FULL PAPER
DOI: 10.1002/chem.200800159

p-Phenyleneethynylene Molecular Wires: Influence of Structure on
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Abstract: A series of donor–acceptor
arrays (exTTF–oPPE–C60) containing
p-conjugated oligo(phenyleneethynylACHTUNGREene) wires (oPPE) of different length
between p-extended tetrathiafulvalene
(exTTF) as electron donor and fullerene (C60) as electron acceptor has been
prepared by following a convergent
synthesis. The key reaction in these approaches is the bromo–iodo selectivity
of the Hagihara–Sonogashira reaction
and the deprotecting of acetylenes with
different silyl groups to afford the corresponding donor–acceptor conjugates
in moderate yields. The electronic interactions between the three electroac-

tive species were determined by using
UV-visible spectroscopy and cyclic voltammetry. Our studies clearly confirm
that, although the C60 units are connected to the exTTF donor through pconjugated oPPE frameworks, no significant electronic interactions are observed in the ground state. Theoretical
calculations predict how a simple exchange from C=C double bonds (i.e.,
oligo(p-phenylenevinylene) to CC
Keywords: charge transfer · crosscoupling · donor–acceptor systems ·
fullerenes · phenyleneethynylene

triple bonds (i.e., oPPE) in the electron
donor–acceptor conjugates considerably alters long-range electron transfer.
Photoexcitation of exTTF–oPPE–C60
leads to the following features: a transient photoproduct with maxima at 660
and 1000 nm, which are unambiguously
attributed to the photolytically generated radical-ion-pair state, [exTTFC + –
oPPE–C60C]. Both charge-separation
and charge-recombination processes
give rise to a molecular-wire behaviour
of the oPPE moiety with an attenuation factor (b) of (0.2  0.05) 81.
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One of the major challenges in current chemistry is to find
molecules able to move charges rapidly and efficiently from,
for example, one terminus to another under the control of
an external electrical, electrochemical or photochemical
stimulus.
Nature has provided impressive examples of how these
goals can be achieved. The photosynthetic reaction centre
protein moves electrons with near-unity quantum efficiency
across a lipid bilayer membrane rapidly by using several
redox cofactors, and thus serves as a model for developing
biomimetic analogues for applications in fields such as photovoltaic devices, molecular electronics and photonic materials.[1]
In this context, p-conjugated oligomeric systems are of
particular interest because they provide an efficient electronic coupling between electroactive units—donor and acceptor termini—and display wirelike behaviour. Different
factors are required to make a molecule able to behave as
an ideal molecular wire: 1) matching between the donor (acceptor) and bridge energy levels, 2) good electronic coupling
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between the electron donor and acceptor units by means of
the bridge orbitals[2] and 3) a small attenuation factor (b).[3]
Among the many different p-conjugated oligomers,
oligo(p-phenylenevinylene) (oPPV)[4] has emerged as a particularly promising model system that helps to comprehend/
rationalise the basic features of poly(p-phenylenevinylene)
and also as a versatile building block for novel materials
with chemically tailored properties.[5] In this context, intramolecular electron transfer along conjugated chains of
oPPV has been tested in several donor–acceptor conjugates
involving anilines,[6] porphyrins[7] or ferrocenes[8] as electron
donors on one side, and [60]fullerenes, on the other side, as
the electron acceptor.[9] In fact, in a pioneering study tetracene (TET; as electron donor) and pyromellitimide (PYR;
as electron acceptor) were connected by means of oPPV of
increasing length (TET–oPPV–PYR).[10] This work has demonstrated the importance of energy matching between the
donor and bridge components for achieving molecular-wire
behaviour. Quantum-chemical calculations showed a competition between a direct superexchange process and a twostep “bridge-mediated” process, whose efficiency depends
primarily on the length and nature of the conjugated
bridge.[11]
A more recent study reports on a series of p-phenylene
oligomers (Phn) that bridge phenothiazine (PTZ) and perylene-3,4:9,10-bis(carboximide) (PDI) as electron donor and
acceptor, respectively.[12] In this case, the relative contributions of both the coherent superexchange and incoherent
hopping mechanisms to the overall charge-transport process
were quantified. Moreover, it has been shown that when an
oligofluorene is used as a bridge, the electronic structure of
the oligomer provides means to access the wirelike incoherent hopping regime for hole transport over long distances at
nearly constant bridge energy.[2a]
Our own contributions to this intriguing field include the
demonstration of molecular wirelike behaviour in a series of
oligo(p-phenylenevinylene)s (oPPVs) of variable length.
The different oPPV bridges were connected to an electronaccepting [60]fullerene and to a p-extended tetrathiafulvalene (exTTF), which serves as an electron donor. From an
