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The ultimate goal in device miniaturisation aims at the incor-
poration of single molecules as building blocks for the con-
struction of molecule-based electronic, mechanical and optical
devices. Molecular electronics, for instance, is emerging as a
field that will conjecturally resolve the quest to scale electron-
ics beyond the limit of “Moore’s Law”.[1] Yet, molecular devices
will, for a broad range of applications, be driven or powered
by light.[2] Decisive advantages of the photonic approach are
flexibility of addressability (wavelength, polarisation), picosec-
ond reaction times providing ultrafast speed for light transport
or switching and the possibility of manipulating and/or tailor-
ing output performance. Furthermore, quantum phenomena
associated with light clearly manifest at room temperature, in
contrast with the low-temperature requirements of molecular
electronics.

Molecular photonics, as field of research at the strategic in-
tersection of chemistry, physics and engineering sciences, is
rapidly emerging as realistic alternative to eventually comple-
ment the rather mature semiconductor-based technology,
which is reaching by now its limits in miniaturisation. The key
goal in molecular photonics is the development of photonic
materials and devices based on organic (bio)molecules. The
use of organic materials offers the advantage of easy fabrica-
tion, the possibility of synthesising and modifying organic
compounds into the desired structures by molecular engineer-
ing and the tuning of a large variety of physical properties by
small changes in the structure. Despite rapid progress in the
field (see refs. [2–4] for the most recent reviews), demonstra-
tions of functionality at the level of single molecules, for in-
stance, switching, photon or charge transport, and energy con-
version, are rather scarce.[5–8] Exciting enough, the advent of
single-molecule techniques is offering nowadays the possibility
of exploring the properties and assessing the functionality of
molecular devices on an individual basis.

In recent years, single-molecule fluorescence spectroscopy
(SMS) has consolidated as unique method to investigate the
properties of individual emitters in complex systems at ambi-
ent conditions.[9–11] Fluctuations in the fluorescence–time tra-
jectories of individual emitters contain detailed molecular-level
statistical and dynamical information of the system. Quantum
jumps between singlet and triplet states on individual mole-
cules embedded in thin polymer films have been observed at
room temperature.[12, 13] Photon antibunching revealing the
quantum character of single or coupled emitters,[14–17] on–off
fluorescence blinking,[18] collective quantum jumps[18] and su-
perradiance in strongly coupled systems[19–20] are only few ex-
amples of the quantum phenomena that can be readily ob-
served at room temperature using single-molecule detection
techniques. As such, the technique has reached its level of ma-
turity to investigate and eventually manipulate photonic mo-
lecular systems with potential device functionality.

Yet, the road towards molecule-based optical devices is
facing at least three clear challenges: 1) the actual develop-
ment phase, where the physical properties to be tuned by syn-
thetic methods have to match those that can be measured
with current single-molecule techniques; 2) the testing and op-
eration of individual devices using nanoscale instrumentation;
and 3) the need to interface such nanometric-sized molecular
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Molecular photonics is a new emerging field of research around
the premise that it is possible to develop optical devices using
single molecules as building blocks. Truly technological impact in
the field requires focussed efforts on designing functional molecu-
lar devices as well as having access to their photonic properties
on an individual basis. In this Minireview we discuss our ap-
proach towards the design and single-molecule investigation of
one-dimensional multimolecular arrays intended to work as mo-
lecular photonic wires. Three different schemes have been ex-
plored : a) perylene-based dimer and trimer arrays displaying co-
herent exciton delocalisation at room temperature ; b) DNA-based

unidirectional molecular wires containing up to five different
chromophores and exhibiting weak excitonic interactions be-
tween neighbouring dyes; and c) one-dimensional multichromo-
phoric polymers based on perylene polyisocyanides showing exci-
merlike emission. As a whole, our single-molecule data show the
importance of well-defined close packing of chromophores for
obtaining optimal excitonic behaviour at room temperature. Fur-
ther improvement on (bio)chemical synthesis, together with the
use of single-molecule techniques, should lead in the near future
to efficient and reliable photonic wires with true device function-
ality.
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device to the macroscopic world. Herein, we discuss our efforts
towards the design of molecular photonic wires and their in-
vestigation at the individual molecular level by optical means.
The general idea of such a device is illustrated in Figure 1 a.
Light is absorbed by one of the chromophores composing the

wire and “transmitted” towards a collecting chromophore from
which a final photon is emitted. Three different synthetic ap-
proaches, as schematically shown in Figure 1 b, have been ex-
plored, namely: a) Perylene-based dimer and trimer assem-
blies; b) DNA-based unidirectional molecular wires; and
c) One-dimensional multichromophoric polymers based on
perylene polyisocyanides. Furthermore, we have applied SMS
to investigate individual wires and demonstrate that both
weak and strong dipole coupling interactions govern the prop-
erties of these well-ordered artificial systems. Finally, we dis-
cuss the performance of the wires in terms of their (bio)chemi-
cal stability and influence by the environment.

