370 nm. Selective excitation of the PDI units of PFP-
PDI (λexc ) 480 nm) leads to nonaggregated PDI emission (at
535 nm) and again a broad emission with a maximum at 630
nm. This broad emission at 630 nm is characteristic for PDI-
based H-aggregates reported so far.17b,60b,61c,62The ratio between
the emission at 630 nm (coming from (PDI)n) and the emission
at 535 nm (from nonaggregated PDI) is an indication of the
degree of stacking. In Table 1 it is shown how this ratio
decreases in the order toluene> chlorobenzene> dichlo-
romethane. In this way, photoluminescence measurements
provide further evidence that the aggregation of the PDI moieties
in PFP-PDI is the least in dichloromethane and the most in
toluene, as was also the trend observed in the absorption spectra.

The fluorescence quantum yields of the PFP-PDI polymer
were measured in the three different solvents (toluene, chlo-
robenzene, and dichloromethane) relative to PFP (λexc ) 370
nm, λem ) 415 nm) and dialkyl-PDI (λexc ) 480 nm,λem )
535 nm), showing a decrease of almost 2 orders of magnitude
in all the investigated solvents (Table 3). The strong quenching
of the PFP emission in PFP-PDI can be explained in terms of
energy transfer from the PFP backbone to the PDI moieties or
by electron transfer from the PFP backbone to the PDI accepting
units. Similarly, the strong quenching of the PDI emission
compared to the reference compound can be explained in two
ways: as a result of intramolecular aggregation or as a
consequence of electron transfer considering that PDI is a good
electron acceptor (vide supra). It should be noted that the
extremely small residual emission of nonaggregated PDI units
at 530 nm can also be due to an∼1% impurity of another PDI
derivative in the polymer. This would imply that the actual
quenching from bound PDI units is even more effective.

Steady-State Excitation Spectra. The study of excitation
spectra can give evidence about the energy transfer processes
taking place in PFP-PDI. The excitation spectra of PFP-PDI
in toluene and chlorobenzene were measured at 530 nm
(wavelength at which only nonaggregated PDI emits) and 630
nm (at which aggregated PDI emits). The excitation spectra are
shown in Figure 6 in comparison to the absorbance spectra of
the same solutions. A clear difference between the spectra at
530 and 630 nm can be observed. For the emission at 530 nm

the PDI spectral features (>400 nm) are identical to those of a
nonaggregated PDI absorbance spectrum, with a ratio of (0,0)/
(0,1) ) 1.6, similar to dialkyl-PDI in Figure 4. When the
emission at 630 nm is probed, it matches the absorbance
spectrum of an H-aggregated PDI stack, with a ratio of (0,0)/
(0,1)) 0.80. The comparison of the excitation spectra with the
absorbance spectrum clarifies that the absorption spectrum
contains for the largest part aggregated species with a small
contribution of nonaggregated PDI molecules: in the absorbance
spectrum there is a higher contribution at 530 nm and a lower
contribution at 465 nm compared to the excitation spectrum at
630 nm.

Besides the absorption of PDI, an absorption band of PFP
(with maxima around 370 nm) is also present in the excitation
spectra. This feature suggests that, upon photoexcitation, energy
transfer takes place in the PFP-PDI: once the PFP backbone
is excited, it transfers its energy to the PDI moiety. We note
that if the 530 nm emission was only due to unbound PDI
impurities, the excitation spectrum would not show that feature
at 370 nm.

Additionally, from the excitation spectra we infer that energy
transfer to aggregated PDI cannot be the only process that leads
to quenching of the nonaggregated PDI emission because the
excitation spectrum at 630 nm is not the same as the absorbance
spectrum: the peak at 530 nm is 15% (in toluene) and 18% (in
chlorobenzene) lower in the excitation spectrum than in the
absorbance spectrum of PFP-PDI. This means that a part of
the nonaggregated PDI that is excited decays via another process
than energy transfer to PDI aggregates. Thus, although part of
the excited nonaggregated PDI decays via luminescence (with
a maximum at 530 nm), the fact that the PL at 530 nm is very
weak (only 1% compared to the dialkyl-PDI, Table 3) suggests
that a substantial part of the excited PDI decays via electron
transfer by accepting an electron from the PFP backbone.

The efficiency of the energy transfer cannot be quantified
by correlating the UV/vis absorption with fluorescence excitation
spectra because energy transfer from PFP to PDI moieties is
not the only process that quenches the PFP emission. In addition,
the PDI fluorescence itself will be quenched by aggregation
and possibly electron transfer.

Photoluminescence Lifetimes. By investigating the photo-
luminescence lifetimes at different wavelengths, we can deter-
mine whether the lifetime is reduced (i.e., if energy or electron
transfer takes place from that nonaggregated state) or increased
(i.e., if aggregated species are present). Time-resolved photo-
luminescence was measured in the same solvents as the steady-
state photoluminescence (toluene, chlorobenzene, and dichlo-
romethane) using an excitation wavelength of 400 nm. At this
wavelength the PFP backbone is excited primarily. The results
of these measurements are shown in Figure 7.