analysis of different electron-conduction distances up to
40 8, we obtained exceptionally low attenuation factors (b)
of (0.01  0.005) 81.[13] The general validity of this conclusion was confirmed by testing metalloporphryins instead of
exTTF as electron donors.[14]
Encouraged by these results, we now describe a series of
novel donor–acceptor conjugates (exTTF–oPPE–C60) implementing oligo(p-phenyleneethynylene) (oPPE) as a
bridge.[15] We have started with selective palladium-catalysed
cross-coupling reactions of terminal alkynes with aryl halides to increase the length of the molecular wire systematically.[16] Electrochemical studies using cyclic voltammetry
and the determination of the photophysical properties by
means of fluorescence and transient absorption spectroscopies complement the synthetic work.
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Results and Discussion
Synthesis: The synthesis of exTTF–oPPE–C60 is based on
the preparation of p-conjugated oligo(p-phenyleneethynylACHTUNGREene) building blocks using the palladium-catalysed crosscoupling reaction of terminal alkynes with aryl halides. This
protocol provides an efficient and versatile means of extending p conjugation in organic compounds.[16]
The oligo(p-phenyleneethynylene) precursors (6, 14 and
24) were asymmetrically functionalised with terminal formyl
and alkyne groups, which are, in turn, required for connecting the two electroactive units (exTTF and C60).
The key steps in the synthesis of the oligomeric spacer are
the selective palladium-catalysed coupling of terminal alkynes[17] with aryl iodides in the presence of aryl bromides,[18] and the selective removal of the trimethylsilyl
(TMS) protecting groups in the presence of triisopropylsilyl
(TIPS) groups. Thus, the synthesis of building block 14 was
carried out analogously to a literature procedure.[19] The initial dihalogenated derivative 4 was prepared from hydroquinone (1) with hexylbromide to give 1,4-dihexyloxybenzene
(2) in a yield of 80 %. Bromination and subsequent iodination reactions gave 2-bromo-5-iodo-1,4-dihexyloxybenzene
(4) in a yield of 66 % (Scheme 1).[20] The introduction of the
appropriate ethynyl groups at different stages of the synthetic procedure was carried out by means of the Hagihara–Sonogashira reaction.[21] The experimental conditions were optimised for each step to improve the yield of the target molecules and to reduce undesired homocoupling reactions.[22]
From the initial dihalogenated derivative 4 and using palladium and copper iodide as catalysts in piperidine at room
temperature, the iodine atom was substituted by p-ethynylbenzaldehyde by reacting with 6 to give 7 in a yield of 41 %.
Compound 6 was previously synthesised from commercially
available 4-iodobenzaldehyde (5) in one step.[23] Similar conditions were used to remove the bromine atom with trimethylsilylacetylene. However, the target product was not obtained in any case. A different approach was carried out
through selective palladium-catalysed coupling of trimethylsilylacetylene with aryl iodide 4 leading to 8 in a yield of
87 %. Further reaction of 8 with p-ethynylbenzaldehyde (6)
led to 9 together with the homocoupling product 10 in low
yields.[24] Although different experimental conditions were
tested to improve the yield, the best results were obtained
by employing tetrakis(triphenylphosphane)–palladium as
the catalyst and diisopropylamine as the base at reflux in
toluene (Tol). Under these conditions, the desired compound 9 was obtained in a yield of 65 % (Table 1).[25]
An alternative route was followed for oPPE 14. Here, a
palladium-catalysed coupling reaction from 8 with triisopropylsilylacetylene afforded the asymmetric alkyne 11 in a
yield of 86 %. Selective removal of the TMS group, followed
by a Sonogashira reaction with 4-iodobenzaldehyde (5) led
to 13 in a yield of 67 %. The target product 14 was finally
obtained by monodeprotection of either 9 or 13 with K2CO3
in THF–MeOH, or tetrabutylammonium fluoride (TBAF),
respectively, in quantitative yields.
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Scheme 1. a) C6H13Br, EtONa, EtOH, D, 24 h. b) Br2, AcONa/AcOH, 0 8C. c) I2, H2SO4/H2O/KIO3, AcOH/CCl4/D. d) [PdCl2ACHTUNGRE(PPh3)2], PPh3, CuI, piperidine/RT. e) Different conditions were tested: [PdACHTUNGRE(PPh3)4], CuI, iPr2NH, THF/D; PdACHTUNGRE(OAc)2, PPh3, EtN3/D; [PdCl2ACHTUNGRE(PPh3)2], CuI, EtN3, DMF/D. f) [PdACHTUNGRE(PPh3)4], CuI, iPr2NH, Tol/D. g) [PdACHTUNGRE(PPh3)4], CuI, iPr2NH, THF/D. h) K2CO3, THF–MeOH. i) [PdACHTUNGRE(PPh3)4], CuI, iPr2NH, THF/D. j) Bu4NF, THF.
k) K2CO3, THF–MeOH.

Table 1. Experimental conditions used for Sonogashira reactions.
Catalyst

Base

Solvent

[PdACHTUNGRE(PPh3)4]/CuI
[PdACHTUNGRE(PPh3)4]/CuI
[PdACHTUNGRE(PPh3)4]/AgO2
[PdACHTUNGRE(OAc)2]/PPh3
[PdACHTUNGRE(PPh3)4]/CuI
[PdACHTUNGRE(dba)2][b]/PPh3/CuI
ACHTUNGRE[PdCl2ACHTUNGRE(PPh3)2]/PPh3/CuI
ACHTUNGRE[PdCl2ACHTUNGRE(PPh3)2]/PPh3/CuI

iPr2NH
iPr2NH
–
Et3N
iPr2NH
iPr2NEt
piperidine
iPr2NH

THF
THF[a]
THF
Et3N
toluene
toluene
piperidine
acetonitrile

[a] Deoxygenated. [b] dba: dibenzylideneacetone.