Energy-Transfer Mechanisms in
Multichromophoric Systems

Multichromophoric systems can exhibit interesting optical and
electronic properties due to the interactions between dye
units that are near to each other. This may result in electron
energy (exciton) transfer over the system, a process that con-
stitutes the physical working mechanism in various kinds of
relevant complex molecular aggregates, such as photosynthet-
ic and autofluorescent proteins,[21, 22] light-harvesting assem-
blies[23] and conjugated polymers.[24] Full understanding of the
excitonic interaction between adjacent chromophores is there-
fore a necessary step when envisaging the design of molecular
photonic wires.

In absence of orbital overlap, electron energy transfer be-
tween nearby chromophores is generally caused by the transi-
tion dipole moment coupling, an interaction whose strength
(U) decreases with the third power of the intermolecular dis-
tance. The rate of the transfer process, however, is constrained
by static (energy and geometry fluctuations) and dynamic
(coupling to phonons) disorder in the system (D), which coun-
terbalances the effect of dipole coupling on the optical proper-
ties of the assembly. Two limiting situations can be distinguish-

ed according to the U/D ratio.[25] For large U/D values (i.e. ,
large coupling strength due to short interchromophoric distan-
ces, low disorder), coherent energy transfer between adjacent
chromophores holds, whose individual electronic functions su-
perimpose to yield new exciton states delocalised over the
entire system, as indicated in Figure 2 a.[25] Accordingly, the as-

sembly behaves as a new single-quantum system, whose opti-
cal properties significantly differ from those of the separate
chromophores and critically depend on the orientation of the
interacting dipoles. Whereas a head-to-tail alignment (J config-
uration) leads to an enhancement of the excited-state radiative
rate (superradiance) together with red-shifted absorption and
emission, a parallel transition dipole arrangement (H configura-
tion) results in blue-shifted absorption followed by suppression
of fluorescence emission.[25]

On the other extreme, very low U/D values (i.e. , small cou-
pling strength due to large interchromophoric distances, high
disorder) lead to Fçrster-type incoherent energy transfer be-
tween nearby dyes (Figure 2 b), vibrational relaxation in the ex-
cited unit (donor) occurring before transfer to the adjacent
chromophore (acceptor).[26] Consequently, the spectral proper-
ties of the interacting dyes are not altered. The efficiency of
energy transfer is in this case given by ET = (1 + (R/R0)6)�1,
where R is the intermolecular separation and R0 the distance at
which the transfer efficiency equals 50 %. R0 is related to the
spectral properties and relative orientation of the molecules by
R0 = 0.211[k2n�4QDJ(n)]1/6, where k2 is the orientation factor, QD

is the quantum yield of the donor in the absence of the ac-
ceptor, n is the refractive index of the medium and J(n) is the
spectral overlap between donor emission and acceptor absorp-
tion spectra.

Both weak and strong coupling interactions on individual
natural and artificial multichromophoric systems have been ex-
tensively studied in recent years.[15–17, 19–24, 27] On one side, SMS
studies have focussed on complex systems containing a large
number of chromophore units, such as light harvesting com-
plexes[23] and multichromophoric conjugated polymers.[24] Fur-
thermore, other natural multichromophoric systems containing
a smaller number of chromophore units, such as the autofluor-
escent protein DsRed[22] and the allophycocyanin trimer from

Figure 1. a) Basic concept of a molecular-based photonic wire; b) three differ-
ent approaches towards the design of molecular photonic wires.

Figure 2. Two limiting energy-transfer processes occurring on close-by mole-
cules ; a) In the strong coupling regime, the assembly behaves as a new single-
quantum system, and the energy is delocalised over the entire system. b) In the
weak coupling regime, the molecules behave as separate entities preserving
their spectral properties. Incoherent energy transfer occurs from a donor to an
acceptor molecule.

