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A new donor-acceptor doubly bridged perylenediimide-fullerene dyad (PDI-Ce,, DB-3), where the perylenediimide (PDI)
acts as a donor, has been synthesized and studied by time-resolved absorption spectroscopy. The DB-3 undergoes an

electron transfer (ET) in both polar and non-polar media under photo-excitation. Structurally the DB-3 dyad resembles
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four other recently studied dyads (R. K. Dubey et al, Chem. Eur. J., 2013, 19, 6791-6806). Analysis of the ET reactions in

this series of dyads was carried out in frame of both classic and semi-quantum ET theories. The result of the analysis for

DB-3 suggests that the electronic coupling for the ET reaction is roughly 0.005 eV, internal reorganization energy is 0.16

eV, and outer sphere or solvent reorganization energy is 0.5 and 0.3 eV in benzonitrile and toluene, respectively.

Introduction

Natural photosynthesis1 relies on a succession of energy- and
electron-transfer reactions, which are initiated by direct
photoexcitation or by energy transfer from light-harvesting
antennae. Two of the key steps in the process are charge
separation and charge recombination. Regarding the former,
the nature of the electron acceptor and electron donor
moieties are crucial to modulate the overall efficiency. On the
other hand, the environment of the photosynthetic reaction
centre plays a crucial role to slow the latter down. In order to
understand and control both processes, much efforts have
been put into the study of photophysical behaviour of donor-
acceptor systems to find out whether they are able to
generate long-lived charge-separated excited states that allow
efficient generation of charge carriers.’

To this end, perylenediimides (PDIs)3 and [60]fu||erene4 as
electron acceptor derivatives have generated an enormous
interest in this field. In both systems, their rigid aromatic
structures evoke low reorganization energies in electron
transfer reactions and their extended m-conjugation affords
efficient charge stabilization. On one hand, PDIs present
interesting chemical versatility, allowing the fine-tuning of
their properties by, for example, covalent modification of their
substituents in the bay, imide and/or ortho positions.5 On the
other hand, fullerene derivatives can also have their properties
tuned either by functionalization of their outside® or by

“ Area de Quimica Orgdnica, Instituto de Bioingenieria, Universidad Miguel
Herndndez, Avda. de la Universidad, s/n, Elche 03202, Spain. E-mail:
asastre@umbh.es

b Department of Chemistry and Bioengineering, Tampere University of
Technology, P. O. Box 541, FI-33101 Tampere, Finland. E-mail:
nikolai.tkachenko@tut.fi.

t Footnotes relating to the title and/or authors should appear here.

This journal is © The Royal Society of Chemistry 20xx

incorporation of molecular guests into their inside.” In light of
the aforementioned, different types of donor—acceptor
conjugates/hybrids have been designed featuring
phthalocyanines, porphyrins, and other chromophores as light-
harvesting electron donors and PDI® or CGO9 as electron
acceptors. Moreover, PDI and Cg have also been linked to
form dyads or triads, where usually PDIs acted as electron
acceptors,10 while only in very few examples PDIs worked as
electron donors.** Recently, we have synthesized PDI-CsgN and
PDI-Cg, dyads, which take advantage of the electron donor
character of the pyrrolidinyl PDI derivative. The PDI-CsoN dyad
undergoes an efficient intramolecular photoinduced electron
transfer reaction in PhCN to afford a 400 ps-lived CS state,
while PDI-Cgq achieved a 3 times shorter CSS lifetime, showing
the influence of the nitrogen atom in the photoinduced
electron-transfer process.12 Therefore, designing, synthesizing,
and probing efficient energy donor-acceptor PDI-Cg, systems
with unique panchromatic absorptive, redox, and electrical
properties is a field of crucial importance yet to be explored.