The photoluminescence lifetime of PFP at 415 nm is 0.49 ns
in all the three solvents. In PFP-PDI the lifetime of the polymer
emission is effectively quenched to shorter (<20 ps) than we
could measure with our setup (fwhm) 155 ps for the
laser) in the investigated solvents (Figure 7a). This corresponds
well to the observations described before, that energy transfer
occurs from the PFP to the PDI moieties. The photolumines-
cence of dialkyl-PDI can be fitted with a monoexponential
decay with a lifetime of 4.01 ns in toluene and 3.83 ns in
chlorobenzene (Figure 7a), which corresponds well to the value
of 3.95 ns earlier reported for this compound in CHCl3.17aWhen
probing the PFP-PDI emission at 540 nm, two emission
lifetimes can be fitted: a small component (1.5% in toluene,
0.5% in chlorobenzene, and 1.7% in dichloromethane) with a

Table 2. Oxidation and Reduction Onset Potentials and Energies of
the Lowest Singlet Excited States of PFP-PDI and the Reference

Compounds PFP and Dialkyl-PDI

PFP-PDI PFP dialkyl-PDI

Eox,o (eV) 0.56a 0.55b

Ered,o(eV) -0.98a -1.03a

S1,D (eV)c 3.05 3.00
S1,A (eV)c 2.32 2.31

a Onset in dichloromethane vs Fc/Fc+. b Onset ino-DCB:acetonitrile (4:
1) vs Fc/Fc+. c Photoluminescence maxima in toluene.
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relatively long lifetime (6.36 ns in toluene, 5.35 ns in chlo-
robenzene, and 5.50 ns in dichloromethane) due to some rest
emission from PDI, (PDI)n, or an impurity and a large
component (∼99%) with a short emission lifetime that shows
the (quenched) emission of nonaggregated PDI, which is
quenched faster with increasing solvent polarity (290 ps in
toluene, 150 ps in chlorobenzene, and 90 ps in dichloromethane).
The latter shows that the emission of the nonaggregated PDI
moieties in PFP-PDI is effectively quenched compared to the

reference dialkyl-PDI. The possible explanations of this quench-
ing are (1) energy transfer to aggregated PDI species or (2)
electron transfer by accepting an electron from the PFP
backbone.

As it has been shown, PDI aggregates ((PDI)n) show an
emission maximum at 620 nm (Figure 5). The emission at this
wavelength consists of a long (61.7% in toluene, 53.7% in
chlorobenzene, and 45.9% in dichloromethane) and a short-lived
component. The inset of Figure 7b shows a magnification of
the first 2 ns, disclosing the short-lived component. The long-
lived component is longer than that of the nonaggregated PDI
emission, which is typical for aggregated PDI. Previously,
lifetimes of 15-23 ns have been reported for PDI excimer
emission.38,46b,64The photoluminescence lifetime of the long-
lived component decreases when going from toluene (11.3 ns)
to chlorobenzene (9.29 ns) and dichloromethane (5.54 ns). An
explanation for this reduction in lifetime can be that the
aggregates are less tightly packed in more polar solvents and
that the excitations are thus less delocalized in those solvents,
which increases the decay rate to the ground state. Another
explanation for the shorter lifetimes is that electron transfer from
the aggregates takes place. In more polar solvents this process
can occur faster because the driving force for electron transfer
(∆GCS) from the aggregates (with an energy of around 1.95
eV) is larger due to the stabilization of the charge separated
state by the higher polarity of the solvent. The short-lived
component of the photoluminescence emission at 620 nm also
shows a reduction in lifetime with increasing solvent polarity:
from 540 ps in toluene to 260 ps in chlorobenzene and 175 ps
in dichloromethane.

So far, the experimental results have shown that energy
transfer takes place from PFP to nonaggregated PDI and mostly
to aggregated PDI moieties, which emit only a little because of
their stacking. However, another explanation is required to
explain the full set of data. As we have seen, part of the
nonaggregated PDI moieties decay by a different mechanism,
as the excitation spectrum at 630 nm lacks a considerable
amount of absorption at 530 nm. An extra decay process could
be electron transfer in competition with the energy transfer
process from PFP to nonaggregated PDI. This would also
explain the shorter lifetimes of the nonaggregated PDI emission
when more polar solvents are used. The reduction in lifetime
that follows from the 620 nm emission can also be due to
electron transfer from the PFP to the PDI aggregates. The short
component in the 620 nm emission can be due to electron
transfer from the nonaggregated PDI.

Electron Transfer: Weller Equation. In order to find out
whether electron transfer is a likely process for PFP-PDI, we
can use the Weller equation (1).65 We can use the oxidation
potential (+0.56 eV vs Fc/Fc+) and the reduction potential
(-0.98 eV vs Fc/Fc+) of PFP-PDI and the energy of the lowest
excited singlet state, S1, of the nonaggregated PDI moieties (2.32
eV in toluene) to predict the Gibbs free energy for electron
transfer from the PFP backbone to the PDI moieties on the basis
of the Weller equation:

Table 3. Fluorescence Quantum Yields of the Donor and Acceptor Moiety in Toluene, Chlorobenzene, and Dichloromethane and Results of Eq 1

εs ΦF (PFP)a ΦF (PDI)b ∆GCS [eV]c ECS [eV]d

toluene 2.43 0.010 0.014 -0.16 2.16
chlorobenzene 5.47 0.011 0.0083 -0.71 1.61
dichloromethane 9.02 (<0.019) 0.017 -0.85 1.47

a Fluorescence quantum yield of PFP-PDI relative to PFP at 415 nm after excitation at 370 nm.b Fluorescence quantum yield of PFP-PDI relative to
dialkyl-PDI at 535 nm after excitation at 480 nm.c Based on eq 1 withr+ ) 5.0 Å, r- ) 4.7 Å, Rcc ) 20 Å, andE(S1) ) 2.32 eV.63 d UsingECS ) E(S1)
- ∆GCS.