820 � 2005 Wiley-VCH Verlag GmbH & Co. KGaA, Weinheim www.chemphyschem.org ChemPhysChem 2005, 6, 819 – 827

M. F. Garc�a-Parajo et al.

www.chemphyschem.org


Banana variabilis[21] have been investigated at the single-mole-
cule level. Unfortunately the intrinsic complexity of those sys-
tems hampers full understanding of their collective behaviour.
On the other side, some recent approaches have been devoted
to the analysis of excitonic effects at the single-molecule level
in simpler artificial multichromophoric systems intended to
mimic the behaviour of natural systems. Energy transfer for a
donor–acceptor pair has been investigated by using DNA as a
rigid spacer and varying the interchromophoric distance,[28]

and dendrimers have been employed to generate multichro-
mophoric assemblies containing either one or two different
types of chromophore units.[27] To attain optimal excitonic be-
haviour in multichromophoric assemblies, a well-defined close
packing of the chromophores is thus required. Three different
synthetic approaches towards the design of well-ordered one-
dimensional multichromophoric arrays intended to work as
molecular photonic wires are discussed below.

Perylene-Based Dimer and Trimer
Photonic Wires

The simplest systems resembling molecular photonic wires are
composed by two or three identical chromophores covalently
linked in a parallel head-to-tail configuration. For that purpose,
we have used tetra-t-butylphenoxy-perylene diimide as chro-
mophore. Due to steric repulsion between the t-butylphenoxy
branches in the perylene bay positions, the typical planar con-
figuration of nonsubstituted perylenes is slightly distorted al-
though the perylene main transition dipole moment still re-
mains aligned along its long molecular axis, as illustrated in
Figure 3.[20] Quantum mechanical calculations show that the re-
sulting perylene-based dimers and trimers have a rigid struc-
ture with the individual units being perpendicular to each
other, which prevents full extension of the p-conjugated path
of the system. Under these conditions, and with interchromo-
phoric distances of 1.3 nm, strong excitonic coupling is expect-
ed even at room temperature.

Figure 3 shows, as examples, fluorescent trajectories record-
ed at room temperature of an individual monomer (a), dimer
(c) and trimer (e) perylene assembly. One single intensity level
above the background is recovered on the perylene monomer
(observed for 70 % of the 110 molecules investigated) accom-
panied by the irreversible photobleaching of the molecule at
t = 20 s. In contrast, two and three distinct intensity levels
above the background are observed on the dimer and trimer
assemblies, respectively. This situation is found for 70 % of the
dimers and 66 % of the trimers investigated. The discrete inten-
sity levels arise from the stepwise photodegradation of pery-
lene units in the dimer and trimer and are a characteristic sig-
nature of multichromophoric systems.[21, 22, 24, 27] The intensity
ratios for the different levels in the dimer are (2:1) and
(2.8:2.2:1) for the trimer system. The slight deviation observed
for the trimer system with respect to the ideal intensity ratio
(3:2:1) is ascribed to spectral changes upon photobleaching,
while the emission quantum yield of the individual chromo-
phores remains constant.[20] Indeed, bulk measurements show
that the fluorescence quantum yield (Ff) of intact monomer,

dimer and trimer molecules is very similar and close to one,
but the absorption cross-section at l= 568 nm does not scale
with the number of chromophores.

To elucidate the occurrence of exciton coupling effects in
the emission of perylene dimers and trimers, the time delay
between consecutive emitted photons for individual molecules
was measured.[14–17] Figures 3 g–3 i show the interphoton time
distribution for a single perylene monomer (g) and the highest
intensity levels of an individual dimer (h) and trimer (i), which
follow the second-order correlation function g(2)(t) at short
times. As expected, the perylene monomer exhibits a pro-
nounced dip at t = 0 with g(2)(0) = 0.04, which is consistent with
its single-emitting character (antibunching behaviour). On the
other hand, both the intact dimer and trimer display similar
dips at t = 0, with g(2)(0) = 0.08 for the dimer and g(2)(0) = 0.11
for the trimer, in contrast with the values of g(2)(0) = 0.5 and
g(2)(0) = 0.67 expected for two and three in-plane independent
emitters, respectively. The low values of g(2)(0) obtained for
both systems confirm their single-emitting character, consis-
tent with the fact that, at a given moment in time, fluores-
cence arises from a single-emitting site. Such behaviour is a
fingerprint for the occurrence of electron energy transfer in
the assemblies, regardless of whether the separate dye units in
the system are weakly[15, 16] or strongly[20, 29] coupled. Interest-
ingly, the width of the dip in the g(2)(t) graphs in Figure 3 nar-
rows with the number of interacting dye units. Since the dip
width is related to the excited-state fluorescence lifetime, Fig-
ures 3 g–3 i hint to the occurrence of changes in the radiative
rate with the number of interacting chromophores.