In this paper, we report on the differences the
photoinduced properties of two sets of recently described
perylenediimide-Cgy dyads prepared by covalent attachment of
fullerene to the bay positions of the regioisomerically pure
electron-donors, 1,7- and 1,6-dipyrrolidinyl-PDI, either through
one (linear dyads) or two positions (cyclic dyads),
respectively.”> Thus, the compounds under study are the
single-bridged dyads SB-1,7-PDI-Cgy (SB-1) and SB-1,6-PDI-Cgq
(SB-2), together with the double-bridged dyads DB-1,7-PDI-Cg,
(DB-1) and DB-1,6-PDI-Cgy (DB-2). In order to gain a deeper
insight on the influence of the relative orientation between
the subunits on the photophysical properties of the cyclic
systems, we designed a new PDI-C4 double-bridged dyad,
namely DB-1,7-Pyr-PDI-Cgq (DB-3), where Cgq is connected to
1,7-dipyrrolidinyl-PDI through the imide positions (Figure 1).
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Scheme 1

The esterification coupling of the latter  with
ethylmalonylchloride, in presence of pyridine, afforded the
DB-1:;E2N-CW dimalonate PDI-2, which was further decorated with one

[60]fullerene sphere, through a standard Bingel procedure, to
finally obtain perylenediimide-fullerene dyad DB-3 (Scheme 1).
A symmetric triad fullerene-perylenediimide-fullerene could
also be obtained as a side product due to a double
cyclopropanation reaction on two different fullerene spheres.
In our case, the experimental conditions were optimized to
obtain exclusively DB-3 (moderately high-diluted solution,
room temperature and short reaction time) and only traces of
such triad were detected by mass spectrometry of the crude

DB-1,7-Pyr-PDI-Cgo

DB3 material. The newly synthesized PDI-Cgq double bridged dyad

Figure 1 DB-3 was fully characterized using standard techniques (see
experimental section and SI).

Results and discussion  — ggl-g)z

The synthesis of dyad DB-3 starts with the condensation of 3x10°
1,7-dipyrrolidinylperylene-3,4,9,10-tetracarboxylic anhydride14
with 3-aminopropan-1-ol to afford the corresponding <

perylenediimide derivative PDI-1 in 95% yield (Scheme 1). § 2x10°4
s
w
1x10°
0 T L T L T 1
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Figure 2: UV-vis spectra of reference compound PDI-2 (blue solid line) and DB-3 cyclic
dyad (red solid line) in chloroform.
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Figure 3: Differential pulse voltammograms in degassed PhCN containing BusNPF (0.10

M) of a) Ceo ref, b) PDI-2 ref and c) DB-3 cyclic dyad.

Table 1: Redox-potencial values (vs Fc/Fc') of dyads and reference compounds
obtained by DPV in PhCN

Compound Eiox Ezox Eired Eared
Ceoref™ -1.16 -1.49
PDI-2 ref 0.16 0.32 -1.25 -1.37
DB-3 0.17 0.37 -1.04 -1.36

Recorded with BugNPFs (0.10M) as supporting electrolyte, Ag/AgNO; as the
reference electrode, platinum wires as the counter and working electrodes, and
at a scan rate of 100 mVs ™.

Absorption features of DB-3, when compared to those of PDI-
2, indicate an inter-chromophore interaction between Cg, and
PDI moieties, as pointed out by the decrease in the absorption
of the band centred at 705 nm with a bathochromic shift to
718 nm. This behaviour has been previously described in some
other pyrrolidinyl PDI derivatives.> The same conclusion can
be deduced from DB-3 differential pulse voltammogram
analysis (Figure 3, DPV). The first and second oxidation
potential values, 0.17 and 0.37 V (Table 1), are slightly
different from those of PDI 2 (Figure 3b), the first one being 10
mV positively shifted as a consequence of the slight influence
of Cgo. In the cathodic region, the first one-electron reduction
process, assigned to the first reduction of the fullerene sphere,
appears at -1.04 V. This equals to a 12 mV negative shift,
compared to that of Cg, (Figure 3a),16 probably caused by the
influence of the electron-donor pyrrolidinyl bay-substituted
PDI system, as it was previously inferred from absorption
spectra. The second reduction potential of DB-3, -1.36 V, is
obtained from the maximum of a complex wave, due to
combined cathodic processes involving PDI and fullerene units.

