JOURNAL OF

Singlet-energy transfer in quadruple hydrogen-bonded
oligo(p-phenylenevinylene)—fullerene dyads

Edwin H. A. Beckers,” Paul A. van Hal,” Albertus P. H. J. Schenning,” Abdelkrim
El-ghayoury,” Emiel Peeters,” Minze T. Rispens,” Jan C. Hummelen,*” E. W. Meijer*“

and René A. J. Janssen*“

|3|E!1919V\||

CHEMISTRY

“Laboratory of Macromolecular and Organic Chemistry, Eindhoven University of Technology,
PO Box 513, 5600 MB Eindhoven, The Netherlands. E-mail: r.a.j.janssen@tue.nl
bStratingh Institute and Materials Science Centre, University of Groningen, Nijenborgh 4,

9747 AG Groningen, The Netherlands

Received 31st January 2002, Accepted 17th April 2002

First published as an Advance Article on the web 9th May 2002

Two novel supramolecular dyads consisting of an oligo(p-phenylenevinylene) (OPV) donor and fullerene (Cgp)
acceptor are created via quadruple hydrogen bonding using self-complementary 2-ureido-4[1 H]-pyrimidinone
units. In the dyads, singlet-energy transfer from the excited OPV unit to the fullerene causes a strong quenching
of the OPV fluorescence. The high association constant of the 2-ureido-4[1 H]-pyrimidinone quadruple
hydrogen-bonding unit results in high quenching factors (Qmax = 90). The lower limit obtained for the rate
constant for energy transfer (kgy = 6 x 10'° s7!) is rationalized in terms of the Fdrster mechanism.
Photoinduced electron transfer does not occur in these hydrogen-bonded dimers, even in polar solvents. The
absence of charge separation is ascribed to a low electronic coupling between the donor and acceptor in the
excited state as result of the long distance between the chromophores.

Introduction

In nature, energy and electron transfer play a vital role in
processes like e.g. photosynthesis' and respiratory oxidative
phosphorylation.”> The molecular interaction between the
chromophores in these systems is based on supramolecular
organization in which hydrogen bonding is often a key
element.’* To elucidate the influence of hydrogen bonding
interaction on photophysical properties and mimic these
biological superstructures, various studies were performed.**
Systems containing multiple hydrogen bonds were designed
to gain strength and directionality.” With respect to these
multiple bonded assemblies, electron transfer has been reported
in donor—acceptor systems linked by a two-fold hydrogen
bonded salt® or acid® bridge as well as a two point binding via
a hydroxyl/carbonyl interaction.'® To create an even stronger
binding between the chromophores, Sessler and co-workers
used the triple hydrogen bonded Watson—Crick cytosine—
guanine base pair in their studies.!' In general, however,
hydrogen-bonded donor—acceptor systems exhibit low associa-
tion constants. Consequently, only a small fraction of the
donor and acceptors remain associated, while the remaining
molecules are free to diffuse in solution. To the best of our
knowledge, the strongest hydrogen bonded donor—acceptor
complex (K,s = 10° M) investigated in photoinduced
electron transfer reactions has been reported by Hamilton and
co-workers.'?

The 2-ureido-4[1 H]-pyrimidinone unit (Fig. 1) is a self-
complementary DDAA motif quadruple hydrogen-bonding
unit that possesses a high association constant of 6 x 107 M ™!
in water-saturated chloroform.'*'* In non-competitive solvents
the association constant is believed to be even one order of
magnitude higher. In addition to the quadruple hydrogen
bonding, the dimerisation benefits from an intramolecular
hydrogen bond present in the molecule. The high association
constant enables the formation of supramolecular poly-
mers'>!® based on these systems and we recently reported on
the formation of supramolecular hydrogen-bonded polymers
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carrying n-conjugated oligomers'” and their incorporation into
photovoltaic cells.'®

Covalently linked dyads of oligo(p-phenylenevinylene)s
(OPVs, Fig.2) and [60]fullerene (Cgp) exhibit interesting
photophysical properties, among which energy and electron
transfer reactions, and have been used to make photovoltaic
devices.'>? Steady state fluorescence spectroscopy and sub-
picosecond pump-probe spectroscopy established that photo-
excitation of OPV4-Cqq (Fig. 2) in apolar solvents, e.g. toluene,
initiates an ultrafast (< 200 fs) intramolecular singlet-energy
transfer from the photoexcited OPV4 unit to Cg.>! In polar
solvents, e.g. o-dichlorobenzene (ODCB), a photoinduced elec-
tron transfer occurs in OPV4-Cg, subsequent to the primary
singlet-energy transfer, with a time constant of about 10 ps to
yield a short-lived (~ 50-90 ps) charge-separated state.?!