Figure 6. Excitation (solid line) and absorbance (dashed line) spectra
of PFP-PDI in toluene (top) and chlorobenzene (bottom).

Figure 7. (a, b) Time-resolved photoluminescence data of PFP, dialkyl-
PDI, and PFP-PDI at 415, 540, and 620 nm in various solvents upon
excitation at 400 nm. The inset in (b) shows a magnification of the
620 nm data.
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The radius of the PFP radical cation and the PDI radical anion
were set tor+ ) 5.0 Å andr- ) 4.7 Å, respectively, whereas
the center-to-center chromophore distance (Rcc) was set at 20
Å, which is the maximum distance that can be reached.63 The
resulting values for∆GCS (Table 3) predict that electron transfer
from the nonaggregated PDI moieties is energetically favorable
in all the solvents investigated, with the lowest driving force
for the less polar toluene (-0.16 eV). We note that electron
transfer is more favorable if the PDI units are closer than the
maximum distance of 20 Å. Electron transfer to the PDI
aggregates is less probable in toluene, as the energy of the lowest
excited-state of the aggregated PDI is∼1.95 eV (the maximum
of the emission). If a value of 1.95 eV is used forE(S1) of
(PDI)n in eq 1,∆GCS would be-0.34 eV for chlorobenzene
and-0.48 eV for dichloromethane. So, from eq 1 it seems likely
that electron transfer is a competing process for energy transfer
from PFP to PDI or (PDI)n and for energy transfer from PDI to
(PDI)n in chlorobenzene and dichloromethane.

For toluene∆GCS ) +0.21 eV from (PDI)n. In the calcula-
tions we have used the relative permittivity (εr ) 2.43) for
toluene, which results in a value ofECS ) 2.15 eV. However,
for solvents like toluene that have a low dipole moment and a
high quadrupole moment, the bulk relative permittivity under-
estimates the local dipolar character.66 When a value of the
“effective” relative permittivity,εeff ) 3.5, is used in eq 1, a
value ofECS ) 1.85 eV is found.67 Thus, electron transfer to
(PDI)n (with an energy ofE(S1) ) 1.95 eV) can then also be
anticipated.

Temperature-Dependent Measurements.Additional evi-
dence showing the presence of intramolecular PDI aggregates
in PFP-PDI comes from the concentration- and temperature-
dependent absorption and emission spectra. Figure 8a shows
that the absorption spectra of PFP-PDI in chlorobenzene are
independent of the concentration in the range of 10-4-10-6 M
(monomer units), consistent with intramolecular aggregation.
At higher temperatures it is expected that aggregates dissociate,
resulting in absorption and emission spectra more similar to
those of nonaggregated PDI. In Figure 8 it is shown that this is
indeed observed: when a solution of PFP-PDI in chlorobenzene
is heated, the absorption spectrum gradually matches the
nonaggregated PDI absorption spectrum shown in Figure 4.
Thus, the peak of the (0,0) vibration increases, and the peaks
corresponding to the (0,1) and (0,2) vibrations of PDI reduce
in intensity upon heating (Figure 8b). The tailing into the red
also becomes less, gradually resembling the absorption spectrum
of the reference dialkyl-PDI. However, even at 90°C a
considerable amount of aggregation still remains, as the ratio
between the (0,0) and the (0,1) vibration peaks is only 1.27,
lower than the value of 1.62 observed for the nonaggregated
reference dialkyl-PDI. The temperature-dependent photolumi-
nescence shows the same trend: from 10 to 100°C the emission
from the aggregates (at 630 nm) gradually decreases in intensity
(Figure 8c) and the emission at 535 nm (nonaggregated PDI)
increases, but even at 100°C there is still some remaining
emission from stacked PDI groups. It is important to note that
the changes were completely reversible upon cooling back to
10 °C.

These measurements provide an extra indication for electron
transfer to nonaggregated PDI: on going from 10 to 100°C
the photoluminescence intensity of aggregated PDI is reduced

by a factor of 5.8, whereas the photoluminescence intensity of
nonaggregated PDI (at 535 nm) is increased only by a factor of
1.3. The explanation for this mismatch is that the increasing
amount of nonaggregated PDI molecules is compensated for
by an increased electron transfer from PFP to PDI. The fact
that upon heating the PFP emission (at 410 nm) is further
reduced by a factor 1.6 supports the idea that extra electron
transfer from PFP to PDI takes place if the PDI are no longer
in the aggregated state.