This journal is © The Royal Society of Chemistry 20xx

The results of the transient absorption measurements of DB-3 in PhCN are presented in
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Figure 4. The global fit of the data can be accomplished using a
bi-exponential model, which yields two time constants, 3.4+0.7
and 12+1 ps. The transient absorption spectrum, right after
the excitation at 420 nm, shows bleaching of the ground state
absorption with a maximum at 710 nm and broad featureless
absorption in the near IR part of the spectrum. This spectrum
is attributed to the PDI locally excited singlet state. After 3.4 ps
the differential spectrum shows two pronounced bands in the
near IR at 900 and 1050 nm. At the same time preserved
bleaching of the PDI ground state at 710 nm rules out a
possibility of the excited state energy transfer from PDI
chromophore to Cg. This spectrum is attributed to the CS
state, i.e. PDI radical cation at 900 nm'” and Cgo radical anion
at 1050 nm (decay profiles at these wavelengths are shown
Figures 4b and 5b).18 The CS state recombines to the ground
state with the 12 ps time constant.
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Figure 4: (a) Transient absorption decay component spectra (solid lines with symbols)
and transient absorption spectrum right after the excitation (at O ps) of DB-3 dyad in
PhCN. (b) Transient absorption decays of DB-3 in PhCN

Rather similar transient absorption responses were obtained in toluene, as presented
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Figure 5. However, the lifetime of the longest-lived component
was clearly longer, 650£30 ps. This is consistent with the
proposed photoinduced intramolecular electron transfer: in
less polar media the energy of the CS state is expected to be
higher due to stronger contribution of the Coulombic
interaction, and the rate constant of the charge recombination
is expected to be smaller in the inverted Marcus regime as will
be discussed later. The charge separation is somewhat faster
in toluene, 2.4+0.9 ps, though accuracy of the time constant
evaluation is relatively low due to rather small difference
between absorption spectra of the singlet excited state of the
PDI moiety and the CS state.

4| J. Name., 2012, 00, 1-3
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Figure 5: (a) Transient absorption decay component spectra (solid lines with symbols)
and transient absorption spectrum right after the excitation (at 0 ps) of DB-3 dyad in
toluene. (b) Transient absorption decays of DB-3 in toluene.

The results of the photoinduced ET study of the five PDI-Cg
dyads in PhCN are summarized in Table 2, together with the
excited state energies, Epy, and the energies of the CS states,
AGcs. The former were estimated from the spectroscopic
measurements by plotting normalized absorption and
emission spectra and assigning the crossing point between the
spectra to Egy. The energy of the CS state, AGgs, can be
estimated from the experimentally available difference
between the oxidation and reduction potentials of the donor,
PDI, and acceptor, Cgy, and a correction term, AG;, accounting
for the Coulomb interaction,19

P (1+1_1]1_(1+1j1 W
4ne, |[\2R, 2R, R,, )&, 2R, 2R, e,

where R, and Rp are the radii of the donor and acceptor, Rp, is
the centre-to-centre distance between the donor and
acceptor, and & and &, are the dielectric constants of the
solvent of interest and the solvent used for the redox potential
measurements, respectively. Since here the electrochemical
measurements were carried out in the solvent of interest,
PhCN, this term has a relatively minor effect on AGgs, and it
depends only on Rp,. Assuming Rpa= 6 A, AG, = —0.09 eV.

This journal is © The Royal Society of Chemistry 20xx
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Table 2: Energies and electron transfer time constants for the dyads in PhCN.?

Compound Eoo AGes Tcs TR A v
(eV) (eV) (ps) (ps) (eV) (eV)
sB-1° 1.72 1.11 2.3+0.7 11+2 0.74 0.005
sB-2° 1.79 1.26 2.0+0.5 3545 0.74 0.007
DB-1° 1.75 1.42 612 50+8 0.79 0.011
DB-2° 1.77 1.47 9+3 120420 0.79 0.011
DB-3 1.69 1.13 3.4+0.7 12+1 0.76 0.005

? Ego is the energy of the excited state (PDI*-Cgg), AGcs is the energy of the CS
state (PDI"-C607), Tcs and Tcg are the time constants of the charge separation and
recombination, respectively, A and V are the reorganization energy and electronic
coupling associated with the ET reaction, see text for details. e Eoo, AGcs and time
constants are from ref. [13].