Figure 3. a) and b) Fluorescence intensity trajectory (bin time = 50 ms) and ex-
cited lifetime tf for a monomer molecule. Each tf value derives from a monoex-
ponential fitting to the photon arrival time decay built every 1.5 s. c) and
d) Fluorescence intensity trajectory (bin time = 50 ms) and excited lifetime tf

(bin time=1.5 s) for a dimer molecule. (~) stand for tf1 (lowest intensity level),
while (*) stand for tf2 (highest intensity level of the dimer). e) and f) Fluores-
cence intensity trajectory (bin time = 50 ms) and excited lifetime tf (bin
time=1.5 s) for a trimer molecule. (~) stand for tf1 (lowest intensity level), (*)
for tf2 (intermediate level of the trimer) and (&) stand for tf3 (highest intensity
level of the trimer). g)–i) Experimental (symbols) and fitted (lines) second-order
correlation function, g(2)(t) for a monomer molecule (g), highest level of a
dimer molecule (h) and highest level of a trimer molecule (i). From the fitting:
g(2)(0) = 0.04 and tf = 6.1 ns for the monomer (g) ; g(2)(0) = 0.08 and tf2 = 5.0 ns
for the highest level of the dimer (h); and g(2)(0) = 0.11 and tf3 =3.7 ns for the
highest level of the trimer.
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To further investigate this issue, the fluorescence lifetimes of
monomer, dimer and trimer molecules were monitored in
time, together with the fluorescence intensity, as shown in Fig-
ures 3 b, 3 d and 3 f. Simultaneously with intensity jumps in the
dimer and trimer, fluorescence lifetime jumps are also ob-
served. As shown in Figure 3 d, the dimer exhibits a lifetime of
htfi= 4.6 ns for the highest intensity level (two active units)
and suddenly increases to htfi= 5.6 ns on the lowest intensity
level (one active unit), a value that is similar to that found for
the perylene monomer (htfi= 5.6 ns). Likewise, Figure 3 f
shows sudden jumps in the excited fluorescence lifetime of
the trimer. The recovered values are htfi= 3.8, 4.8 and 7.1 ns
for the highest (three active units), intermediate (two active
units) and lowest (one active unit) intensity levels, respectively.
The shorter fluorescence lifetimes obtained for both the intact
dimer and the trimer are indicative of strong excitonic cou-
pling interactions between the individual units composing the
assemblies.[19, 20, 25] In fact, enhancement of the radiative rate
(superradiance) and thus a shortening of the excited-state life-
time are expected for strongly interacting molecular systems
arranged in a head-to-tail configuration (see above). Together
with superradiance, we have also observed a smoothing out of
the vibronic features in the spectrum of the dimeric and tri-
meric systems and a red-shifted emission spectrum, confirming
coherent exciton delocalisation in the assemblies.[20, 30]

The large majority of the molecules investigated showed ex-
citonic interactions similar to those presented in Figure 3. The
degree of superradiance, and thus the exciton delocalisation
length, can be estimated according to the superradiance co-
herence factor Ls,

[19] given by Ls = krad(level n)/krad(level 1),
where krad = 1/tf as Ff�1 in all cases, n corresponds to the
highest and 1 to the lowest intensity levels of the assembly.
For an ideal molecular assembly, where the excitation is com-
pletely delocalised, the Ls factors should be 2 for the dimeric
and 2.9 for the trimeric systems, respectively.[19, 20, 25]

Figure 4 a shows the distribution per intensity level, of the
excited-state lifetime obtained for 55 dimer molecules. As
clearly observed, the lifetime distribution of the highest inten-
sity level, that is, the intact dimer system, is shifted to shorter
values of tf as compared to the distribution of the lowest in-
tensity level, where only one chromophore is active. The aver-
age tf values are 4.8 ns when both units are active and htfi=
5.7 ns with only one active unit. Figure 4 c shows the recovered
Ls =tf1/tf2 distribution for the perylene dimers. The distribution
varies from Ls = 1 to Ls = 1.55 with an average value of Ls =

1.2�0.1. As already mentioned, Ls is a measure of the exciton
delocalisation length, and thus, the higher Ls, the stronger the
coupling between the chromophores. A value of Ls = 1 indi-
cates weak or no coupling at all. As observed in Figure 4 c, the
large majority of the dimers show strong coupling interactions
between their chromophores. Yet, the exciton delocalisation
extent is considerably lower than that expected from an ideal
system. This demonstrates that, in our case, disorder plays an
important role in limiting the strength of coupling.[20, 30] Thus,
the local surrounding of the heterogeneous polymer host in-
troduces energy variations from molecule to molecule, as well
as changes in their photophysical properties. This is proven by

the significant spread in fluorescence lifetimes and spectra
measured for the perylene monomer (data not shown).

