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Energy transfer in chiral co-assemblies of triple hydrogen-bonded
oligo(p-phenylene vinylene)s and porphyrin†
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p–p Stacking of hydrogen-bonded porphyrin and oligo(p-phenylene vinylene)s (OPVs) yields helical
co-assemblies which exhibit energy transfer from OPV to porphyrin.

Self-organisation and molecular recognition based on hydrogen
bonding are widely observed phenomena in natural systems,
illustrating the strength of hydrogen bonding on directional
and cooperative self-assembly.1 Numerous heterocomplementary
hydrogen bonding motifs have been designed; a classic example
being the combination of either barbituric or cyanuric acid
and melamine via triple hydrogen bonding. Originally described
in detail by Whitesides et al.,2 the powerful combination of
synthetic accessibility and directionality has induced extensive
studies aiming at regular patterning of molecular building blocks.3

Its wide applicability is illustrated by implementation in varying
fields including e.g. covalent casting,4 supramolecular networks,5

electro-optic thin films,6 gels,7 double rosette assemblies8 and
supramolecular catalysis.9 The use of similar, complementary hy-
drogen bonding interactions for creating functional, p-conjugated
assemblies has proven to be an attractive strategy,10 however,
requires a thorough molecular design. Energy or electron transfer
studies using hydrogen-bonded dyes are ubiquitous but the
molecular components are generally not programmed to self-
assemble into elongated, stacked architectures.11

We have previously studied self-organisation of hexameric
hydrogen-bonded cycles into tubular assemblies in apolar solvent,
based on oligo(p-phenylene vinylene) derivatives equipped with
s-triazine units (OPVnTs).12 Mixed assemblies were obtained by
addition of perylene bisimide, bearing a triple hydrogen bonding
array complementary to OPVnT.10 The hydrogen-bonding motif
of perylene bisimide resembles that of cyanuric acid and self-
assembly of naphthalene bisimides13a and perylene bisimides13b

has indeed been achieved by complementary hydrogen bonding to
melamine.

The present paper focuses on stacked co-assemblies displaying
energy transfer14 to an incorporated acceptor moiety bearing a
cyanuric acid motif (Chart 1).15 Cyanuric acid is in principle easily
functionalized with any chromophore, rendering this approach
widely applicable. A porphyrin derivative bearing enantiomerically
pure 3,7-dimethyloctyloxy sidechains was equipped with cyanuric
acid (CN-Por), resulting in two available sites for hydrogen
bonding to OPVnT. CN-1 and CN-2 bearing dodecyl tails were
synthesized for reference purposes.
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Chart 1

To prove 1 : 2 complexation, CN-Por was titrated to molecu-
larly dissolved OPV4T. Since the association constant for triple
hydrogen bonding in chloroform is low (Kass ≈ 200 M−1),16

additional p–p stacking interactions were required to prove 1 :
2 complexation. Therefore, the experiment was performed in
methylcyclohexane (MCH, [OPV4T] = 2 × 10−5 M), an apolar
solvent used previously to induce OPV self-assembly. Upon
addition of CN-Por, quenching of OPV4T fluorescence, caused by
both aggregation as well as energy transfer to the porphyrin (vide
infra), clearly indicated the formation of a 1 : 2 stoichiometric
assembly (Fig. 1). It must be stressed that at the relatively low
concentrations used, pure OPV4T is not self-assembled, as was
concluded from concentration-dependent optical studies (Fig. 2).

Having established the intermolecular binding ratio, stoichio-
metric 1 : 2 CN-Por–OPVnT (n = 1,2)18 complexes were subjected
to temperature-dependent UV–vis, CD and fluorescence mea-
surements in MCH (Fig. 3 for OPV4T).19 At low temperatures,
OPV4T and CN-Por display highly broadened spectral UV–vis
signatures, represented by a red-shifted band at the onset of
OPV4T absorption at k = 487 nm and a broad, diminished
porphyrin Soret band. The presence of assembled species is corrob-
orated by a Cotton effect which appears to contain contributions
from both chromophores.20 In the assembled state, the UV–vis
spectrum is a summation of the self-assembled spectra found for
pure CN-Por† and pure OPV4T12 (at elevated concentrations)
and OPV fluorescence is almost completely quenched in favor of
porphyrin luminescence. This suggests co-assembly of porphyrin
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Fig. 1 Fluorescence spectra (kexc = 340 nm)17 for the addition of up to
4.5 × 10−5 M CN-Por to OPV4T (constant at 2 × 10−5 M) in MCH. The
inset shows the fraction of aggregated species, determined by plotting the
ratio of luminescence intensities at k = 497 nm and k = 527 nm, as a
function of CN-Por addition.

Fig. 2 Self-assembly of OPV4T (�) and of its 1 : 2 hydrogen-bonded com-
plexes with CN-1 (�) and CN-Por (�), based on concentration-dependent
fluorescence data. Lines to guide the eye.

and OPVnT into separate, hydrogen-bonded stacks21 displaying
energy transfer from the OPVs to the porphyrin moiety. Moreover,
since porphyrin absorption at kexc = 340 nm does not change
significantly with temperature,† a considerable antenna effect is
observed in the co-assemblies, as evidenced by the significant
increase of porphyrin luminescence.