In a case of a simple charge separation - charge recombination
series of reaction, which starts from the singlet excited state of
one of the chromophores and ends in the ground state, i.e.
PDI*-Cqo, = PDI-Cqy, = PDI-Cq, an estimation of the
reorganization energy associated with the ET reaction can be
made in frame of the classic ET theory with a few
assumptions.20 The theory predicts that the rate constant of

the ET is

27 VR exp _(AG+A) o
o kT 40kT

where V is the electronic coupling between the reactant and
product states, AG is the reaction free energy, A is the
reorganization energy, k is the Boltzmann constant and T is the
temperature. The first assumption is that the electronic
coupling, V, is the same for both reactions, charge separation
and charge recombination. Secondly, we will assume that the
reorganization energy, A, is the same for CS and CR. This is true
if the difference in the nuclear coordinates of the potential
energy minima for the ground and excited states is much
smaller than that between either of them and the minimum
for the CS state. In practice this condition is satisfied if the
Stokes shift for the compound is not large, which will be
discussed later. Finally, one needs to know the ratio of the CS
and CR time constants, tcs/tcg, Or the rate constant ratio,
kcs/kcr, and the free energies of the excited and CS states, Eyg
and AGgs.

Eoo (ZAG(,‘S - Eoo)
4kT 1n’/§£ +2(2AG s — E,)

CR

3)

A=

The results of the reorganization energy calculations according
to these equations are presented in Table 2. Once the
reorganization energy is known, the electronic coupling can be
evaluated from eq. (2), and the values are given in the last
column of the table. The evaluated reorganization energies are
in a narrow range, 0.74-0.79 eV. This is reasonable considering
that both the donor and acceptor are large molecular entities,

This journal is © The Royal Society of Chemistry 20xx

which require less environmental changes to accommodate
charged species as compared to smaller molecular species.21
The differences in the electronic coupling of the different
dyads are much larger than those in the reorganization energy,
being roughly two-fold when comparing SB-1 and DB-1. One
can notice that the DB-1 and DB-2 dyads have larger coupling
than the three other dyads. This can be attributed to the
shorter distance between the donor and acceptor in these
dyads, and/or the more preferential arrangement for the
stronger coupling. At the same time the rate constants for
both charge separation and recombination are faster for SB-1,
SB-2, and DB-3 dyads, which seems to be in contradiction with
the lower electronic coupling and further
examination.

requires

1000 A

SB-1
SB-2
DB-1 N,
DB-2 ‘\.
DB-3 \-\
model, all
classic, SB2

* DB-3/toluene
X SB-1/toluene
model/toluene

1004,

k, 1/ns
e 4 b o 18

10 4

0.8 1
-AG, eV

Figure 6: Marcus plot of charge separation and recombination rate constants of the

0.6

dyads in PhCN and toluene. The symbols represent the measured rate constants for
different dyads, the CS rates are on the left and CR on the right. If solvent is not
mentioned, PhCN is assumed. The lines show fits to different models, see text for
details.

To get more insight into ET in the PDI-Cs, dyads the rate
constants were plotted in a so-called Marcus plot, or as a
function of the reaction free energy, Figure 6. In this plot the
free energies of the charge recombination reactions or the
energies of the CS state, AG.s, were evaluated as discussed
above (Table 2), and the free energies of the charge separation
reactions were calculated as the difference between the
energy of the singlet excited state, Eypy and AGe. The data
points on the right hand side of the plot correspond to the
charge recombination and on the left to the charge separation.
As an example, the Marcus parabola, i.e. the dependence
given by eq. (2), is shown for SB-2 by the blue dotted line in
Figure 6. Clearly, the charge separation takes place in the so-
called normal Marcus regime or close to the top of the Marcus
parabola, while the charge recombination occurs in the
inverted regime. This explains the order of the reaction rates
for this series of dyads. SB-1 has the lowest energy of the CS
state, which puts both rate constants closer to the top of the
Marcus parabola. DB-2 has the highest AGcs in this series,
which results in the highest free energy of the charge
recombination and the lowest free energy for the charge

J. Name., 2013, 00, 1-3 | 5
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separation, and the slowest rate constants for both reactions.
Apparently, the free energy difference has a stronger effect on
the reaction rates than the electronic coupling in this case.