Supramolecular assembly of m-conjugated systems and
fullerenes is a viable approach to create morphological
organisation in the active layer of photovoltaic cells or to
advance towards the complexity of natural photoactive
systems. Various alternatives exist for assembling donor and
acceptor molecules by weak molecular interactions. Recently,
non-covalently linked =zinc tetraphenylporphyrin—fullerene
dyads via metal coordination have been described.?? The
focus of the present study is the formation and excited-state
behaviour of a quadruple hydrogen bonded dyad involving an
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Fig. 1 2-Ureido-4[1 H]-pyrimidinone—pyrimidin-4-ol tautomerisation.
D and A indicate hydrogen bond donor and acceptor.
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Fig. 2 Structures of OPV4-Cg,, OPV4 and PCBM.

OPV4 donor and a Cgg acceptor. As donor, two different OPV4
derivatives have been used (Fig.3). The first (OPV4-UPI1)
consists of an OPV4 unit linked to the R? position via a
methylene spacer, while the second (OPV4-UP2) has an OPV4
unit directly linked to the R! position of the ureidopyrimidi-
none moiety.?* The acceptor is a fullerene derivative, linked to
the R? position via a butyl spacer.’*

The high fluorescence quantum yield of the OPV4-UP
(OPV4-UPI1 and OPV4-UP2) molecules in solution, together
with the strong quadruple hydrogen bond, allows us to
investigate photoinduced energy and electron transfer reactions

Fig. 3 2-Ureido-4[1H]-pyrimidinone OPV4-UP and Cg-UP com-
pounds.

at extremely low concentrations. The combination of a high
binding constant and low concentrations in the experiments,
minimizes collisional donor-acceptor interactions and the
interference of free molecules present in solutions in photo-
physical experiments. In addition, the lifetime of the formed
hydrogen bonded complexes (> 100 milliseconds'®) is signi-
ficantly larger than the timescale for the expected photo-
physical processes. As a result, the true (static) properties of the
supramolecular donor—acceptor complex in energy or electron
transfer can be studied.

Experimental
General

Solvents were of AR (toluene, chloroform) or HPLC (ODCB)
grade and were used as received. Proton NMR spectra were
recorded on Varian 400 or 500 MHz spectrometers with TMS
as an internal standard. UV/Vis absorption spectra were
recorded on a Perkin Elmer Lambda 40 spectrometer.

Materials

The synthesis of the three ureidopyrimidinone compounds
(OPV4-UP1, OPV4-UP2, and Cgo-UP) used in this study has
been described elsewhere.>*** OPV4!® and PCBM* were used
as reference compounds and were available from previous
studies.

Fluorescence spectroscopy

Fluorescence spectra were recorded on a Perkin Elmer LS50B
or an Edinburgh Instruments FS920 luminescence spectro-
meter. In the fluorescence quenching experiments, a stock
solution of 10 ml 10~ M OPV4-UP1 or OPV4-UP2 was used.
To circumvent concentration corrections, 5 ml of this solution
was used to dissolve the Cg-UP to give a 107* M Cg-UP
solution with 107® M OPV4-UP. The first measurement to
determine the I, fluorescence was measured on 2 ml of the
OPV4-UP stock solution. The fluorescence signal 7 of OPV4-
UP was then monitored upon addition of the OPV4-UP-
Ceo-UP solution in steps of first a few microliters and later steps
of 100 to 250 pl. Finally the OPV4-UP-Cg4y-UP stock solution
was measured in a separate experiment, providing the quen-
ching in a 100:1 Cgo-UP: OPV4-UP ratio. A cut-off filter of
665 nm was used in the emission beam to prevent stray light in
the fluorescence experiments for detecting electron transfer.

