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ABSTRACT: A donor—acceptor dyad composed of a BF,-chelated dipyrromethene
(BODIPY) and a Cg, fullerene has been newly synthesized and characterized. The two
moieties are linked by direct addition of an azido substituted BODIPY on the C,
producing an imino—fullerene—BODIPY adduct. The photoinduced charge transfer
process in this system was studied by ultrafast transient absorption spectroscopy.
Electron transfer toward the fullerene was found to occur selectively exciting both the
BODIPY chromophore at 475 nm and the Cg, unit at 266 nm on a time scale of a few
picoseconds, but the dynamics of charge separation was different in the two cases.
Eletrochemical studies provided information on the redox potentials of the involved
species and spectroelectrochemical measurements allowed to unambiguously assign the
absorption band of the oxidized BODIPY moiety, which helped in the interpretation of
the transient absorption spectra. The experimental studies were complemented by a
theoretical analysis based on DFT computations of the excited state energies of the two
components and their electronic couplings, which allowed identification of the charge

transfer mechanism and rationalization of the different kinetic behavior observed by changing the excitation conditions.

1. INTRODUCTION

The efficiency of natural photosynthetic complexes in harvest-
ing solar light and transform it into useful chemical energy has
promoted many efforts to mimic this process by developing
artificial systems. Photosynthetic energy conversion is initiated
by light absorption from an antenna system, composed by a
number of chromophores that transfer energy to a reaction
center in a very fast and efficient way. Here a series of electron
transfer processes occur, finally generating a long-lived charge
separated state.

In recent years significant synthetic effort has been devoted
to produce both artificial antennas and electron donor—
acceptor units.'~” In developing electron transfer adducts, the
choice of the acceptor has been often directed toward
fullerenes, since the presence of many closely spaced electronic
levels, the high degree of charge delocalization within an
extended 7-conjugated structure, and the small reorganization
energies make these molecules an ideal system to act as
electron acceptor in a charge separated state. Different natural
based chromophores have been used as electron donors, such
as phorphyrins and phthalocyanines, however the choice has
not been limited to these classes of systems.””'” Recently,
among the commonly used artificial photosynthetic chromo-

phores, BF,-chelated dipyrromethene compounds, usually
indicated as BODIPY, have attracted notable attention and
have been used both as building blocks of antenna systems and
as charge separating units.”"*~*” BODIPY are interesting dyes,
because of both their high chemical stability and their
convenient electronic properties, such as high absorption
coefficients and emission quantum yields. Another remarkable
aspect connected to their use in artificial photosynthetic devices
is the possibility of easily tuning their spectral properties, by
introducing and/or varying one or more substituents in
positions 1—7 and 3—5 (Scheme 1).*** This valuable
tunability makes the BODIPY dyes very versatile, opening the
possibility of extending the absorption cross section of an
artificial device over a wide spectral range.

Taking advantage of all these properties, recently a high
number of BODIPY—fullerene donor—acceptor systems,
capable of performing fast charge separation and relatively
slow charge recombination, have been synthesized and
characterized.*'*'”'° Furthermore, in a number of studies
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the effect of solvent, temperature, and other external conditions
on the efficiency of charge separation has been investigated,
providing important information about the factors influencing
the efficiency of the process.””’

In this work we have synthesized and characterized a simple
electron-donor—acceptor dyad based on a BODIPY—Cy,
complex. What makes our system different from most of the
previously analyzed ones concerns the molecular bridge
between donor and acceptor, which is here virtually absent,
the two moieties being linked by direct addition of an azido
substituted BODIPY>’ on the Cg, producing an imino—
fullerene—BODIPY adduct.”*"*° By exploiting the synthetic
unicity of our approach we aimed at investigating whether such
a system would act as a dyad, thus preserving the molecular
identity of the two connected molecules, with localized
molecular orbitals, or a more extended delocalization of
electron density would occur. The excited state evolution of
the system was investigated by ultrafast transient absorption
spectroscopy. We found that upon selective excitation of both
moieties electron transfer toward the Cg, occurred on a time
scale of a few picoseconds, although with a different kinetics in
the two cases. We furthermore characterized the system
through electrochemical studies, which provided information
on the redox potentials of the involved species. Also,
spectroelectrochemical measurements were performed, which
allowed unambiguous assignment of the absorption band of the
oxidized BODIPY moiety. The experimental studies were
complemented by a thorough theoretical analysis based on
DFT computations of the excited state energies of the two
molecules composing the dyad. Furthermore, their electronic
couplings were theoretically estimated, allowing the comparison
of the computed and experimental electron transfer kinetic
constants, as well as the rationalization of the observed
wavelength excitation-dependent kinetic behavior, and hence
the identification of the charge transfer mechanism.