The data in Figure 6 show a common trend for the rate
constant dependence on the free energy. This is reasonable
since for all three double-linked dyads the computational
modelling suggests a very similar edge-to-edge donor-acceptor
distance in the range 4.1-4.2 A (see Figure S14), and the
difference in energy levels of the donors is expected to be the
main contributor the difference in the electron transfer rate
constants. However, the dependence is clearly not as sharp as
predicted by the classic ET theory. This is a known drawback of
the theory, which does not describe well enough dyads with
relatively strong electronic coupling, i.e. with dominating
electron tunnelling mechanism of ET, and in particular does
not describe well reactions in the inverted region. In these
cases the semi-quantum model gives a better description for
the ET reactions. It considers probabilities of tunnelling from
the lowest vibrational level of the product to all possible
vibrational levels of the reactant and evaluates the rate

constant of the ET as a sum of rates:?

V& S (4G +A+iE, )
ki, = I exp| -
T kT Z(,:e T 4IKT (4)

where E, is the energy of the fundamental vibrational mode, S
is the electron-vibrational coupling, which is also a function of
the internal reorganization energy, A, S = An/E,, and A is
interpreted as the outer sphere or external reorganization
energy.

Table 3: Energy parameters obtained from the Marcus plot (Figure 6) fit by eq. (4)

1% A E, s Nint

(eV) (eV) (eV) (eV)

All dyads 0.0049 0.52 0.24 0.68 0.16
DB only 0.0047 0.49 0.24° 0.79 0.19
SB only 0.0054 0.51 0.24° 0.59 0.14

? the value of E, was kept constant during the fit.

The best fit of all data shown in Figure 6 to eq. (4) is presented
by the black solid line and the energies obtained are
summarized in Table 3. The semi-quantum theory suggests a
smaller reorganization energy A than the classic one. However,
if the external and internal reorganization energies are
summed up, A + A, = 0.68 eV, the difference almost vanishes.
Another fit parameter of interest is the electronic coupling, V.
It is also smaller than those estimated for the three dyads
based on the classic theory. One possible drawback of using all
the data to model the ET rate dependence on the free energy,
AG, is that the single and double-bridged dyads may have
different electronic couplings as they are likely to have
different mutual arrangements of the donor and acceptor
units. Therefore the data for the single- and double-bridged
dyads were also fitted separately and the results are presented
in Table 3. In these cases the fits were carried out with a

6| J. Name., 2012, 00, 1-3
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constant value obtained from the fit of all data, E, = 0.24 eV,
since the number of data points is too small to extract four fit
parameters. This value of E, agrees reasonably well with that
reported for a porphyrin-fullerene dyad with similar donor-
acceptor arrangement,23 and in line with values reported
based on theoretical consideration of the problem.24 In fact,
the difference between the separate fits is rather minor and
indicates that there is no essential difference between the
electronic coupling and reorganization energies associated
with the electron transfer reaction in this series of dyads,
which is in line with virtually no difference in edge-to-edge
donor-acceptor distances of the double-linked dyads (Figure
S14). This also suggests that the mutual donor-acceptor
arrangement in the single-bridged dyads is rather similar to
that of the double-bridged dyads, that is, they adopt a
sandwich-like arrangement with fullerene positioned atop of
the PDI moiety. This also suggests that this is the case of so-
called through space ET, meaning that the linkers determine
geometry of the DA pair but does not participate in the ET.