A similar trend is also obtained when compiling the lifetime
distributions for each intensity level on 121 perylene trimers.
Figure 4 b shows a clear shift of the distributions to shorter
values of tf with the number of interacting chromophores. Al-
though strong excitonic coupling between the different units
exist, the effect of static and dynamic disorder is also present,
with an average superradiance coherence factor Ls of 1.5�0.2,
as shown in Figure 4 d, instead of 2.9 as expected for a fully
delocalised trimer array.[20]

Both perylene-based dimer and trimer assemblies are exam-
ples of well-ordered multimolecular systems, where the excit-
ed-state energy is partially delocalised, and they constitute a
first step towards the design of more complex systems. One
could envisage, for instance, the inclusion of an antenna dye
at a higher energy to capture and funnel the light toward the
dimer or trimer “transmission” unit and the addition of a lower
energy dye on the other extreme of the wire for final photon
emission. In this way, efficient and rapid energy transfer from
the antenna to the collector unit should, in principle, be ach-
ieved. Although possible, the design of such a molecular pho-
tonic wire by synthetic routes remains a challenge.

DNA-Based Molecular Photonic Wires

A more feasible route towards the design of molecular pho-
tonic wires is provided by the use of fluorescent dyes in com-
bination with DNA as a rigid scaffold. The unique features of
double-stranded DNA make it an ideally suited building block
for nanoscaled molecular devices.[31] With a persistence length
of 50 nm, DNA constitutes a stiff scaffold for the chromo-
phores. In addition, DNA offers many well-developed labelling

Figure 4. a) Lifetime distributions for the different levels of 55 dimer molecules ;
b) Lifetime distributions for the different levels of 121 trimers investigated ;
c) Histogram of the tf1/tf2 ratio for the dimers in (a) ; d) Histogram of the tf1/tf3

ratio for the trimers in (b). htf2i= 4.8 ns (light grey) and htf1i= 5.7 ns (dark
grey) for levels 2 (highest) and 1 (lowest) of the dimer molecules, respectively.
htf3i= 4.1 ns (black), htf2i= 5.3 ns (light grey) and htf1i= 5.9 ns (dark grey) for
levels 3, 2 and 1, respectively, of the trimers investigated.
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strategies including hybridisation of labelled short complemen-
tary oligonucleotides and dye intercalation. Furthermore, the
position and thus the distance between adjacent dyes can be
controlled with sub-nanometric accuracy. Identical or different
dyes can be easily incorporated at specific positions along the
DNA strand, tuning in this way the directionality of the energy
flow.[32, 33]

Figure 5 a shows a cartoon of the DNA-based photonic wire
designed for our experiments. Five chromophores with consid-
erable overlap between subsequent absorption and emission

spectra (Rhodamine green (RhG), tetramethylrhodamine (TMR),
Atto 590, Atto 620 and Atto 680) were covalently attached to
single-stranded DNA fragments of various lengths (60 or 20
bases) using 6C linkers. Hybridisation of the labelled DNA frag-
ments to the complementary DNA strand (60 base pairs) re-
sults in a construct containing five different chromophores
positioned at well-defined distances. An interchromophoric dis-
tance of 10 base pairs, which corresponds to 3.4 nm, was
chosen to maximise transfer efficiency between neighbouring
dyes, while providing sufficient biochemical stability to the
whole construct. Because of the distances involved and the
random orientation between the dyes imposed by the linking
strategy to DNA, weak excitonic interactions between adjacent
units (FRET) are expected. The spatial extent of the wire is
13.6 nm, with an estimated overall energy-transfer efficiency of
�70–80 %, taking into account the spectral overlap between
the different units and assuming random orientation of the
chromophores (k2 = 2/3).

Figure 5 b shows the bulk emission spectrum of the DNA
wires as recorded in solution at a concentration of 10�7

m. The

excitation wavelength used is 470 nm matching the absorption
of RhG (first dye on the wire). In case of perfect FRET along the
wire, one should essentially recover the emission spectrum of
the last dye, that is, Atto 680. Instead, a complex emission
spectrum is observed. Three main peaks are readily distin-
guished, which most probably correspond to the emission of
RhG (left peak), a combination of the Atto 590 and Atto 620
emissions (middle peak) and, finally, emission of Atto 680 (right
peak). The shoulder at l= 575 nm corresponds to the emission
of TMR. Since only RhG is efficiently excited at 470 nm (direct
absorption from the other dyes at 470 nm is negligible), the
observed emission must exclusively result from energy transfer
between the chromophores composing the wire, which dem-
onstrates the functionality of the construct. However, it is also
clear that the extent of energy transfer to Atto 680 is far from
perfect.