For fluorescence quantum yield determination, solutions
with an optical density of 0.1 at the excitation wavelength (1 =
430 nm) were used and the spectra were corrected for the
wavelength dependence of the detection system. The fluores-
cence spectra were integrated on an energy scale and the area
was compared to that of a reference of fluorescein in 0.1 M
aqueous NaOH with a quantum yield of 0.92.%

Fluorescence lifetimes

Time-correlated single photon counting fluorescence studies
were performed on a home-built set-up and an Edinburgh
Instruments LifeSpec-PS spectrometer. The first uses a mode-
locked Ti:Sapphire laser, frequency doubled to obtain a 400 nm
pulse, at a repetition frequency of 78 MHz. After dispersion by
a 0.34 cm double monochromator, the fluorescence decay
was recorded with time-correlated single photon counting
in reversed mode using a Peltier-cooled Hamamatsu micro-
channel plate photomultiplier (R3809U-51). The LifeSpec-PS
consists of a 400 nm picosecond laser (PicoQuant PDL 800B)
operated at 2.5 MHz and a Peltier-cooled Hamamatsu micro-
channel plate photomultiplier (R3809U-50). Lifetimes were
determined from the data using the Edinburgh Instruments
software package.
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Fig. 4 Absorption and fluorescence spectra of OPV4-UP1, OPV4-UP2
and Cgo-UP in chloroform (a) and toluene (b) (fluorescence of Cgy-UP
is not shown).

Results and discussion
Optical properties of OPV4-UP1 and OPV4-UP2

The UV/Vis absorption spectra of OPV4-UP1 and OPV4-UP2
are dominated by the strong n—n* bands of the OPV4 unit in
the 400-500 nm range (Fig. 4). The wavelength of maximum
absorption of OPV4-UP2 shows a small, but significant, red
shift of 12 nm compared to the spectrum of OPV4-UPI. This
difference is attributed to the direct attachment of the OPV4
moiety to the isocytosine of the ureidopyrimidinone unit,
resulting in a longer conjugation length.

Likewise, the fluorescence of OPV4-UP2 exhibits a red shift
compared to that of OPV4-UP1 (Fig.4). Surprisingly, the
magnitude of the shift of the fluorescence spectrum depends on
the solvent; it is more than 15 nm larger for chloroform than
for toluene. In addition, the characteristic OPV4 emission,
consisting of a strong 0-0 transition and a vibronic shoulder at
longer wavelengths, as seen in toluene is transformed into a
broad band in chloroform.

To investigate whether interactions between the two OPV4-
UP molecules in the OPV4-UP homo-dimers, which are present
under these conditions, may cause this effect, a titration with
dimethyl sulfoxide (DMSO) was performed. DMSO is well
known for its strong hydrogen bond accepting properties
and addition of only a few percent of DMSO will break up
any dimers and result in the sole presence of monomeric
ureidopyrimidinone units. The fluorescence spectra of OPV4-
UP1 in chloroform and toluene do not change upon addition of
a small amount of DMSO (Fig. 5). This indicates that the
absorption and fluorescence of monomeric and dimeric OPV4-
UP1 are virtually identical. In contrast, when DMSO is added
to an OPV4-UP2 solution, the fluorescence spectrum changes
(Fig. 5). The spectrum in chloroform containing 0.2% (by
volume) DMSO has shifted 10 nm to the blue and there is a
small increase in fluorescence intensity. In toluene, both a shift
and an increase in intensity were observed for OPV4-UP2, yet
less pronounced than in the chloroform spectrum.?® A tentative
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Fig. 5 Fluorescence of OPV4-UP in chloroform (solid line) and in
chloroform with 0.2% DMSO (dashed lines), normalized to the
concentration of the pure chloroform solutions.

explanation for these effects is the formation of supramolecular
assemblies of the homo-dimers as a result of m-stacking.!”
These supramolecular aggregates break up as soon as the
quadruple hydrogen bonded homo-dimer dissociates by the
addition of some DMSO.