An average value of the electronic coupling for these dyads is V
= 0.005 eV (40 cmfl). This value is roughly few times lower
than that found for the double- and single-bridged porphyrin-
fullerene dyads with similar sandwich-like arrangement of the
donor and acceptor parts.zs’26 A clear difference between
these types of dyads is that the high coupling between
porphyrin and fullerene chromophores results in the formation
of an exciplex, which mediates the electron transfer in polar
media but relaxes directly to the ground state in non-polar
environment. The lower coupling between the donor and
acceptor in the PDI-Cgy dyads leads to much weaker effect of
the exciplex, which was unambiguously detected only for SB-1
and SB-2 in toluene. However, no experimental evidence of
the exciplex intermediate was found for PDI-Cg, dyads in PhCN,
which made possible the analysis of both the charge
separation and recombination at the same time.

There are no experimental evidences for an exciplex
intermediate for DB-3 in toluene. The excited state relaxation
follows the same charge separation-charge recombination
route as in PhCN, and can be analysed in the same manner.
However, the number of data points is reduced in the case of
toluene, since the charge separation is complicated in the
presence of the intermediate exciplex in other dyads, and only
for SB-1 the CS state recombined to the ground state. With
only three data points left for the analysis some assumptions
need to be made. We can safely assume that the electronic
coupling, internal reorganization energy, and fundamental
vibrational modes are the same in the two solvents. Then, the
only variable parameter is the solvent or outer sphere
reorganization energy, A. By varying only A, one can achieve a
rather good fit of the ET rate constants in toluene at A = 0.29
eV, which is shown by the green dash-and-dotted line in Figure
6. This means that the semi-quantum theory, namely eq. (4),
gives a consistent description of the ET reactions for all five
dyads and in two solvents.

The obtained solvent reorganization energy for DB-3 in
toluene, 0.29 eV, (Figure 6) is almost equal to the driving force
of the charge separation. Actually in both solvents the driving

This journal is © The Royal Society of Chemistry 20xx
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force of the charge separation is very close to the
reorganization energy, and the reactions are proceeding with
almost the fastest possible The in the
reorganization energy with the increase in the solvent polarity
is compensated by the decrease in the energy of the CS state,
which keeps AGs—A close to zero and the dependence of the
CS rate constant on solvent vanishes. For the charge
recombination the change in both the driving force and the
reorganization energy act in the opposite direction giving a

rate. increase

large difference for the charge recombination constants in
both solvents.

The reorganization energy is another clear difference between
the porphyrin-fullerene and PDI-fullerene dyads with similar
arrangements of the donor and acceptor parts. It is roughly
twofold for the PDI dyads as compared to that of the
porphyrin dyads. Apparently the difference is due to larger
reorganization associated with the PDI unit as compared with
that of the porphyrin core under the event of the electron
donation. In part this can be attributed to the somewhat
smaller delocalization of the electron density in the perylene
chromophore. The second reason can be a more rigid structure
of the porphyrin core and higher involvement of peripheral
groups of PDI in the electron density redistribution. In any
case, the larger reorganization energy in PDI-Cgo dyads resulted
in a smaller difference between the charge separation and
recombination rate constants under otherwise the same
conditions, though the difference is not large.

Experimental
Synthesis of new compounds

All chemicals were reagent grade, purchased from commercial
sources, and used as received, unless otherwise specified.
Column chromatography: SiO, (40—63 mm) TLC plates coated
with SiO, 60F254 were visualized by UV light. DB-3 crude
product was finally purified by a Combiflash Rf chrom-
atography system (Teledyne Technologies, Inc., Thousand
Oaks, CA). NMR spectra were measured with a Bruker AC 300.
UV/vis spectra were recorded with a
spectrophotometer. Fluorescence spectra were recorded with
a PerkinElmer LS 55 Luminescence Spectrometer and IR
spectra with a Nicolet Impact 400D spectrophotometer. Mass
spectra were obtained from a Bruker Microflex matrix-assisted
laser desorption/ionization time of flight (MALDI-TOF)