The photoluminescence lifetime of the aggregate emission
(probed at 640 nm) is also reduced with increasing temperature
(Figure 8d). Again, reversibility of the changes upon cooling
was observed. Thus, it seems that electron transfer also takes
place to the stacked PDI groups. For this electron transfer an
activation barrier is present that is overcome at higher temper-
ature. An alternative explanation for the shorter lifetime at higher
temperature is that at high temperature the H-aggregates are
less tightly packed, which allows structural deformation to a
configuration that couples radiatively to the ground state. This
effect would reduce the PL lifetime and increase the PL quantum
yield. Since the latter is not the observed, we favor an
interpretation in terms of electron transfer. Transient absorption
spectroscopy in the nanosecond domain on PFP-PDI in
solution, however, failed to provide conclusive evidence for the
expected formation of PFP cations or PDI anions. Although this
experiment itself does not strengthen our conclusions, we note
that intramolecular recombination can be very fast (<100 ps)
such that the formed charges cannot be detected.68

The results of the measurements in solution can be sum-
marized in a Jablonski diagram (Figure 9). After excitation of
the PFP, the emission from that state is quenched by energy
and electron transfer to PDI. From the nonaggregated PDI the
photoluminescence emission is also quenched, by energy transfer
to aggregated PDI ((PDI)n) and also by electron transfer by
accepting an electron from PFP. The latter process is favored
by using a more polar solvent or at higher temperature.

Measurements in the Solid State.In parallel to the
investigation of PFP-PDI in solution, thin films of PFP-PDI
have also been studied. The absorption spectrum of a thin film
of PFP-PDI spin-cast from chlorobenzene is shown in Figure
10. The film shows even more evidence of aggregation than
PFP-PDI in toluene solutions, as the ratio between the peaks
of the (0,0) and the (0,1) vibrations is now only 0.80. The
photoluminescence spectrum reveals only minimal emission, as
it could be expected from an aggregated film in which electron
transfer takes place.

Direct evidence for electron transfer in a thin film comes from
photoinduced absorption (PIA) spectroscopy recorded at 80 K.
The dashed line in Figure 11 shows the PIA spectrum of the
reference polymer PFP in a thin film, displaying a maximum
at 1.56 eV and a shoulder toward higher energy. This absorption
can be assigned to the triplet-triplet absorption of the polymer.
In dichloromethane a similar spectrum was measured but blue-
shifted compared to the film with a maximum of the triplet-
triplet absorption at 1.70 eV. A triplet-triplet absorption of a
PFP in benzene has been recently reported, also showing a
maximum at 1.70 eV.69 The PIA spectrum of a PFP-PDI film
at 80 K is also shown in Figure 11 (solid line) and clearly
exhibits the characteristic absorption of PDI•- with maxima at
1.72, 1.54, and 1.28 eV.70 The positions of the PFP•+ cation
bands are less clear. As for other conjugated polymers like
MEH-PPV71 and P3HT,72 PFP•+ is expected to have a low-
and high-energy absorption band. The position of the high-
energy band was previously reported to be at 2.3 eV; however,

∆GCS ) -e[Eox(D) - Ered(A)] + E(S1) +

e2

4πε0εsRcc
+ e2

8πε0
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the position of the low-energy band remains unclear.73 Two
bands are visible at low energy in our spectrum: one at 1.10
eV and a possible band with an onset at around 0.5 eV. To
identify the position of the low-energy band, we conducted a
separate experiment. Thus, a PIA spectrum of PFP was taken
in a mixed film with a fullerene derivative (PCBM). This
revealed peaks of PFP•+ at 0.5 and 2.4 eV, together with that
of the PCBM radical anion at 1.24 eV. Thus, for PFP-PDI we
tentatively assign the band at 0.5 eV to the PFP•+ low-energy
band. Presently, we have no consistent explanation for the peak
at 1.1 eV.

At an energy above 2.1 eV the bleaching bands of PDI are
present, at 2.22, 2.48, and 2.68 eV. Interestingly, another feature
with a strong absorption is present in this region, resulting in a
peak at 2.36 eV. Likely, this is due to a triplet-triplet absorption
of the PDI moieties.44a The energy of the lowest excited triplet

state for nonaggregated PDI is at 1.2 eV44a(and for aggregated
PDI presumably even lower), making charge recombination of
photoinduced charges (with an energy of∼1.55 eV, fromEox-
(D) - Ered(A)) into the triplet excited state of the PDI a possible
decay route.

Conclusions. In this paper we have described the synthesis
of the structurally well-defined PFP-PDI polymer, in which a
poly(fluorene-alt-phenylene) (PFP) chain is functionalized with
PDI units as pendant groups. The synthetic approach allows
for the introduction of a high number of PDI electron acceptor
units, making possible and facilitating the formation of PDI
aggregates within the polymeric chain itself. Moreover, the
selective choice of the monomeric units allows tailoring the
electron-donating ability of the polymer backbone, thus enabling
photoinduced electron transfer. In fact, the cyclic voltammetry
data of PFP-PDI shows amphoteric behavior, combining the
good acceptor properties of PDI with the good electron donor
ability of the PFP backbone. UV-vis absorption, steady-state

Figure 8. (a) Concentration-dependent absorption spectra of PFP-PDI in chlorobenzene. (b, c, d) Spectral temperature dependence of a solution
of PFP-PDI in chlorobenzene: (b) absorption spectra, (c) photoluminescence spectra, and (d) time-resolved photoluminescence lifetime spectra at
640 nm. The inset shows the effect of increasing the temperature at 540 nm.

Figure 9. Energy level diagram showing the lowest excited singlet
states of PFP and nonaggregated PDI, of the PDI aggregates (PDI)n,
and that of the charge-separated state between PFP and PDI. The energy
of the charge-separated state is affected by the polarity of the solvent
(see text). The arrows (without the crosses) show the main processes
that occur upon photoexcitation of PFP.