The fluorescence quantum yield ¢ and lifetime © of OPV4-
UP1 and OPV4-UP2 were determined in the two solvents
relative to fluorescein (¢ = 0.92).7 The quantum yield of
OPV4-UP1 is slightly higher than that of OPV4-UP2, espe-
cially in chloroform (Table 1). The fluorescence quantum yield
of OPV4-UPI, is similar to that of methyl end-capped OPV4
(Fig. 2) that is 0.80 and 0.74 in chloroform and toluene,
respectively. Apparently the conjugation of the OPV4 moiety
to the isocytosine of the ureidopyrimidinone unit in OPV-UP2,
results in a small decrease of the quantum yield.

Fluorescence lifetimes, measured with time-correlated single
photon counting are in the range of 1.23-1.58 ns and only
slightly dependent on the solvent (Table 1).

Keto—enol equilibrium

Besides the 2-ureido-4[1 H]-pyrimidinone, also referred to as
the keto form, the pyrimidin-4-ol or enol tautomer can be
present (Fig. 1). In case the R! substituent of the isocytosine
moiety is a (substituted) phenyl group, the equilibrium shifts to
the enol tautomer, especially in more apolar solvents like
toluene.'* An electron withdrawing R! substituent stabilizes
the enol form because a proton on the nitrogen in the
isocytosine is more acidic than a proton on the oxygen attached
to the isocytosine.?® The pyridin-4-ol tautomer represents a
DADA motif, which has a lower association constant ( ~ 10* to

Table 1 Percentage of 4[1 H]-pyrimidinone (% keto) determined from
'"H NMR spectroscopy, the fluorescence lifetime () and the
fluorescence quantum yield (¢) in chloroform and toluene of OPV4-
UP1, OPV4-UP2, and Cgp-UP

Compound Solvent % keto t/ns ¢
OPV4-UP1 CHCl; > 99 1.54 0.88
Toluene 90 1.23 0.84
OPV4-UP2 CHCl; 85-90 1.58 0.59
Toluene ~50 1.42 0.69
C60-UP CHC]; > 99 — -
Toluene > 99 — -




10° M™") due to less favourable secondary interaction in the
hydrogen-bonding array.!*?

The DDAA and DADA motifs are not complementary and,
hence, the equilibrium will affect the formation of the homo-
and hetero-dimers. Therefore, it is important to determine the
relative amount of both tautomeric forms present in solution.
When both tautomers are present, the '"H NMR spectra give
two sets of three N-H protons.13 In addition, the aromatic
proton signal of the pyrimidin-4-ol tautomer is found 0.3—
0.5 ppm downfield to the alkylidene proton signal of the 4[1 H]-
pyrimidinone tautomer.'? By integration of the respective peak
areas in the '"H NMR spectra it is possible to determine the
relative amounts of keto and enol. We found that in chloro-
form, OPV4-UP1 is solely present in the DDAA tautomeric
form, while OPV4-UP2 contains some (10-15%) of the enol
(Table 1). In toluene, the amounts of keto are less. OPV4-UP1
is 90% in the DDAA form in toluene, while the amount
of 4[1H]-pyrimidinone in OPV4-UP2 has dropped to 50%
(Table 1). The '"H NMR spectrum of Cg-UP in toluene indi-
cates that only the keto form is present. This is consistent with
the fact that derivatives with n-alkyl substituents at both the R
and R? position are exclusively present as 4[1 H]-pyrimidinone
tautomers.!> We have no indications that in the present case
the keto—enol equilibrium depends on the concentration (at the
concentrations measured by NMR), but previously the ratio of
the two tautomers was found to be concentration-dependent,
with the enol favoured at lower concentrations.'> Hence, at
lower concentrations, the actual ratios might differ from those
collected in Table 1.