T
reflux
reflux
reflux
reflux
reflux
reflux
RT
RT

Yield 9/10
10:0
56:5
10:0
3:0
65:0
–
55:8
45:0

The synthesis of the suitably functionalised oPPE 16 was
approached through different strategies (Scheme 2). Firstly,
the previously synthesised alkynyl 14 was reacted with 2bromo-5-iodo-1,4-dihexyloxybenzene (4) under Sonogashira
conditions in the presence of palladium(0)/copper(I) iodide
leading to 15 in a yield of 14 %. However, the target product
16 could not be obtained by further Sonogashira reactions.
Therefore, we carried out the CC cross-coupling reactions between 8 and alkynyl compound 14, from which the
homocoupled compound 17 was obtained as the main product. This reaction sequence was studied under different ex-

Scheme 2. a) [PdACHTUNGRE(PPh3)Cl2], PPh3, CuI, piperidine/RT. b) Different conditions were tested: [PdACHTUNGRE(PPh3)4], CuI, iPr2NH, THF/D; PdACHTUNGRE(OAc)2, PPh3, EtN3/D.
c) [PdACHTUNGRE(PPh3)4], CuI, iPr2NH, THF/D (Table 2). d) [PdACHTUNGRE(PPh3)4], CuI, iPr2NH, THF/D.
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perimental conditions and, in all cases, the homocoupling
compound was obtained as the main product (Table 2).[26]
Table 2. Experimental conditions used for Sonogashira reactions.
Catalyst

Base

Solvent

T

Yield 16/17

[PdACHTUNGRE(PPh3)4]/CuI
[PdACHTUNGRE(PPh3)4]/CuI
[PdACHTUNGRE(PPh3)4]/CuI
ACHTUNGRE[PdCl2ACHTUNGRE(PPh3)2]/CuI
ACHTUNGRE[PdCl2ACHTUNGRE(PPh3)2]/PPh3/CuI

iPr2NH
iPr2NH
iPr2NH
Et3N
piperidine

THF
THF[a]
toluene
piperidine
piperidine

D
D
D
RT
RT

17:16
8:41
–
0:58
0:60

[a] Deoxygenated.

Moreover, the Sonogashira reaction between 8 and 12, in
spite of changing the catalyst, base and solvent, afforded exclusively the homocoupling product 18 in a yield of 90 %.
We focused on the synthesis of the p-conjugated system
16 by designing an asymmetric ethynyl compound, which allowed selective deprotection of the silyl group and a selective Sonogashira reaction. The incentive was to avoid the
undesired homocoupling product (Scheme 3). In this way,
selective CC cross-coupling reactions of terminal alkynyl
12 and aryl iodide 4 and subsequent treatment with trimethylsilylacetylene led to asymmetric compound 20 in a yield
of 97 %. Selective deprotection of the TMS protecting group
and further Sonogashira reaction with 4-iodobenzaldehyde
(5) afforded compound 16 in a yield of 64 %.
This synthetic route led to high yields in all steps and
avoided the persistent and undesired homocoupling product.
Furthermore, an alternative route was developed based on
the halogen interchange to favour the Sonogashira reaction.
Thus, treatment of 8 with nBuLi and I2 at room temperature
for 12 h afforded 23 in high yields. A further Sonogashira reaction with 14 led to 16 in a yield of 86 %. The desired
oPPE 24 was obtained by deprotection of 16 and 22 in quan-

titative yields. The presence of solubilising alkoxy chains
lends the oPPEs significant solubility, which allows their full
spectroscopic characterisation (Scheme 3).
In the next phase of our synthetic strategy, a palladiumcatalysed cross-coupling reaction with copper(I) iodide and
triphenylphosphane was carried out to link 2-iodo-p-extended tetrathiafulvalenes (exTTFs) (25)[27] to the appropriate
spacer oPPEs (6, 14, 24) in good to moderate yields of 85
(26 a), 50 (26 b) and 38 % (26 c) (Scheme 4).
Dyads 26 a–c were fully characterised on the basis of their
analytical and spectroscopic data. Importantly, they show in
addition to the oPPE features, the presence of exTTF. Thus,
the 1H NMR spectra contain singlets at d = 6.30 (26 a), 6.95
(26 b) and 7.04 ppm (26 c) corresponding to the protons of
the 1,3-dithiole rings.
Finally, the target molecules 27 a–c were prepared by 1,3dipolar cycloadditions of the azomethine ylides, generated
in situ from sarcosine (N-methylglycine) and aldehydes
26 a–c with C60, as highly soluble brown solids in yields of 33
(27 a), 63 (27 b) and 53 % (27 c) (Scheme 5).[28]
A number of spectroscopic techniques were used to determine the structure of exTTF–oPPE–C60 (27 a–c). The FTIR
spectra lacked the band at around 1600 cm1—due to the
carbonyl groups—but revealed the presence of the fullerene-specific band at 526 cm1. The 1H NMR spectra of 27 b,
as a representative example, showed, in addition to the aromatic signals, resonance signals of the NCH3 group at d =
2.86 ppm and the pyrrolidine protons at d = 4.98 (s, 1 H),
5.03 (d, J = 9.2 Hz, 1 H) and 4.30 ppm (d, J = 9.2 Hz, 1 H) in
good agreement with other N-methylfulleropyrrolidine derivatives.[13, 14] We also observed the signature of the p-conjugated oPPEs as two singlets at d = 7.03 and 7.05 ppm and
the 1,3-dithiol ring as a singlet at d = 6.79 ppm (s, 4 H).
All of the 13C NMR spectra showed the characteristic signals that correspond to the sp3 carbon atoms of the pyrroli-