PDI-1. 1,7-dipyrrolidinylperylene-3,4:9,10-tetracarboxylic
anhydride 1 (1.20 g, 2.26 mmol) and 3-aminopropan-1-ol (0.51
g, 7.19 mmol) were dissolved in dry toluene (20 mL). The
mixture was stirred for 24h at 1102C. When the reaction
reached room temperature, the solvent was distilled off and
the residue was purified by column chromatography (SiO,,
dichloromethane:acetone 10:1), yielding 1.38 g (95%) of PDI-2
as dark green solid. 'H NMR (300 MHz, CDCl3, 298 K): 6 = 8.45
(s, 2H, 2xH-PDI), 8.43 (d, 2H, J=8.1 Hz, 2xH-PDI), 7.65 (d, 2H,
J=8.1 Hz, 2xH-PDI), 4.41 (t, 4H, J=6.1 Hz, 2xN-CH,-CH,-CH,-OH),
3.80-3.69 (br's, 4H, 4xH-Pyrrolidinyl), 3.61 (t, 4H, J=5.9 Hz, 2xN-
CH,-CH,-CH,-OH), 2.89-2.75 (br s, 4H, 4xH-Pyrrolidinyl), 2.13-
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1.99 (m, 12H, 8xH-Pyrrolidinyl + 2xN-CH,-CH,-CH,-OH) ppm;
13C NMR (75 MHz, CDCl3): 6 = 163.7, 145.5, 133.2, 128.7, 125.9,
122.7, 121.0, 120.2, 119.9, 117.5, 117.0, 57.9, 51.3, 35.8, 30.1,
28.7, 24.8, ppm;. IR (KBr) v: 3449, 2950, 2921, 2848, 1688,
1653, 1591, 1417, 1343, 1235, 1119, 539 cm-l; UV/Vis
(chloroform), Am.x (log €): 312 (4.30), 438 (4.13), 714 (4.50)
nm; MS (MALDI-TOF): m/z: calcd for C3gH36N,Og: 644.2635 [M]
; found: m/z: 644.2218 [M].

PDI-2. PDI-1 (0.50 g, 0.78 mmol), ethyl malonyl chloride (0.52
g, 3.45 mmol) and pyridine (0.27 g, 3.42 mmol) were dissolved
in dichloroethane (50 mL). The mixture was stirred for 17h at
50°C. After being cooled to room temperature, the reaction
mixture was washed with HCI 2M and brine. The combined
organic layers were dried over anhydrous sodium sulfate and
concentrated under reduced pressure. The residue was
purified by column chromatography (SiO,, chloroform:acetone
50:1), yielding 0.61 g (90%) of PDI-2 as a dark green solid. 'H
NMR (300 MHz, CDCl;, 298 K): 6 = 8.43 (s, 2H, 2xH-PDI), 8.39
(d, 2H, J=8.1 Hz, 2xH-PDI), 7.64 (d, 2H, J=8.1 Hz, 2xH-PDI), 4.38-
4.28 (m, 8H, 2xN-CH,-CH,-CH,-0,C + 2xN-CH,-CH,-CH,-0,C),
4.21 (q, 4H, J=7.1 Hz, 2xCO,-CH,-CH3), 3.79-3.66 (br s, 4H, 4xH-
Pyrrolidinyl), 3.41 (s, 4H, 2x0O,C-CH,-CO,), 2.90-2.74 (br s, 4H,
4xH-Pyrrolidinyl), 2.16 (m, 4H, 2xN-CH,-CH,-CH,-OCO), 2.10-
1.92 (m, 8H, 8xH-Pyrrolidinyl), 1.29 (t, 6H, J=7.1 Hz, 2xCO,-CH-
CHs) ppm; C NMR (75 MHz, CDCls): 6 = 166.6, 166.4, 163.8,
146.2, 133.9, 129.5, 126.5, 123.5, 121.8, 121.2, 120.5, 118.6,
117.7, 63.4, 61.4, 52.0, 41.5, 37.1, 27.2, 25.6, 14.0 ppm;. IR
(KBr) v: 2963, 2867, 1751, 1731, 1686, 1649, 1592, 1578, 1558,
1508, 1417, 1345, 1303, 1263, 1242, 1185, 1149, 1116, 1062,
1030, 944, 864, 806, 752 cm™’; UV/Vis (chloroform), Amax (log
€): 311 (4.42), 435 (4.27), 705 (4.63) nm; MS (MALDI-TOF):
m/z: calcd for CugHagN,Oqp: 872.3269 [M]%; found: m/z:
872.3484 [M]".