At high temperature, the spectral features indicate disassembly
of the system characterised by molecularly dissolved absorption
features, the loss of the Cotton effect and recovery of OPV
fluorescence. This fully reversible transition from co-aggregates to
molecularly dissolved species occurs at a transition temperature
of 48 ◦C using OPV4T (4 × 10−5 M) and, surprisingly, showed no
significant dependence on conjugation length.22

Stoichiometric 1 : 2 CN-1–OPVnT (n = 1,2)18 complexes were
also subjected to temperature-dependent optical measurements
in MCH to probe the influence of the cyanuric acid moiety
on co-assembly.† At low temperature, the absorption maximum
of OPV4T exhibits a relatively large bathochromic shift from
k = 427 nm to k = 443 nm and concomitantly, OPV4T
luminescence is strongly quenched and red-shifted. Moreover,
the chirality of the (S)-methylbutyloxy sidechains is expressed
at the supramolecular level in a bisignate Cotton effect with a
zero-crossing at k = 448 nm, close to the absorption maximum
at low temperatures. All observed spectral changes are fully
reversible and the transition temperature is 33 ◦C for OPV4T
(4 × 10−5 M), again showing no dependence on conjugation
length. From these overall results it can be concluded that both
OPVnTs form 1 : 2 helical co-assemblies with cyanuric acid. For
both oligomers, the observed transition temperature is higher in
hydrogen-bonded co-assemblies with CN-Por then with CN-1,
presumably as a consequence of additional porphyrin stacking
interactions. The clear absence of a significant stability dependence
on OPV conjugation length is in sharp contrast with previously
studied systems,10,12,22 suggesting that in the specific assembly
geometry the OPVs have a diminished influence on the stacking
behavior.

Apparently, hydrogen bonding to cyanuric acid provides a
scaffold for aggregation via stacking of the p-conjugated back-
bones. Since both pure OPVnTs are not aggregated at 4 ×
10−5 M and a 1 : 1 CN-2–OPV4T complex did not show any
signs of aggregation,† increased p–p interactions are required
for assembly at this concentration. This hypothesis was further
enhanced by concentration-dependent measurements on OPV4T
and 1 : 2 complexes of CN-1–OPV4T and CN-Por–OPV4T
(Fig. 2). Assembly of both hydrogen-bonded complexes occurs
at a lower concentration as compared to pure OPV4T. Moreover,
aggregation of the complex with CN-Por is stabilized with respect
to CN-1 as a consequence of additional p–p stacking interactions
of the porphyrin moiety. These findings confirm the increased
transition temperature upon going from a CN-1 to a CN-Por co-
assembly.

In the co-assembled state, CN-Por is expected to act as an
energy acceptor from OPV.23 When comparing the previous
experiments, the fluorescence of both OPVnTs is much more
quenched in co-assemblies with CN-Por than with CN-1. This
effect seems to be stronger for OPV4T than for OPV3T, which
may be a consequence of the more red-shifted fluorescence of
OPV4T, allowing for a better spectral overlap between OPV
fluorescence and the Q-bands of CN-Por.24 To probe energy

Fig. 3 Temperature-dependent (a) UV–vis (b) CD and (c) fluorescence (kexc = 340 nm) studies on 1 : 2 CN-Por–OPV4T ([OPV4T] = 4 × 10−5 M) in
MCH. The arrows indicate a temperature increase from 0 ◦C to 80 ◦C.
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Fig. 4 Exchange experiments performed by the addition of 0 to 40 mol% CN-Por to co-assembled CN-1–OPV4T in MCH at room temperature
monitored with (a) UV–vis (b) CD and (c) fluorescence (kexc = 340 nm) spectroscopy ([OPV4T] = constant at 4 × 10−5 M).

transfer from OPV4T to the porphyrin, an exchange experiment
was performed starting from a 1 : 2 CN-1–OPV4T co-assembly in
MCH (Fig. 4, kexc = 340 nm). Upon increasing the CN-Por content
from 0 to 40 mol% (compared to OPV4T),25 the characteristic
self-assembled OPV4T fluorescence with its principal peak at
kem = 530 nm decreases in intensity in favour of porphyrin
luminescence at kem = 660 nm and kem = 724 nm, indicative
of energy transfer from OPV4T to the porphyrin moiety. The
initial decrease follows Stern–Volmer behaviour (KSV = 3.0 ×
105 M−1) with a positive deviation from linearity at higher CN-
Por concentrations.† Concomitantly, the UV–vis and CD spectra
show a gradual transition from a pure 1 : 2 CN-1–OPV4T assembly
to a mixed OPV–porphyrin assembled system. At the point where
a 1 : 2 CN-Por–OPV4T stoichiometry is reached, the OPV4T
fluorescence quenching is similar to that observed in Fig. 3. The
enhanced stability of co-assembled OPV4T–CN-Por apparently
ensures the complete exchange of CN-1 for CN-Por.

In conclusion, we have made use of the classical melamine-
cyanuric acid hydrogen-bonding couple for the formation of
helically ordered, p-conjugated co-assemblies in dilute solution.
Non-covalent incorporation of an energy acceptor, thus impart-
ing functionality to these architectures, may prove valuable in
the quest for the successful implementation of supramolecular
electronics.
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