Since the measured bulk emission spectrum might result
from a considerable number of partially non-hybridised DNA
fragments, we also measured the excitation spectrum of the
wires while collecting the fluorescence at l= 700 nm, the max-
imum of emission of Atto 680. The excitation spectrum is
shown in Figure 5 c. Clearly, energy transfer between the differ-
ent dyes occurs, including FRET from the first dye (RhG). From
the emission/excitation spectra we estimate an overall FRET ef-
ficiency from RhG to Atto 680 of 20 %, which is much lower
than initially estimated. The lower extent of energy transfer
might be due to incomplete hybridisation and/or unfavourable
conformational orientation of the chromophores composing
the wire.[7]

To gain more insight on the complex photophysical behav-
iour of the DNA-based photonic wires, we have performed
SMS experiments by recording, simultaneously, the fluores-
cence intensity and emission spectra of a large number of indi-
vidual wires upon excitation at l= 488 nm. A typical fluores-
cence trajectory is shown in Figure 6 a. The red trajectory cor-
responds to emission above 585 nm (i.e. , emission from the
last three dyes), while the green trajectory results from emis-
sion at l<585 nm. As clearly seen, a large number of intensity
jumps occurs during recording of the fluorescence. Up to t =

15 s, the fluorescence is dominated by emission of the last
three dyes composing the wire—consistent with efficient FRET
from RhG and probably a minor contribution from direct exci-
tation of TMR. Equal contributions of the fluorescence in both
channels occur between t = 16.5 and 17 s. Finally, from t = 20 s,
and until photodissociation occurs (t = 25 s), the fluorescence
is dominated by green emission, which indicates the loss of
transfer (most probably due to photobleaching of one or more
red-shifted units). Furthermore, during the observation time,
the total fluorescence emission (green + red channels) is inter-
rupted in several occasions (t = 8, 15 and 18 s) by the occur-
rence of long dark (nonemitting) periods. The simultaneous
cessation of the fluorescence on the entire wire array is a clear
signature of collective effects characteristic of coupled multi-
chromophoric systems.[24, 27]

The large intensity jumps are also correlated with spectral
jumps. Figure 6 b shows three different emission spectra of the
same wire recorded at t = 0, 12 and 22 s. While at t = 0 s the

Figure 5. a) DNA-based photonic wire containing five different chromophores.
The distance between neighbouring dyes is 3.4 nm. b) Bulk emission spectrum
of the DNA wires upon excitation of RhG at 470 nm. c) Bulk excitation spectrum
recorded while collecting the emission at 700 nm.
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spectrum is dominated by emis-
sion of the fourth dye, at t = 12 s
emission from a combination of
third, forth and fifth dye is ob-
served. At t = 22 s only emission
from RhG (first dye) is observed.
This intricate behaviour results
from differences in FRET efficien-
cies along the wire, which are
most probably caused by orienta-
tional changes, spectral fluctua-
tions between absorption and
emission spectrum of adjacent
dyes and/or electron transfer fav-
oured by the presence of the
DNA scaffold. Current experi-
ments at the single-molecule
level should shed light on the un-
derlying reasons for the reduc-
tion of the overall photon-trans-
fer efficiency of these systems.

We have observed that approx-
imately 10 % of the wires exhibit
overall FRET efficiencies up to
90 %.[7] This represents an unpre-
cedented unidirectional photon
transfer at room temperature
over a distance of 13.6 nm, with
a spectral range of 200 nm.[7] On
the other hand, the rigidity and

biochemical stability of such a complex system has to be seri-
ously investigated before taking full advantage of DNA as
building block for the design of well-ordered molecular wires.

One-Dimensional Multichromophoric Polymers
Based on Perylene Polyisocyanides

One way of obtaining a rigid scaffold for the ordered attach-
ment of chromophores is by using helical polyisocyanides.[34]

These supramolecular systems are obtained by polymerisation
of isocyanide monomers. Due to their particular helical nature,
the side groups are all placed at exact distances and precise
positions with respect to each other. By using amide functions
in the side groups, hydrogen-bonding arrays are formed along
the polymer backbone rigidifying even further the polymer
and stabilising the helical structure.[34] Furthermore, polymers
with a length of hundreds of nanometres can be readily syn-
thesised. We have used diimides of perylene-3,4,9,10-tetracar-
boxilic acid as chromophores to create long arrays of the pho-
tonic polymer.[8, 35]

Figure 7 a shows the structure of the perylene polyisocya-
nide together with a schematic 3D drawing of the polymer
(Figure 7 b). The perylene dyes are attached to the polymer
backbone in four parallel stacks. The adjacent dye molecules in
one stack are found to be 0.42 nm apart with a twist angle of
228.[36] For such a chromophoric ordering, strong excitonic in-
teractions between the chromophores and over the entire

Figure 6. a) Fluorescence trajectory of an individual DNA photonic wire with a
bin time of 100 ms. b) Series of emission spectra recorded at t = 0, 12 and 22 s.
The fluorescence signal was separated from the excitation light using a long-
pass filter at 500 nm and split into two equally intense signals using a nonpo-
larising beam splitter. One of the branches was sent directly to a CCD camera
(Andor, DV437-BV) for spectral recording. Fluorescence spectra were collected
with an integration time of 1 s. The second half of the fluorescence signal was
further split in two distinct spectral windows using a dichroic mirror centred at
585 nm and sent to two separate APD detectors.