Figure 10. Absorption spectra at 295 K of thin films of PFP and PFP-
PDI spin-cast from chlorobenzene.
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fluorescence, and excitation spectroscopy point to the existence
of PDI aggregates in different solvents, which is further
confirmed by temperature-dependent studies. Solvent and tem-
perature-dependent studies, together with the analysis of pho-
toluminescence lifetimes, evidence the existence of photoin-
duced electron transfer from the electron-donating poly(fluorene-
alt-phenylene) chain not only to the electron-accepting PDI
pendant units but also, and more remarkably, to PDI aggregates.
PIA measurements corroborate these results and indicate that
electron transfer also occurs in the solid state. Work is in
progress in order to further control and optimize the extension
of these processes by the introduction of different spacers and
comonomers.

Experimental Section

Materials. 4-(Hexyloxy)-2,5-diiodophenol (7),49 N-(4-hydrox-
yphenyl)-N′-(10-nonadecyl)perylene-3,4:9,10-bis(dicarboximide)
(11),50 2,7-bis(4,4,5,5-tetramethyl-1,3,2-dioxaborolan-2-yl)-9,9-(3,7-
dimethyloctyl)fluorene (13),51 1,4-dihexyloxy-2,5-diiodobenzene
(14),53 2,7-bis(4,4,5,5-tetramethyl-1,3,2-dioxaborolan-2-yl)-9,9-di-
hexylfluorene (15),54 and N,N′-(1-hexylheptyl)perylene-3,4:9,10-
bis(dicarboximide) (dialkyl-PDI)56 were prepared following previ-
ously reported synthetic procedures. Dialkyl-PDI was carefully
purified using column chromatography.74 All other chemicals were
purchased from Aldrich and used as received without further
purification unless otherwise specified. Column chromatography
was performed on Merck Kieselgel 60 silica gel (230-240 mesh).
Thin layer chromatography was carried out on Merck silica gel
F-254 flexible TLC plates. Solvents and reagents were dried by
usual methods prior to use and typically used under inert gas
atmosphere.

Characterization. Melting points were measured with an
Electrothermal melting point apparatus and are uncorrected. FTIR
spectra were recorded as KBr pellets in a Shimadzu FTIR 8300
spectrometer. NMR were recorded on a Bruker AC-200, Avance
300, or AMX-400 apparatus as noted, and the chemical shifts were
reported relative to tetramethylsilane (TMS) at 0.0 ppm (for1H
NMR) and CDCl3 at 77.16 ppm (for13C NMR). The splitting
patterns are designated as follows: s (singlet), d (doublet), m
(multiplet), and b (broad), and the assignments are Pery (PDI) and
Ph (phenyl) for1H NMR. Mass spectra were recorded with a Varian
Saturn 2000 GC-MS and with a MALDI-TOF MS Bruker Reflex
2 (dithranol as matrix). Elemental analyses were performed on a
Perkin-Elmer EA 2400.

Electrochemistry. Cyclic voltammetry experiments were per-
formed with a computer-controlled EG & G PAR 273 potentiostat
in a three-electrode single-compartment cell (5 mL). The platinum
working electrode consisted of a platinum wire sealed in a soft
glass tube with a surface ofA ) 0.785 mm2, which was polished

down to 0.5µm with Buehler polishing paste prior to use in order
to obtain reproducible surfaces. The counter electrode consisted of
a platinum wire, and the reference electrode was a Ag/AgCl
secondary electrode. All potentials were internally referenced to
the ferrocene-ferrocenium couple. For the measurements, concen-
trations of 5× 10-3 mol L-1 of the electroactive species were used
in freshly distilled and deaerated dichloromethane (Lichrosolv,
Merck) and 0.1 M tetrabutylammonium hexafluorophosphate
(TBAPF6, Fluka) which was twice recrystallized from ethanol and
dried under vacuum prior to use.

Absorption and Fluorescence.UV-vis absorption spectra were
recorded using a Perkin-Elmer Lambda 900 spectrophotometer, and
steady-state fluorescence spectra were recorded on an Edinburgh
Instruments FS920 double-monochromator spectrophotometer with
a Peltier-cooled red-sensitive photomultiplier. The emission spectra
were not corrected for the wavelength dependence of the sensitivity
of the detection system. Time-correlated single photon counting
fluorescence studies were performed on an Edinburgh Instruments
LifeSpec-PS spectrometer by photoexcitation with a 400 nm
picosecond laser (PicoQuant PDL 800B) operated at 2.5 MHz and
detection with a Peltier-cooled Hamamatsu microchannel plate
photomultiplier (R3809U-50).

Photoinduced Absorption.Near-steady-state photoinduced ab-
sorption (PIA) spectra were recorded between 0.40 and 3.0 eV by
excitation with a mechanically modulated CW argon ion laser (488
nm, 275 Hz) pump beam and measuring the change in transmission
of a tungsten-halogen probe beam through the sample (∆T) with
a phase-sensitive lock-in amplifier after detection using Si, InGaAs,
and cooled InSb detectors. The pump power was typically 50 mW
with a beam diameter of 2 mm. The PIA signal (-∆TT-1) was
corrected for the photoluminescence, which was recorded in a
separate experiment. Samples of drop-cast thin films were held at
80 K in an inert nitrogen atmosphere using an Oxford Optistat
continuous flow cryostat. Samples in solution were prepared in inert
atmosphere and measured in a 1 mmSpectrocell quartz cuvette
with an airtight screw cap.