DB-3. Cg (82 mg, 0.114 mmol) and |, (100 mg, 0.394 mmol)
were dissolved in dry toluene (200 mL). Over this solution,
DBU (143 mg, 0.936 mmol), diluted in dry toluene (5 mL), were
slowly added under inert atmosphere (Ar). The mixture was
stirred at RT for 2h and vacuum filtered, discarding the solid
residue. Removal of solvent in vacuo provided the
corresponding crude product, which was finally purified by
Combiflash chromatography (0-15% of ethyl acetate in
toluene) yielding 7 mg of DB-3 as brown powder (4%). IR (KBr)
v: 3465, 2960, 2920, 2844, 1744, 1685, 1650, 1589, 1579,
1557, 1461, 1416, 1340, 1301, 1237, 1181, 1114, 804, 750, 526
em™; UV/Vis (chloroform), Ama.x (log €): 308 (4.41), 432 (3.79),
718 (4.17) nm; MS (MALDI-TOF): m/z: calcd for CypgHaaN4O15:
1587.287 [M+H]"; found: m/z: 1587.401 [M+H]".

Electrochemistry

Differential pulse voltammetry measurements were performed
in a conventional three-electrode cell using a u.-AUTOLAB type
Ill potentiostat/galvanostat at 298 K, over PhCN deaerated
sample solutions (~0.5 mM), containing 0.10 M tetrabutyl-
ammonium hexafluorophosphate (TBAPF6) as supporting elec-
trolyte. A glassy carbon (GC) working electrode, Ag/AgNO;
reference electrode and a platinum wire counter electrode
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were employed. Ferrocene/ferrocenium was used as an
internal standard for all measurements.

Time-resolved absorption spectroscopy

Time resolved absorption spectroscopy was carried out
employing a pump-probe method. The instrument used is
described elsewhere.”” In brief, the fundamental 100 fs pulses
at 1 kHz repetition rate were produced by Libra F (Coherent
Inc.) laser system and used to generate excitation pulses by an
optical parametric amplifier (OPA) Topas C (Light Conversion
Ltd.), and white continuum probe pulses. The measurements
system (ExiPro, CDP Inc.) recoded time resolved spectra in the
visible and near infrared parts of the spectra. The final time
resolution of the system was 150-200 fs.

Data fitting

Transient absorption data fitting was carried our using home-
made program decfit, which was also used by authors in their
previous studies.**>*% Fit of data in Figure 6 to eq. (4) was
done by programming function calculating ET rate (eq. (4) with
summation limited to 50 first terms, see Sl) into numeric
spreadsheet and using Solver/Non-Linear Model option of the
spreadsheet.

Conclusions

The experimental study of a new PDI-Cg, dyad, DB-3, shows
that the dyad undergoes efficient electron transfer in both
polar, benzonitrile, and non-polar, toluene, solvents. The
structural similarity of this dyad with recently studied series of
four PDI-Cgy dyads made it possible to apply the semi-quantum
ET theory to all the five dyads, which indicates that the dyads
are characterized by the same electronic coupling and
reorganization energies associated with the charge separation
and recombination processes in them. A comparison with the
structurally similar porphyrin-fullerene dyads shows that the
reorganization energy in the PDI dyads is roughly twofold,
which the charge recombination rate under
otherwise similar conditions. However, the charge separation
in the PDI-Cgy dyads takes place with the rate close to the
maximum for this type of dyads (at the top of the so-called
Marcus parabola), practically independent of the solvent
polarity. This makes the PDI-Cg, dyads promising compounds
when the rate of ET is an important requirement.
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