Fluorescence quenching

Fluorescence spectroscopy has been used to investigate the
photophysical processes within the hydrogen bonded OPV4-
UP-Cgp-UP hetero-dimers after photoexcitation. Information
on the rate for energy or electron transfer within a hetero-dimer
can be obtained by monitoring the quenching of the photo-
luminescence of the OPV4-UP moiety upon addition of Cgo-UP
to an OPV4-UP solution. The reduction in photoluminescence
is quantified by a quenching factor Q, defined as the ratio of
the OPV4-UP fluorescence of the initial solution (/y) and the
OPV4-UP fluorescence of the OPV4-UP-Cg,-UP mixture (/).
The results are depicted in a modified Stern—Volmer®° plot
(Fig. 6), where the fluorescence quenching Iy/I is plotted as
a function of the ratio of Cg-UP-OPV4-UP. Because an
ultrafast singlet-energy transfer always precedes the electron
transfer reaction in a covalently bound OPV4-Cg, dyad in
solution,?! we focused on the energy transfer process first. To
ensure that only energy transfer occurs from OPV4-UP to
Ceo-UP, rather apolar solvents as toluene (¢ = 2.38) and
chloroform (¢ = 4.81) were used. To avoid contributions of
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Fig. 6 Modified Stern—Volmer plot for the fluorescence quenching of
OPV4-UP1 (1076 M) in chloroform upon addition of Cg-UP. [ is the
fluorescence signal of the pure OPV4-UP1 solution. The excitation
wavelength is 432 nm; the fluorescence intensity (/) is determined at
492 nm.
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Fig. 7 Modified Stern-Volmer plot of fluorescence quenching in
toluene and chloroform. Concentrations of OPV4-UP are constant
at 107® M during the experiments. I, is the fluorescence signal of the
pure OPV4-UP solution. The excitation wavelength is 432 nm; the
fluorescence intensity (/) is determined at the emission maximum.

OPV4-UP fluorescence quenching via dynamic processes
(collisional quenching) and to minimize additional fluorescence
from free OPV4-UP units (that are not bonded in a homo- or
hetero-dimer), the total concentration of UP units was kept
between 10~ and 10™° M. A control experiment using OPV4-
UP2 and a soluble Cg derivative (PCBM, Fig. 2) that is not
able to form hydrogen bonds, reveals that no quenching occurs
under the experimental conditions (Fig. 7) and that dynamic
(also referred to as collisional) quenching is not important.
Consequently, the observed OPV4-UP photoluminescence
only results from OPV4-UP-OPV4-UP homo-dimers and
OPV4-UP-Cg4-UP hetero-dimers. Hence, any quenching (Q)
observed results from energy transfer in hetero-dimers only.
It can be noted that a direct sensitisation of the fullerene
fluorescence is not observable experimentally owing to the large
excess of Cgo-UP relative to the OPV4-UP donor.

Fig. 6 shows that indeed a pronounced quenching of the
OPV4-UP1 fluorescence occurs upon addition of Cgo-UP to
OPV4-UP1 in chloroform due to the supramolecular asso-
ciation of donor (OPV4-UPI) and acceptor (Cgp-UP) moi-
eties.! In the case of OPV4-UP1-Cg-UP in chloroform, a
fluorescence quenching of > 98.9% is obtained at the highest
Ceo-UP-OPV4-UP ratios investigated.*? Interestingly, the Q
value already exceeds the value of 2 at a Cgo-UP: OPV4-UP1
ratio of 1:1. This indicates that there is a preference for
the hetero-dimer, rather than a statistical distribution (1:2:1)
of OPV4-UP homo-dimer : OPV4-UP-Cg,-UP hetero-dimer :
Cgo-UP homo-dimer.** Without knowing the exact amounts
present, the non-statistical distribution prevents an accurate
estimate of the limiting quenching factor Q.. of a hetero-
dimer. A lower limit of Q,,.,, however, can be obtained from
the amount of fluorescence quenching at large Cgo-UP-OPV4-
UP ratios (>50), where the excess of Cg-UP causes most
OPV4-UP molecules to be attached to a Cgp-UP molecule. In
the case of OPV4-UP1-Cgy-UP in chloroform, this results in
Omax = 90. Since no limiting value of Q is reached upon
addition of Cgy-UP at large Cgo-UP-OPV4-UP ratios (Fig. 6),
the remaining fluorescence is predominated by the fluorescence
of the OPV4-UP1-OPV4-UP1 homo-dimer rather than that
of the OPV4-UP1-Cgy-UP hetero-dimer. This lower estimate
for Quax is more than one order of magnitude larger than
quenching factors previously reported for hydrogen-bonded
donor—acceptor dyads.® !

The fluorescence quenching of OPV4-UP1 upon addition
of Cgo-UP is less in toluene than in chloroform (Fig. 7). We
ascribe this solvent effect to the keto—enol equilibrium dis-
cussed above. In chloroform, the amount of 4[1 H]-pyrimidi-
none tautomer is higher than in toluene (Table 1). Because
dimerisation is favoured for the keto form, the larger amount of
4[1 H]-pyrimidinone in chloroform leads to a better coupling
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with the Cg-UP moiety and, hence, a more efficient quenching
of the fluorescence.