1-(6′-Chlorohexyloxy)-4-hexyloxy-2,5-diiodobenzene (9).Un-
der an argon atmosphere, a mixture of 4-(hexyloxy)-2,5-diiodophe-
nol (7) (900 mg, 2.0 mmol), potassium carbonate (552 mg, 4.0
mmol), and 1-bromo-6-chlorohexane (8) (798 mg, 4.0 mmol) in
60 mL of dry DMF was heated at 100°C. After 48 h, the reaction
mixture was allowed to cool to room temperature and poured into
a 1 M HCl aqueous solution. The mixture was then extracted with
dichloromethane, and the combined organic extracts were dried over
MgSO4 and evaporated under vacuum. The remaining oil was
purified by column chromatography (silica gel, hexanes/dichlo-
romethane 1/1) to give 1-(6′-chlorohexyloxy)-4-hexyloxy-2,5-
diiodobenzene (9) as a colorless solid (72%); mp 40-41 °C
(hexanes/dichloromethane).1H NMR (CDCl3, 200 MHz): δ ) 7.17
(s, 2H, Ph), 3.94 (t, 2H,J ) 6.2 Hz,-OCH2), 3.93 (t, 2H,J ) 6.4
Hz, -OCH2), 3.56 (t, 2H,J ) 6.6 Hz,-CH2Cl), 1.91-1.73 (m,
6H, -CH2-), 1.56-1.45 (m, 6H,-CH2-), 1.37-1.34 (m, 4H,
-CH2-), 0.91 (t, 3H,J ) 6.7 Hz,-CH3). 13C NMR (CDCl3, 50
MHz): δ ) 152.90 (CAr-O), 152.73 (CAr-O), 122.80 (CAr), 122.78
(CAr), 86.30 (CAr-I), 86.28 (CAr-I), 70.36 (-OCH2), 70.06
(-OCH2), 44.98 (-CH2Cl), 32.50, 31.45, 29.10, 28.98, 26.54,
25.70, 25.42, 22.57, 14.02 (-CH3). MS (EI) (m/z, % int): 564 (M+,
41), 480 (14), 362 (100), 83 (29), 55 (44), 43 (46). FTIR (KBr,
cm-1): ν ) 2939, 2866, 1636, 1489, 1466, 1350, 1265, 1211, 1057,
1022, 798, 725. Microanalysis: Calcd for C18H27ClI2O2: C:
38.29%; H: 4.82%. Found: C: 38.19%; H: 4.79%.

1-Hexyloxy-2,5-diiodo-4-(6′-iodohexyloxy)benzene (10).1-(6′-
Chlorohexyloxy)-4-hexyloxy-2,5-diiodobenzene (9) (865 mg, 1.53
mmol) and NaI (459 mg, 3.06 mmol) were dissolved in 50 mL of
dry acetone and heated at reflux for 48 h. After cooling to room
temperature, the precipitated NaCl was filtered off and the solvent
evaporated under vacuum. The residue was then dissolved in
dichloromethane and washed with water. The organic phase was
dried over MgSO4, and the solvent evaporated under vacuum to
give 1-hexyloxy-2,5-diiodo-4-(6′-iodohexyloxy)benzene (10) as a
colorless solid (92%) with enough analytical purity to be used

Figure 11. Photoinduced absorption spectra of thin films of PFP
(dashed line) and PFP-PDI (solid line) on a quartz plate at 80 K. The
dotted peak in the PFP-PDI spectrum at 2.54 eV is due to the laser.
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without any further purification; mp 35-36 °C (dichloromethane).
1H NMR (CDCl3, 200 MHz): δ ) 7.17 (s, 2H, Ph), 3.94 (t, 2H,J
) 6.2 Hz,-OCH2), 3.93 (t, 2H,J ) 6.4 Hz,-OCH2), 3.22 (t, 2H,
J ) 7.0 Hz,-CH2I), 1.94-1.73 (m, 6H,-CH2-), 1.57-1.49 (m,
6H, -CH2-), 1.37-1.34 (m, 4H,-CH2-), 0.91 (t, 3H,J ) 6.7
Hz, -CH3). 13C NMR (CDCl3, 50 MHz): δ ) 152.90 (CAr-O),
152.73 (CAr-O), 122.80 (CAr), 122.78 (CAr), 86.30 (CAr-I), 86.28
(CAr-I), 70.37 (-OCH2), 70.06 (-OCH2), 33.38, 31.46, 30.12,
29.10, 28.93, 25.70, 25.06, 22.58, 14.03 (-CH3), 6.96 (-CH2I).
MS (EI) (m/z, % int): 656 (M+, 25), 572 (4), 362 (100), 83 (34),
55 (39), 43 (39). FTIR (KBr, cm-1): ν ) 2936, 2851, 1639, 1485
1465 1350, 1265, 1211, 1057, 1022, 798, 725. Microanalysis: Calcd
for C18H27I3O2: C: 32.95%; H: 4.15%. Found: C: 33.06%; H:
4.22%.