Scheme 3. a) [PdACHTUNGRE(PPh3)2Cl2], PPh3, CuI, piperidine/RT/3 h. b) [PdACHTUNGRE(PPh3)4], CuI, iPr2NH, THF/D/4 d. c) K2CO3, THF–MeOH/RT/2 h. d) [PdACHTUNGRE(PPh3)4], CuI,
iPr2NH, THF/D/28 h. e) nBuLi, 0 8C/I2/RT/12 h. f) [PdACHTUNGRE(PPh3)4], CuI, iPr2NH, THF/D/28 h. g) K2CO3, THF–MeOH/RT/2 h. h) NBu4F, THF/RT/1 h.
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For the electrochemical and photophysical studies, reference compounds 28 and 29 were synthesised as outlined in
Scheme 6. Treatment of 9 and 15 with C60 and sarcosine (Nmethylglycine) in chlorobenzene at reflux for 3 h afforded
the reference compounds (28 and 29) in moderate yields
(Scheme 6).

Scheme 4. a) [PdCl2ACHTUNGRE(PPh3)2]/CuI/PPh3/piperidine/RT/24 h. b) [PdACHTUNGRE(PPh3)4]/
CuI/iPr2NH/THF/D/3 h. c) [PdACHTUNGRE(PPh3)4]/CuI/iPr2NH/THF/D/48 h.
Scheme 6. General conditions for the preparation of references are as follows: N-methylglycine, D, 3 h in chlorobenzene.

The electronic absorption spectra of exTTF–oPPE–C60
reveal the presence of the typical bands of C60, exTTF and
oPPE. Figure 1 shows a comparison, as a representative ex-

Figure 1. UV-visible spectrum of 27 b (b), 26 b (c) and 28 (g).

Scheme 5. General conditions for the preparation of triads 27 a–c from
(26 a–c):C60 are as follows: N-methylglycine, D, 3 h in chlorobenzene.

dine ring between d = 70 and 80 ppm and the tetragonal
carbon atoms of the solubilised alkoxy chains (see the Experimental Section in the Supporting Information).

Chem. Eur. J. 2008, 14, 6379 – 6390

ample, of the UV-visible spectrum of exTTF–oPPE–C60
(27 b) with exTTF–oPPE (26 b) and 28. A bathochromic
shift was observed for 27 b relative to the corresponding reference compound (28). The increase of the p-conjugated
system between the electroactive units in 27 a–c resulted in
bathochromic shifts in the wavelength range from l = 431
(monomer) to 494 nm (trimer) (see the Experimental Section in the Supporting Information).
It is interesting to note that 26 b shows a lmax value at
460 nm that could be assigned to a charge-transfer band
from the exTTF donor to the electron-accepting p-conjugat-
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ed oligomer with a formyl group.[29] This band is bathochromically shifted in 27 b with the onset extending to
nearly 600 nm.
Electrochemistry: The cyclic voltammetry (CV) data of
exTTF–oPPE–C60 are collected in Table 3 along with those
of C60, exTTF and reference compounds 28 and 29. The

Table 3. Redox potentials of 28, 29, 27 a–c, C60 and exTTF (V vs. SCE).[a]
Compound

E1pa

E2pa

E3pa

E4pa

E1pc

E2pc

E3pc

E4pc

E5pc

exTTF
C60
28
29
27 a
27 b
27 c

0.33 –
–
–
–
–
–
–
–
–
–
–
– 0.72 1.12 1.60
2.05
–
– 1.16 1.47 0.82 1.23 1.71 1.76
–
–
– 1.14 1.44 0.82 1.21 1.68 1.74
–
0.29 –
–
– 0.82 1.20 1.69 1.77 2.03
0.31 0.70 – 1.44 0.82 1.21 1.62 1.75
–
0.35 0.68 0.92 –
–
1.15 1.60 1.78 1.94

[a] Pa: anodic peak; pc: cathodic peak. Glassy carbon working electrode,
Ag/Ag + as reference electrode and platinum wire as counter electrode.
Bu4NClO4 (0.1 m) as supporting electrolyte in o-dichlorobenzene/acetonitrile (4:1 v/v) as solvent. Scan rate: 200 mV s1.

measurements were carried out in ODCB/CH3CN 4:1
(ODCB: o-dichlorobenzene) at room temperature using a
glassy carbon (GC) working electrode, standard Ag/AgCl as
the reference electrode and tetrabutylammonium hexafluorophosphate (0.1 m) as the supporting electrolyte (Table 3).
Unlike the parent C60, the CV analysis of 28 and 29
showed four quasi-reversible reduction waves due to the
fullerene moiety. These values are shifted towards more
negative reduction potentials relative to pristine C60 due to
the saturation of a double bond in the fullerene skeleton.
Implicit is a raise of the LUMO energy of the resulting fullerene derivatives.[30] Compounds 28 and 29 also showed two
oxidation waves (i.e., at 1.16 and 1.45 V) that correspond to
the oligomer units.
The CV analysis of 27 a–c revealed the presence of four
quasi-reversible reduction waves, resembling the trend
found for the parent C60. These reduction potentials are
cathodically shifted relative to pristine C60 and appear at potential values similar to those found for the reference compounds. Furthermore, compounds 27 a–c exhibited one additional reduction potential wave due to the presence of the
oligomer unit at 1.77 V (Figure 2).
The presence of exTTF leads only to one quasi-reversible
oxidation wave involving a two-electron process to form the
dication at around 0.33 V. This feature was previously confirmed by Coulometric analysis[31] and other related studies.[32] Attempts to generate and characterise the exTTF radical cation electrochemically caused its disproportionation
to the neutral and the dicationic form.[33] The oxidation potential values in 27 a–c are anodically shifted relative to the
parent exTTF, which confirms the better donor character of
the triads. However, the increase of the length on the oligomer chain produces a slight cathodic shift between 0.29 and
0.35 V. Two additional oxidation waves at 0.7 and 1.4 V
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Figure 2. Cyclic voltammogram of 27 a (c) (see Table 3 for the experimental conditions).