The rationale that the amount of quenching is proportional
to the amount of keto form present, is supported by the
fluorescence quenching experiments on OPV4-UP2 in chloro-
form and toluene upon addition of Cg-UP. For OPV4-UP2
the amount of keto is much less in toluene (50%) than in
chloroform (85-90%, Table 1). Accordingly, the quenching of
the OPV4-UP2 fluorescence in chloroform is almost double
that in toluene.

Nevertheless, there is a remarkable difference in the amount
of quenching of OPV4-UP1 and OPV4-UP2 in both solvents
(Fig. 7). Even in chloroform, where the keto form is the domi-
nant tautomer, the fluorescence of OPV4-UP1 is quenched to a
significantly larger extent than that of OPV4-UP2 upon adding
Ceo-UP. While it is clear that the difference must originate from
a difference in molecular structure, the remarkable observation
is that the distance between donor and acceptor is larger in the
OPV4-UP1-Cgp-UP dimer than in the OPV4-UP2-Cg4,-UP
dimer, while the latter has a lower quenching factor.

The fluorescence quenching experiments of the OPV4-UP1
and OPV4-UP2 using Cg-UP afford the quenching factors
at different ratios of quencher versus fluorophore. We have
shown that these values are directly related to the dimerisation
equilibrium of the hydrogen bonding molecules, their oppor-
tunity to form hetero- or homo-couples and the keto—enol
equilibrium of the individual chromophores. Although in
principle it is possible to extract equilibrium constants and
Omax from the Stern—Volmer plots, the complex nature of the
system caused by the great variety of species present, hampered
us in achieving this goal.

Forster energy transfer

With the values of ¢ and t the rate for singlet-energy transfer
between a donor and acceptor can be estimated according
using the Forster equation.

_1.9000(1n10)2 ¢

T 128Nt M

ken
In eqn. (1), the parameters N,, and n represent Avogadro’s
number and the refractive index of the solvent. The value of dis
the centre-to-centre distance of the two chromophores involved
in the energy transfer. This calculation uses the overlap (Jp)
between the absorption (&(v)) of the acceptor (Cgp-UP) and the
fluorescence (F(7)) of the donor (OPV4-UP) on an energy scale
(cm™ ') defined as:

[ <F(T;’)"e(i)> 4y

Tr= [F)dv

2
In addition, the rate for singlet-energy transfer can be obtained
experimentally from the lifetime t and Q. via:

max_1
= G )
T

Using the lower estimate of Q.x = 90 obtained for the OPV4-
UP1-Cgo-UP hetero-dimer, a rate constant for singlet-energy
transfer of kzy = 6 x 10's™ ! is obtained from eqn. (3), which
according to eqn. (1) corresponds to d < 17 A. Using
molecular modelling a distance of 18-19 A has been estimated
between the centre of the fullerene and the centre of the first
phenyl ring of the OPV unit, i.e. close to the estimate of 17 A
based on the Forster model. It is interesting to note that in a
previous study on OPV4-Cg, (Fig. 2) a similar conclusion was
reached.?' For covalently linked OPV4-Cy, we established that
delocalisation of the singlet-excited state onto the first benzene
ring of the OPV4 unit is indeed a requirement to explain the
high rate for singlet-energy transfer of kzy = 5.3 x 10'%s™'in
this dyad by the Forster mechanism.?!

kEN
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Electron transfer

After having assessed the occurrence of energy transfer within
the two OPV4-UP-Cgy-UP hetero-dimers, it is of interest to see
if photoinduced electron transfer occurs in these hydrogen-
bonded dyads. For OPV4-Cg, the occurrence of an electron
transfer reaction depends strongly on the polarity of the
solvent.?®?! This solvent dependence could be explained quan-
titatively by the Weller equation, which relates the change in
free energy for charge separation (Ggs) to the polarity (es) of
the solvent:*