Monomer 12. To a solution ofN-(4-hydroxyphenyl)-N′-(10-
nonadecyl)perylene-3,4:9,10-bis(dicarboximide) (11) (180 mg, 0.24
mmol) in 50 mL of anhydrous DMF, potassium carbonate (66 mg,
0.48 mmol), and 1-hexyloxy-2,5-diiodo-4-(6′-iodohexyloxy)benzene
(10) (157 mg, 0.24 mmol) were added under an argon atmosphere.
The mixture was heated at reflux for 48 h. The crude was allowed
to reach room temperature and treated with a 1 M HCl aqueous
solution. The resulting mixture was extracted with dichloromethane,
and the combined organic fractions were dried over MgSO4 and
evaporated under vacuum. The remaining residue was purified by
column chromatography (silica gel, hexanes/dichloromethane 2/8)
to give monomer12 as a deep red solid (37%); mp>300 °C. 1H
NMR (CDCl3, 200 MHz): δ ) 8.75 (d, 2H, Pery), 8.69-8.64 (m,
6H, Pery), 7.26-7.18 (m, 4H, Ph), 7.08 (d,J ) 8.8 Hz, 2H, Ph),
5.20 (bs, 1H,-N-CH), 4.06 (t, 2H,J ) 6.3 Hz,-OCH2-), 4.00-
3.90 (m, 4H,-OCH2-), 1.95-1.77 (m, 8H,-CH2-), 1.65-1.50
(m, 10H,-CH2-), 1.40-1.15 (m, 30H,-CH2-), 0.95-0.77 (m,
9H, -CH3). 13C NMR (CDCl3, 50 MHz): δ ) 163.78, 159.26
(CAr-O), 152.93 (CAr-O), 135.00, 134.98, 134.32, 131.94, 131.82,
131.78, 129.77, 129.76, 129.53, 127.30, 126.39, 123.46, 123.43,
123.39, 123.28, 123.27, 123.24, 115.28, 86.33 (CAr-I), 70.37
(-OCH2), 70.19 (-OCH2), 68.07 (-OCH2), 54.83 (-N-CH),
32.37, 31.85, 31.47, 29.54, 29.27, 29.12, 26.98, 25.71, 22.64, 14.08.
MS (FAB) (m/z): 1278.8 (M+ + 1). FTIR (KBr, cm-1): ν ) 2921,
2852, 1695, 1651, 1593, 1577, 1509, 1485, 1463, 1465, 1343, 1249,
1208, 1174, 810, 746. Microanalysis: Calcd for C67H78I2N2O7: C:
63.00%; H: 6.15%; N: 2.19%. Found: C: 62.63, %; H: 6.00%;
N: 2.06%.

Polymer PFP-PDI. A solution of monomer12 (80 mg, 0.06
mmol), 2,7-bis(4,4,5,5-tetramethyl-1,3,2-dioxaborolan-2-yl)-9,9-
(3,7-dimethyloctyl)fluorene (13) (43 mg, 0.06 mmol), and tetrakis-
(triphenylphosphine)palladium(0) (1 mg, 1× 10-3 mmol) in a
deareated mixture of 12 mL of dry THF and 10 mL of an aqueous
potassium carbonate 2 M solution is heated at reflux under argon
atmosphere for 48 h. The thick reaction mixture is allowed to cool
to room temperature, and methanol is added to give an abundant
red precipitate. The solid is collected, dissolved in chloroform, and
precipitated out of methanol. The solid is collected by centrifugation
and thoroughly washed with methanol and diethyl ether to give
PFP-PDI as a bright red solid (98%).1H NMR (CDCl3, 400
MHz): δ ) 8.73-8.45 (bm, 8H, Pery), 8.35-8.25 (m, 2H), 7.82-
7.63 (m, 8H), 7.13-7.06 (m, 2H), 5.12 (b, 1H, -N-CH), 4.06 (bs,
6H, -OCH2), 2.27 (bs, 4H,-CH2-), 1.80 (bs, 4H,-CH2-),
1.56 (bs, 12H,-CH2-), 1.21 (bs, 24H,-CH2-) 1.04 (bs, 8H,
-CH2-), 0.79 (bs, 27H,-CH3). FTIR (KBr, cm-1): ν ) 2923,
2854, 1699, 1653, 1594, 1578, 1509, 1462, 1342, 1251, 1208, 810,
746. Microanalysis: Calcd for [C98H126N2O7]n: C: 81.81%; H:
8.79%; N: 1.94%. Found: C: 81.57, %; H: 8.44%; N: 1.83%.
SEC (vs PS):Mn: 101 000 g/mol;Mw: 16 400 g/mol; pd: 6.2.

Polymer PFP. A solution of 1,4-dihexyloxy-2,5-diiodobenzene
(14) (53 mg, 1.0 mmol), 2,7-bis(4,4,5,5-tetramethyl-1,3,2-diox-
aborolan-2-yl)-9,9-dihexylfluorene (15) (58 mg, 1.0 mmol), and
tetrakis(triphenylphosphine)palladium(0) (17 mg, 15× 10-3 mmol)
in a deareated mixture of 10 mL of dry THF and 8 mL of an
aqueous potassium carbonate 2 M solution is heated at reflux under
argon atmosphere for 48 h. The reaction mixture is allowed to cool
to room temperature, and methanol is added to give an off-yellow