were also observed due to the oxidation of the oligo(phenACHTUNGREylACHTUNGREeneethynylene) moiety.
Overall, the redox potentials of exTTF–oPPE–C60 (27 a–c)
are similar to those found for the pristine donor (exTTF)
and acceptor (C60). From this data and the absorption spectra, we conclude that there are only weak electronic interactions between the redox-active components in their ground
states.
Theoretical calculations
Molecular geometries: Results from previous quantum
chemical investigations led to the assumption that in the
trimer exTTF–oPPE–C60 significant deviation from planarity
prevails. In turn, we concluded that the lack of planarity in
the dihedral angles between the phenyl rings adjacent to the
pyrrolidine ring and to exTTF influences changes the p conjugation, and thus, the electronic coupling between donor
and acceptor units in 27 c.[15] Further insight, by scrutinising
higher levels of theory, indicates, nevertheless, that the inaccurate description of conjugated p systems, delocalised systems and rotation barriers as part of the previously used
semiempirical Hamiltonians PM3 and AM1 might lead to a
deviation from planarity.[34] Furthermore, the previously
used geometry optimisation algorithm, as implemented in
the HyperChem software package, was found to fail in achieving complete convergence. To validate the above-mentioned results we employed further calculations using the
program packages Gaussian 03[35] for DFT and VAMP
10.0[36] for semiempirical calculations using the improved
AM1* Hamiltonian. Semiempirical calculations suggested
that in the minimum-energy structure the dihedral angle
formed by the phenyl rings approaches zero. These results
were confirmed by using DFT calculations at the B3LYP/631G* level and crosschecked by using B3PW91/6-31G* calculations. The deviation from planarity is less than  128.
Furthermore, single-point calculations at the B3LYP/6311G** and the B3PW91/6-311G** levels reveal a very low
rotation barrier of the phenyl rings in the p-conjugated
bridge (< 2.0 kcal mol1). Rotations of the phenyl unit adjacent to the pyrrolidine and the benzene moiety of exTTF
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connected to the oligomer are similarly not restricted by the
relatively low rotation barrier of less than 1.0 kcal mol1.[34e]
Electronic structure and energy levels: Figure 3 shows the
calculated (AM1*) ionization potentials (IPs) and electron
affinities (EAs) of exTTF, C60–pyrrolidine, the pristine

Figure 3. Calculated AM1* ionization potentials IP (~) and electron affinities EA (&) of the pristine building blocks: monomers (m), dimers (d)
and trimers (t).

oPPE oligomers and C60–oPPE. exTTF exhibits the lowest
EA and an IP that matches the IPs of the oligomer building
blocks. With the addition of C60 to the oligomers the IP
drops to approximately the IP of C60–pyrrolidine, which suggests strong electronic coupling between C60 and the bridge.
On the other hand, the electron-accepting features of the
fullerene are represented by its highest EA, which confirms
the electron-transfer pathway of the systems.
The HOMO/LUMO orbital schemes of the triads
(Figure 4) manifest this donor–acceptor character. The
HOMO is strongly localised on exTTF and reaches into the
oPPE bridge, which facilitates electron injection into the
bridge. However, in contrast to exTTF–oPPV–C60, in which

Figure 4. Representation of the HOMO (light grey) and LUMO (dark
grey) orbitals of exTTF–oPPE–C60 as calculated at the B3LYP/6-31G*
DFT level.

Chem. Eur. J. 2008, 14, 6379 – 6390

the HOMO is completely conjugated throughout the whole
bridge, in the corresponding exTTF–oPPE–C60 the localization is more pronounced. Hence, injection of an electron
into the bridge in exTTF–oPPV–C60 is favoured by the
better orbital overlap between exTTF and the oligomers.
Local-electron-affinity[3537] mappings of exTTF–oPPE–C60
and exTTF–oPPV–C60 are represented in Figure 5. Signifi-

Figure 5. Local-electron-affinity maps of exTTF–oPPV–C60 (left) and
exTTF–oPPE–C60 (right) as viewed with Tramp 1.1d[38] .