Figure 7. a) Structure of the perylene polyisocyanide; b) 3D drawing of a single polymer fibre ; c) Confocal scan of indi-
vidual perylene polyisocyanides embedded in a thin PMMA layer (256 � 256 pixels ; 1 kHz scan rate). A polarising beam
splitter was used on the detection side and the two resultant signals sent to two APD detectors providing polarisa-
tion-sensitive single-molecule detection. Two spots are encircled in the figure, that is, a yellow spot whose total intensi-
ty and spectral features are shown in (d) and (f) ; and a red spot whose total fluorescence and spectral properties are
shown in (e) and (g).
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polymer are expected. Bulk absorption and emission spectra
show that, indeed, interactions between the perylene mole-
cules in the polymer already occur in the ground state, point-
ing to the existence of excitonic effects.[8] Furthermore, the
bulk fluorescence spectrum of the perylene polymer is marked-
ly different from that of the monomer, with a considerably red-
shifted emission that is independent from the sample concen-
tration and a much longer fluorescence lifetime (tf = 19.6 ns for
the polymer vs. tf = 3.9 ns for the monomer).[8, 35] These features
indicate that emission mainly arises from intramolecular exci-
merlike species in the polymer, resulting from the short distan-
ces and the stacked arrangement of the perylene molecules.[37]

To investigate in more detail the nature of the fluorescence
emission in the perylene polymers at the individual level, we
prepared spin-coated diluted solutions of the polymers (10�8

m

in PMMA) on glass substrates. A typical single-molecule confo-
cal image is shown in Figure 7 c, where fluorescent spots with
distinct colour and brightness are visible. The presence of well-
defined polarised emission (colour of some spots being either
green or red) is indicative for unique dipole emission and thus
single-molecule emission. On the other hand, the yellow
colour of some fluorescent spots is due to unpolarised or ran-
domly polarised emission, which results from adding multiple
molecules with random in-plane orientation (combination of
red and green) in one spot. In addition to the polarisation of
the emission, also the fluorescence intensity and emission
spectra of individual spots were investigated.

Two clearly different behaviours could be distinguished
upon recording of individual fluorescent trajectories and emis-
sion spectra. The emitters yielding unpolarised emission
(yellow spot encircled in Figure 7 c) showed a monotonous de-
crease of the fluorescence intensity in time, as shown in Fig-
ure 7 d, together with a broad red-emission spectrum (Fig-
ure 7 f). These results suggest that the intensity originates from
a large number of fluorescent sites, whose successive photo-
bleaching leads to a continuous decrease of the emission. The
red-shifted spectrum is consistent with an excimerlike emis-
sion, as already observed on bulk experiments. The other type
of emitter displaying a defined polarisation emission behaved
completely different. A typical fluorescence trajectory is shown
in Figure 7 e, together with its emission spectrum (Figure 7 g)
corresponding to the red-marked spot in Figure 7 c. The trajec-
tory exhibits sudden jumps in the intensity, which indicate that
only a discrete number of emissive sites are present. The differ-
ent jumps arise from discrete photobleaching of perylene mol-
ecules. Interestingly, the emission spectrum shown in Fig-
ure 7 g resembles that of the perylene monomer. Similarly, si-
multaneous quantum jumps of the intensity to the back-
ground level are also observed, which suggests that energy
transfer is taking place between the perylene units and is con-
sistent with the collective behaviour characteristic of multi-
chromophoric systems.[24, 27] The absence of such collective
non-fluorescent states on the emitting species displaying the
continuous decay suggest that these species emit independ-
ently.

The observed different emission behaviour occurring in one
sample suggests that two different perylene “species” may be

present in the polymer mixture, that is, perylene species that
are dangling around, most likely in the ill-defined polymer end
groups or in the form of short oligomers, and perylene species
that are well-organised, probably located in the main part of
the polymer. The stepwise behaviour of the green- and/or red-
coloured spots in the confocal image is reminiscent of the be-
haviour obtained in multichromophoric systems.[27] In our par-
ticular case, the polyisocyanide will force several perylene spe-
cies together in a confined space and in a less ordered ar-
rangement. This will be the case for the more flexible polymer
end groups or short oligomers where the helical structure is
not fully accomplished, as depicted in Figure 8 a. In fact, stud-

ies on polyisocyanides have proven that at least 10–15 repeat
units are necessary to obtain a stable helical structure. As in
other multichromophoric systems, after excitation the energy
is transferred to the perylene with the lowest-lying energy
state from which emission will proceed hence explaining the
polarised emission together with the monomerlike spectrum.