precipitate. The solid is collected, dissolved in chloroform, and
precipitated out of methanol. The solid is collected by centrifugation
and thoroughly washed with methanol and diethyl ether to give
PFP as a beige solid (92%).1H NMR (CDCl3, 400 MHz): δ )
7.79-7.59 (m, 6H), 7.26-7.13 (m, 2H), 3.97 (bs, 4H,-OCH2-),
2.05 (bs, 4H), 1.73 (bs, 8H,-CH2-), 1.53-1.09 (m, 20H), 0.87-
0.78 (m, 12H).13C NMR (CDCl3, 100 MHz): δ ) 150.48 (CAr-
O), 139.85, 137.04, 135.00, 131.29, 127.95, 127.52, 124.43, 119.22,
116.80, 69.91 (-OCH2), 55.06 (bridge), 40.61 (Cbridge-CH2), 31.51,
29.99, 29.46, 25.78, 24.32, 22.66, 14.01. FTIR (KBr, cm-1): ν )
2953, 2927, 2856, 1509, 1461, 1435, 1377, 1203, 821. Microanaly-
sis: Calcd for [C43H60O2]n: C: 84.81%; H: 9.93%. Found: C:
84.67, %; H: 9.92%. SEC (vs PS):Mn: 38 000 g/mol;Mw: 13 100
g/mol; pd: 2.9.
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Müllen, K. AdV. Mater. 2002, 14, 809. (b) Pogantsch, A.; Wenzl, F.
P.; List, E. J. W.; Leising, G.; Grimsdale, A. C.; Mu¨llen, K. AdV.
Mater. 2002, 14, 1061.

(8) (a) Zollinger, H. InColor Chemistry, 3rd ed.; VCH: Weinheim, 2003.
(b) Herbst, W.; Hunger, K. InIndustrial Organic Pigments: Produc-
tion, Properties, Applications, 2nd ed.; Wiley-VCH: Weinheim, 1997.

(9) (a) Struijk, C. W.; Sieval, A. B.; Dakhorst, J. E. J.; van Dijk, M.;
Kimkes, P.; Koehorst, R. B. M.; Donker, H.; Schaafsma, T. J.; Picken,
S. J.; van de Craats, A. M.; Warman, J. M.; Zuilhof, H.; Sudho¨lter, E.
J. R.J. Am. Chem. Soc.2000, 122, 11057. (b) Dimitrakopoulos, C.
D.; Malenfant, P. R. L.AdV. Mater. 2002, 14, 99.

(10) (a) Halls, J. J. M.; Friend, R. H.Synth. Met.1997, 85, 1307. (b)
Petrisch, K.; Dittmer, J. J.; Marseglia, E. A.; Friend, R. H.; Lux, A.;
Rozenberg, G. G.; Moratti, S. C.; Holmes, A. B.Sol. Energy Mater.
Sol. Cells2000, 61, 63. (c) Breeze, A. J.; Salomon, A.; Ginley, D. S.;
Gregg, B. A.; Tillmann, H.; Ho¨rhold, H.-H. Appl. Phys. Lett.2002,
81, 3085. (d) Yakimov, A.; Forrest, S. R.Appl. Phys. Lett.2002, 80,
1667. (e) Im, C.; Ba¨ssler, H.; Fechtenko¨tter, A.; Watson, M. D.;
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F.; Kohl, C.; Müllen, K. Angew. Chem., Int. Ed.2006, 45, 819.

(19) For recent reviews on functional supramolecular architectures based
on PDI dyes, see: (a) Wu¨rthner, F.Chem. Commun.2004, 1564. (b)
Eelemans, J. A. A. W.; van Hameren, R.; Nolte, R. J. M.; Rowan, A.
E. AdV. Mater. 2006, 18, 1251.

(20) (a) Yoshida, N.; Ishizuka, T.; Yofu, K.; Murakami, M.; Miyasaka,
H.; Okada, T.; Nagata, Y.; Itaya, A.; Cho, H. S.; Kim, D.; Osuka, A.
Chem.sEur. J. 2003, 9, 2854. (b) Tomizaki, K.-Y.; Thamyongkit,
P.; Loewe, R. S.; Lindsey, J. S.Tetrahedron2003, 59, 1191. (c) Kelley,
R. F.; Tauber, M. J.; Wasielewski, M. R.J. Am. Chem. Soc.2006,
128, 4779.

(21) (a) Guo, X.; Zhang, D.; Zhang, H.; Fan, Q.; Xu, W.; Ai, X.; Fan, L.;
Zhu, D. Tetrahedron2003, 59, 4843. (b) Leroy-Lhez, S.; Baffreau,
J.; Perrin, L.; Levillain, E.; Allain, M.; Blesa, M.-J.; Hudhomme, P.
J. Org. Chem.2005, 70, 6313.

(22) You, C.-C.; Wu¨rthner, F.J. Am. Chem. Soc.2003, 125, 9716.
(23) Tian, H.; Liu, P.-H.; Zhu, W.; Gao, E.; Wu, D.-J.; Cai, S.J. Mater.

Chem.2000, 10, 2708.
(24) Takahashi, M.; Morimoto, H.; Miyake, K.; Yamashita, M.; Kawai,

H.; Sei, Y.; Yamaguchi, K.Chem. Commun.2006, 3084.
(25) Langhals, H.; Saulich, S.Chem.sEur. J. 2002, 8, 5630.
(26) Wescott, L. D.; Mattern, D. L.J. Org. Chem.2003, 68, 10058.
(27) Yilmaz, M. D.; Bozdemir, O. A.; Akkaya, E. U.Org. Lett.2006, 8,

2871.
(28) (a) Hua, J.; Meng, F.; Ding, F.; Tian, H.Chem. Lett.2004, 33, 432.
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