cant differences between the two systems can be seen when
comparing the conjugation in the bridge. In exTTF–oPPV–
C60, the local electron affinity is homogenously distributed
throughout the whole bridge, whereas in the oPPE systems
local maxima (red) can be found on the phenyl rings and
minima (yellow) on the triple bonds. This is due to the polarising character of the triple bonds and their shorter bond
lengths relative to the double bonds. Thus, the electrontransfer pathway through the oPPE bridge is interrupted by
these ethynylene linkers. This strongly influences the
charge-separation process and explains the difference in
electron-transfer properties between exTTF–oPPE–C60 and
exTTF–oPPV–C60.
In summary, the electronic structure of all triads confirms
the donor–bridge–acceptor character of the exTTF–oPPE–
C60 systems and suggests that the HOMO!LUMO transition would represent a nearly complete charge-transfer excitation with a very low extinction coefficient. To gain better
insight into these processes we carried out further calculations of the excited-state properties.
Quantum chemical modelling of excited states: To elucidate
the geometrical relaxation processes postulated on the basis
of the existence of very short-lived components in the timeresolved spectroscopic techniques described below, we optimised the minimum-energy geometries of the excited-states
in a vacuum. These singles-only configuration (CIS) calculations predict that the HOMO!LUMO transition makes a
major contribution to the charge-transfer (CT) state and
causes a large change in dipole moment (Table 4).
One-electron excitation from the HOMO to the LUMO
contributes to the CT state with zero oscillator strength (f)
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Table 4. Excited-state properties predicted by quantum chemical calculations for compound 27 c (top: CIS including six active orbitals; bottom:
CIS including ten active orbitals).
State

lex [nm]

f

S1
S2

395
385

0.000
0.000

S2
S6
S7

376
285
278

0.066
0.554
0.000

S8

277

0.001

Dm [D]

Character

CIS = 6
135.3
CT
136.9
CT
CIS = 10
3.6
LE1
4.0
LE2
129.3
CT
69.8

BCT

Involved configuration
HOMO!LUMO
HOMO!LUMO+1
HOMO4!LUMO
HOMO4!LUMO+3
HOMO!LUMO,
HOMO2!LUMO
HOMO2!LUMO,
HOMO3!LUMO

(Table 4). In addition, in 27 c two symmetric bridge chargetransfer states (BCT) could be found close in energy to the
CT states with a lower change in dipole moment
(69.8 debye). These states correspond to the local-electronaffinity maxima centred on the oPPE rings, which underline
the utility of the local electron affinity at the surface as a
fast scanning method to elucidate possible CT states. These
bridge CT states can compete with the charge transfer from
exTTF to C60. The calculated excitation wavelengths (in solution) for the CT states of the triads are found around l =
350 nm with a redshift that is dependent on the length of
the oligomer but independent of solvent polarity. Similar behaviour was found for the fluorescence maxima of 27 a–c
with a solvent-independent fluorescence, which reaches a
maximum between l = 450 and 500 nm and also depends on
the length of the oligomeric bridge. However, regarding the
fluorescence maximum of the BCT state of 27 c at 380 nm
with a 261 nm excitation in simulated diethyl ether, an overlap between the CT fluorescence that reaches a maximum at
450 nm is possible and depends on the quantum yield.
Scrutinising the electrostatic potential of the AM1-optimised ground states and the corresponding CT states
mapped onto the molecular surface (Figure S1 in the Supporting Information) reveals that in all CT states of the
exTTF–oPPE–C60 triads the positive charge is localised on
exTTF (red) and the negative charge on C60 (blue). Alternatively, in the BCT state the charge is localised on one of the
phenyl rings. The corresponding symmetric BCT state was
also found in the CI calculations. Further examination of
the excited states reveals a strong dependence of their
energy upon solvent polarity that follows the experimental
trends (see Supporting Information).
Photophysics: First, the steady-state fluorescence spectra of
the oPPE references C60–oPPE and exTTF–oPPE–C60 were
recorded upon 355 nm photoexcitation. For our photophysical assays we added the properties previously determined
for the 0-mer, that is, the electron donor–acceptor system in
which the anthracenoid core of exTTF is directly linked to
the carbon atom of the pyrrolidine skeleton. In general, all
oPPE references fluoresce strongly throughout the visible
region, which renders this feature extremely valuable to dis-
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sect excited-state interactions with C60 in C60–oPPE and also
in exTTF–oPPE–C60. The major oPPE features include
strong visible-light fluorescence with quantum yields close
to unity (i.e., about 0.77). The fluorescence maxima, similar
to the absorption maxima, depend on the length of the oligomer and reach from 400 to 490 nm in the case of the monomer and trimer, respectively.
Not surprisingly, when inspecting the oPPE fluorescence
in C60–oPPE under identical experimental conditions dramatic changes, which are as large as a 1500 V reduction in
the fluorescence quantum yields, attest to an almost instantaneous deactivation of the quantitatively excited oPPE in
C60–oPPE. Nevertheless, it is important to note that the
fluorescence pattern of the oPPE is still preserved, despite
the presence of C60. In the near-infrared region of the fluorescence spectrum the observed features resemble those
known for the C60 reference. Notably, photoexcitation at
355 nm directs the light nearly quantitatively to the oPPE
and not to C60. A reasonable explanation implies transduction of singlet excited-state energy from the oPPE (2.60 eV)
to C60 (1.76 eV). Independent confirmation for this hypothesis was obtained from excitation spectra, in which the fluorescence wavelength was kept constant at 715 nm and the
excitation wavelength was systematically varied. An exceptionally good agreement with the ground-state absorption
spectrum confirms that the C60 fluorescence evolves largely
from singlet energy transfer and, to a minor extent, from
direct excitation. Quantification of the energy-transfer reaction was possible through comparing the C60 fluorescence
quantum yields in solutions of C60–oPPE in toluene with
that of the C60 reference as an internal reference under exactly the same experimental conditions. Overall, the quantum yield of C60 fluorescence amounts to 6.0 V 104—identical to that of a C60 reference that lacks oPPE—ruling out
any endothermic electron transfer (DGCS > 0.24 eV) between C60 (Ered : (0.61  0.02) V versus Ag/Ag + ) and oPPE
(Eox : 2.09 (monomer 27 a), 2.04 (dimer 27 b) and 1.96 V
(trimer 27 c) versus Ag/Ag + ). In conclusion, on exciting the
oPPEs, a rapid intramolecular transduction of energy funnels the excited-state energy to the fullerene core, generating 1*C60 quantitatively. Excitation of C60, on the other hand,
leads directly to 1*C60.
In stark contrast to C60–oPPE and the C60 reference, the
fullerene fluorescence is appreciably quenched in exTTF–
oPPE–C60 (i.e., as low as 0.55 V 104 in THF). This is shown
in Figure 6. Moreover, the fluorescence quantum yields
depend strongly on the length of the oPPE bridge: 0-mer:
0.18 V 104 ; monomer 27 a: 0.55 V 104 ; dimer 27 b: 1.8 V 104.
No appreciable interactions were noted for the 3-mer. Setting these quantum yields in relationship to the C60 reference and its lifetime, the C60 fluorescence deactivation rates
in the 0-mer, monomer 27 a and dimer 27 b were determined
as 2.1 V 1010, 6.6 V 109 and 1.3 V 109 s1, respectively. Additionally, we followed the fluorescence at 710 nm, but found only
measurable decay rates for the C60 reference (6.6 V 108 s1)
and the dimer 27 b (2.6 V 109 s1). We must conclude at this
point of the investigation that 1*C60, populated either direct-
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Figure 6. Quenching of the C60 emission in exTTF–oPPE–C60 (27 a, 27 b)
upon excitation at 425 nm with matching optical density at 425 nm in
THF. c = C60 reference, g = exTTF–oPPE2–C60, b = exTTF–
oPPE1–C60.