62

Gcs = e(on(D) - Ered(A)) - m
sdicc

_ gyt
8meg \rt  r7 ) \erer &

Here —e is the electron charge, ¢ is the vacuum permittivity,
grer the polarity of the solvent used to determine the redox
potentials E (D) and E,.q(A), R.. the centre-to-centre distance
of positive and negative charges, and " and r~ the radii of the
positive and negative ions.'” Using eqn. (4), Ggs was deter-
mined for the OPV4-UP1 (E (D) = 0.71 V vs. SCE) and Cgp-
UP (Eeq(A) = —0.67 V vs. SCE) combination (Fig. 8). In this
calculation, the centre-to-centre distance between donor and
acceptor was set at the minimum value possible for hydrogen-
bonded hetero-dimer (R, = 17 A) and at infinity (energetically
most unfavourable). The decrease of Gcs with increasing
polarity of the solvent results in a negative value for AGcg for
charge separation relative to the singlet and triplet excited state
of Cgo-UP in polar solvents like ODCB and benzonitrile,
irrespective of R... Hence, from a free-energy point of view,
electron transfer is possible in ODCB, but the actual rate will
depend on the electronic coupling between the donor and
acceptor in the excited state.

The formation of a charge-separated state can be identified
experimentally from a quenching of the acceptor fluorescence.
When Cgp-UP is excited in the presence of OPV4-UPI, electron
transfer should result in a quenching of the fullerene fluo-
rescence, relative to the signal of a solution containing only
Cego-UP.

In the hydrogen bonded OPV4-UP1-Cg-UP system in
ODCSB, this quenching of the Cgy-UP emission is not detected
(Fig. 9, top). A small blue shift of the Cg-UP emission is
observed, probably due to an unknown impurity. A titration
experiment (Fig.9, bottom), monitoring the OPV4-UP1
fluorescence, resulted in a similar quenching as in apolar
solvents, indicating that the hydrogen bonded hetero-dimer is
formed in ODCB and undergoes singlet-energy transfer after
photoexcitation. The OPV4-UP1 fluorescence quenching in
ODCB occurs to the same extent as in toluene and chloroform.
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Fig. 8 The Gibbs-free energy of the charge-separated state of the
OPV4-UP1-Cg4y-UP couple in solvents of different polarity, calculated
using eqn. (4) assuming a centre-to-centre distance between positive
and negative charges of 17 A (in the hydrogen bonded dimer) and
infinity (upper limit). At the left side the singlet (S;) and triplet (T;)
levels of Cgyp-UP are shown.
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ODCB. The Cg-UP concentration is 4 x 107> M for the top graph.
The OPV4-UPI concentration for the experiment shown in the bottom
graph is 107 M.

An explanation for the possible absence of charge transfer
between OPV4-UP1 and Cgy-UP can be found in the larger
distance over which the transfer must take place compared to
OPV4-Cgy. The large distance between the donor and the
acceptor induced by the two ureidopyrimidinone units and the
exponential decay of electron transfer rates with increasing
distance,*® results in a reduced tendency for charge transfer.®’

Conclusion

We have shown that photoinduced singlet-energy transfer
between OPV4 and Cg, derivatives is possible in 2-ureido-
4[1 H]-pyrimidinone hydrogen bonded hetero-dimers in apolar
and polar solvents. The change in the equilibrium between
4[1H]-pyrimidinone and pyrimidin-4-ol tautomers of OPV4-
UP by varying the solvent, results in a proportional change in
the quenching factor of the OPV4-UP fluorescence because the
enol form is not able to bind with the keto form of Cgg-UP. The
lower limit of the maximum quenching (Qn.x = 90) obtained
for OPV4-UP1-Cgo-UP mixtures in chloroform is at least one
order of magnitude higher than values reported so far for
hydrogen-bonded dyads®'? and results from the high associa-
tion constant of the dimers.'* Qmax = 90 corresponds to a rate
constant for singlet-energy transfer of kgy > 6 x 100 7!
which can be rationalized based on the Forster mechanism.
Although energetically possible, photoinduced electron trans-
fer does not occur in these hydrogen-bonded dimers. The
absence of charge separation in polar solvents is most likely
due to the significant distance between donor and acceptor in
the quadruple hydrogen-bonded hetero-dimers that causes an
exponential decrease in the electronic coupling between the two
units in the excited state.
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