On the other hand, the excimer emission stems from the
well-defined central part of the polyisocyanides in which the
perylene species are all located on top of each other in exactly
the same geometry. The observed continuous fluorescence
decay of the single polymer fibres is consistent with the forma-
tion, upon photoexcitation, of many excimer sites along the
polymer chain—all with different directions—resulting in the
randomly polarised fluorescence and the broad excimerlike
emission spectrum. After photoexcitation, strong excitonic cou-
pling between the highly organised perylene side chains of
the polymer is expected to occur. However, due to the well-de-
fined and close-by organisation, the excitons are quenched via
the formation of excimer species between two or more pery-
lene groups, as illustrated in Figure 8 b. As such, excimers will
act as sinks for the exciton, limiting the extent of the delocali-
sation of the electronic excitation and leading to the observed
fluorescence emission.

The question whether the two types of behaviour are dis-
played by a single polymer molecule, or separately by short
oligomers in a random coil conformation and by rigid rod
polymers, is a difficult one to solve based on single-molecule

Figure 8. Cartoon illustrating the two kinds of species found in the experi-
ments : a) Monomer and/or short oligomers and b) long helical polymers. In (a)
energy transfer occurs between close-by chromophores, while in (b) excimers
act as sinks for the exciton, reducing the extent of delocalisation of the elec-
tronic excitation.
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fluorescence data solely. Instead, a combination of atomic
force and confocal microscopy can provide correlated informa-
tion on the physical size of both “species” and their photo-
physical behaviour. We have performed such type of simulta-
neous experiments and have been able to prove that the mul-
tichromophoric behaviour arises from short oligomers or even
perylene monomers, while the excimerlike emission indeed
proceeds from the long well-ordered polymer isocyanides.[8]

Our results thus demonstrate the successful design of long
polyisocyanide polymers with pendant perylene dyes. The per-
sistent length of these supramolecular structures is 76 nm,
being stable to at least 90 8C.[35] Furthermore, individual fibres
of several hundred nanometres could be synthesised incorpo-
rating several thousand perylenes.[35] The photophysical prop-
erties of the individual arrays are unfortunately dominated by
excimer formation, which reduces the extent of the exciton de-
localisation, thus hampering the performance of the polymers
as truly photonic molecular wires. Current synthesis efforts are
focussed on the design of similar polymer-based polyisocya-
nide arrays incorporating other type of chromophore less
prone to p stacking and, alternatively, exploiting the desirable
advantages of perylene as highly efficient dyes, by extending
the conjugation length between the dye and the isocyanide, in
an effort to increase the interchromophoric distances and mini-
mise the chances of excimer formation.

Conclusions

Three different approaches towards the design of one-dimen-
sional multimolecular arrays intended to work as molecular
photonic wires have been discussed in this Minireview. While
perylene-based dimer and trimer arrays showed coherent exci-
ton delocalisation at room temperature, DNA-based unidirec-
tional molecular wires exhibited incoherent energy transfer be-
tween neighbouring dyes. Finally, one-dimensional multichro-
mophoric polymers based on perylene polyisocyanides show
emission arising from multiple excimer sites formed along the
long polymer wire.

The performance of the photonic wires shown in this study
is greatly influenced by the well-defined ordering of the chro-
mophores, and the (bio)chemical stability of the assemblies.
One could envisage the design of more complex structures
combining strong and weak coupling interactions between the
different units composing the wire in order to achieve opti-
mum photon transfer. For instance, antenna complexes, in the
form of one or more dyes absorbing at high energy, could be
inserted at one end of the wire. FRET between the antenna
and a transmission unit, composed by strong coupled chromo-
phores, should then serve for rapid and efficient transfer of
energy to a collecting dye from which light is finally emitted.
Perylene-based multichromophoric arrays, such as the trimers
or the polyisocyanide polymers shown herein, would, in princi-
ple, be ideal candidates to work as transmission units. In the
latter case, p stacking could be prevented by increasing the
separation between the perylene units composing the poly-
mer. In combination with single-molecule techniques and scan-
ning probe methods, these new synthetic approaches should

lead in the near future to efficient and reliable photonic wires
with true device functionality.
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