ly or indirectly, powers an exothermic electron transfer
(DGCS  0.7 eV) to yield the radical-ion-pair state,
[exTTFC + –oPPE–C60C].
The aforementioned hypothesis, namely, formation of the
radical-ion-pair state was corroborated through transient absorption spectroscopy. For oPPE, these results revealed the
nearly instantaneous generation of metastable singlet excited-state transients upon photoexcitation. The spectral characteristics of these transients are ground-state bleaching in
the 400–450 nm range and new transient absorption in the
600–1200 nm range (Figure 7). The product of the aforementioned decay is the corresponding triplet excited state of
oPPE.
Upon photoexciting, C60–oPPE transient species initially
evolve that disclose features commonly seen in the oPPE
references, namely, transient bleach (i.e., below 450 nm) and
transient maxima (i.e., around 700 nm). Such an observation
is important because it attests—in close agreement with the
ground-state absorption at the 387 nm excitation wavelength—the successful excitation of the oPPE moieties.
However, the features of the oPPE singlet excited state
decay much faster than those observed for the intersystemcrossing (ISC) process in the oPPE references (Figure 8).
Typical rate constants for this decay are of the order of
 1012 s1. Such values confirm the quantitative quenching of
the oPPE fluorescence in C60–oPPE. At the conclusion of
the oPPE decay only the C60 singlet excited-state features
are discernable, that is, a transient maximum at 880 nm. On
a timescale of up to 3.0 ns the C60 singlet excited-state intersystem crosses to the corresponding triplet manifold. Importantly, the kinetics of the singlet decay and the triplet
growth match each other reasonably well to yield ISC rates
in C60–oPPE of 6.5 V 108 s1. The most prominent feature of
the C60 triplet excited state is a 700 nm maximum as it
evolves towards the end of the timescale of our femtosecond
experiments (i.e., 3.0 ns). In complementary nanosecond experiments with C60–oPPE the same triplet transient is seen,
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Figure 7. Top: differential absorption spectrum (visible and near-infrared)
obtained upon femtosecond flash photolysis (420 nm) of solutions of reference trimer oPPE 16 in nitrogen-saturated THF with time delays between 0 and 3000 ps at room temperature (V = 0, * = 1, and * = 2900 ps).
Bottom: time-absorption profile of the spectra shown above at 800 nm to
monitor the formation and decay of the singlet excited state of trimer
oPPE.

which in the absence of molecular oxygen, decays with multiexponential kinetics.
The additional detection from results of exTTF–oPPE–C60
of the instantaneous grow-in of the 880 nm absorption affirms the successful C60 excitation. Instead of seeing, however, the slow ISC dynamics that C60–oPPE and C60 exhibit,
the singlet–singlet absorption decays in the presence of
exTTF donors with accelerated dynamics. The singlet excited-state lifetimes, as they were determined from an average
of first-order fits of the time-absorption profiles at various
wavelengths (850–950 nm), are listed in Table 5.
Spectroscopically, the transient absorption changes, taken
after the completion of the decay, bear no resemblance to
the C60 triplet excited state. Importantly, Figure 9 corroborates the spectral signatures of the one-electron oxidised
exTTFC + and the one-electron reduced C60C, which were detected as new transient maxima at 660 and 1010 nm, respectively. The spectral identification holds for the 0-mer, 1-mer
and 2-mer, although for the 3-mer only a very broad transient, whose identity remains unknown to us at this stage,
dominates the region of interest. It is, however, clear that no
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Figure 8. Top: differential absorption spectrum (visible and near-infrared)
obtained upon femtosecond flash photolysis (420 nm) of solutions of reference C60–oPPE 28 in nitrogen-saturated THF with time delays between
0 and 3000 ps at room temperature (V = 0, * = 1, and * = 2900 ps).
Bottom: time-absorption profile of the spectra shown above at 690 (*)
and 900 nm (*) to monitor the formation and decay of the singlet excited
state of C60.

Table 5. Photophysical properties of the exTTF–oPPE–C60 triads and the
fulleropyrrolidine.
Ffl
C60 reference
0-mer
monomer 27 a
dimer 27 b
trimer 27 c

4

6.0 V 10
0.18 V 104
0.55 V 104
1.8 V 104
–

t1[a] [ns]

kCS [s1]

kCR [s1]

1.233
–
–
0.380
(ACHTUNGRE 0.793)

–
2.1 V 1010
6.6 V 109
1.3 V 109
3.9 V 108

–
4.9 V 106
1.1 V 106
3.8 V 105
not detectable

[a] Singlet lifetime.

radical ion pair is formed for the 3-mer (see below). Both
radical-ion-pair species, that is, C60C and exTTFC + , decay in
the 0-mer (4.9 V 106 s1), monomer 27 a (1.1 V 106 s1) and
dimer 27 b (3.8 V 105 s1) with similar rates (DGCR  1.0 eV)
to reinstate the singlet ground states.
Figure 10 documents how relating the charge-separation
and charge-recombination dynamics in THF to the electron
donor–acceptor separation (i.e., centre-to-centre: RCC)
allows the evaluation of the attenuation factor (b) of the
oPPE bridges. From both relationships, which reveal linear
dependences, attenuation factors (b) were derived that are
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Figure 9. Top: differential absorption spectrum (visible and near-infrared)
obtained upon femtosecond flash photolysis (477 nm) of solutions of monomer 27 a in nitrogen-saturated THF with time delays between 0 and
3000 ps at room temperature (V = 0, * = 1, and * = 2900 ps). Middle: differential absorption spectrum (visible and near-infrared) obtained upon
femtosecond flash photolysis (477 nm) of solutions of dimer 27 b in nitrogen-saturated THF with several time delays between 0 and 3000 ps at
room temperature (V = 0, * = 1, and * = 2900 ps). Bottom: time-absorption profile of the spectra shown above at 1010 nm to monitor the formation of the radical-ion-pair state (* = monomer 27 a, * = dimer 27 b).

in perfect agreement with each other. In particular, (0.21 
0.05) 81 was determined for the charge separation, whereas
(0.2  0.05) 81 evolved for the charge recombination.
Please note that these values are factors of 20 and 2 higher
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dynamics reveal a wirelike behaviour with an attenuation
factor (b) of (0.2  0.05) 81.
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Figure 10. Centre-to-centre distances (RCC) dependence of charge-separation (ln kCS) and charge-recombination (ln kCR) rate constants in exTTF–
oPPE–C60 in nitrogen-saturated THF at room temperature. The slope
represents b. The dashed line represents the singlet lifetime of C60.

than what we have established earlier for oPPV bridges
(i.e., (0.01  0.005) 81)[13, 14] and oligofluorene [oFl] bridges
(i.e., (0.09  0.005) 81),[39] respectively.
It is interesting to note that by extrapolating the linear relationship in Figure 10 to the trimer 27 c a charge-separation
rate would be obtained that would, in fact, be slower than
the singlet lifetime of C60 (i.e., dashed line). This, in turn,
helps to rationalise the lack of C60 fluorescence quenching
in the trimer 27 c.

Conclusion
We have successfully developed the synthesis of novel
donor–bridge–acceptor (exTTF–oPPE–C60) systems based
on oligo(p-phenyleneethynylene) (oPPE) as a bridge. The
combination of the bromo–iodo selectivity in the Hagihara–
Sonogashira reaction and the selective deprotection of
TMS-protected acetylene in the presence of a TIPS-protected acetylene is a powerful tool for the preparation of asymmetric oPPEs. A further cross-coupling reaction in a convergent manner leads to the respective dyads, endowed with an
aldehyde group and an exTTF unit, which undergo a 1,3-dipolar cycloaddition reaction with C60 to afford the final molecular arrays 27 a–c.
The electrochemical study reveals amphoteric redox behaviour and a lack of significant electronic communication
between the donor (exTTF) and the acceptor (C60) moieties
through the p-conjugated oligomer in the ground state.
However, quantum chemical calculations disclose the
donor–bridge–acceptor character of the exTTF–oPPE–C60
systems and suggest that the HOMO!LUMO transition
would represent a nearly complete charge-transfer excitation with a very low extinction coefficient. Photoexcitation
is followed by a rapid intramolecular charge separation to
generate a radical-ion-pair state (exTTF and C60 at 660 and
1000 nm, respectively). The radical ion pairs decay in 4.9 V
106 (27 a) and 1.1 V 106 s1 (27 b). The charge-recombination
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