2. EXPERIMENTAL DETAILS

2.1. Synthesis. A suspension of fullerene Cg, (100 mg, 0.14
mmol) and BODIPY (51 mg, 1 equiv) in dichlorobenzene
(mixture of isomers, 10 mL) was heated at 80 °C under stirring
and N, atmosphere for 24 h (Scheme 1). The solution was then
cooled to room temperature and diluted with 40 mL of
CH;CN. The suspension was left at 4 °C for 12 h and
centrifuged at 3000g for 10 min. The solid precipitate was
purified by flash column chromatography affording unreacted
Ce (53 mg) and the single adduct 3 (16.5 mg, 24% yield

calculated on the conversion of Cg,). Nontrace amount of the

eventual [6,6]-bridged aziridino fullerene derivative was
isolated.

Compund 3: "H NMR (CS,/CDCl, 1:2, 400 MHz) § 7.69
(AA’ part of an AA'BB’ system, 2H), 7.31 (BB’ part of an
AA'BB’ system, 2H); 5.98 (s, 2H, pyrrole ring H), 2.53 (s, 6H,
2 X CHj,), 1.55 (s, 6H, 2 X CH;) ppm; *C NMR (CS,/CDCl,
1:2, 100 MHz) 8 155.4, 1482, 147.5, 144.8, 144.7, 144.6, 144.4,
144.3, 1442, 144.1, 144.0, 1439, 143.8, 143.6, 143.5, 143.4,
143.3, 143.0, 142.9, 142.8, 141.8, 141.5, 141.04, 140.9, 140.0,
139.9, 139.8, 138.7, 138.3, 137.7, 137.2, 136.6, 134.8, 131.7,
129.11, 129.0, 121,4, 116.8, 14.9, 14.7 ppm; ESI mass (MeOH)
(=) m/z = 1057.08

2.2. Transient Absorption Measurements. The appara-
tus used for the transient absorption spectroscopy (TAS)
measurements has been described in detail in previous works.””
A Tisapphire laser oscillator (Spectra Physics Tsunami)
pumped by the second harmonic from a Nd:YVO (Spectra
Physics Millennia) produced 70 fs pulses at 800 nm, which
were stretched and amplified at 1 kHz repetition rate by a
regenerative amplifier (BMI Alpha 1000). After compression a
total average power of 450—500 mW and pulse duration of 100
fs are obtained. The repetition rate of the output beam was
reduced to 100 Hz by a mechanical chopper in order to avoid
the photodegradation of the sample. Excitation pulses at 475
nm have been obtained by mixing the output of an optical
parametric generator and amplifier (OPG-OPA) based on a
BBO crystal (TOPAS by Light Conversion, Vilnius, Lithuania)
with the residual laser fundamental,”** while pulses at 266 and
400 nm have been obtained respectively by third and second
harmonic generation of the fundamental 800 nm laser output.
At all excitation wavelengths the pump beam polarization has
been set to magic angle with respect to the probe beam by
rotating a 4/2 plate so as to exclude rotational contributions to
the transient signal. The probe pulse was generated by focusing
a small portion of the 800 nm radiation on a 3 mm thick CaF,
window mounted on a motorized translation stage. The
continuum light was optimized for the 350—750 nm wave-
length range, and a moveable delay line made it possible to
increase the time-of-arrival difference of the pump and probe
beams up to 2.0 ns. Multichannel detection for transient
spectroscopy was achieved by sending the white light
continuum after passing through the sample to a flat field
monochromator coupled to a homemade CCD detector
[http://lens.unifi.it/ew]. TAS measurements were carried out
in a static cell (2 mm thick) under magnetic stirring in order to
refresh the solution and avoid photodegradation.

The visible absorption spectra were recorded using a
PerkinElmer LAMBDA 950, while fluorescence was recorded
using a PerkinElmer LSSS fluorimeter. The integrity of the
sample was checked by recording its visible absorption
spectrum before and after the time-resolved measurements.
The OD of the sample at the excitation wavelength was
between 0.2 and 0.5 in all the examined samples. Time resolved
measurements were performed at room temperature in
chloroform and benzonitrile. All the solutions were saturated
with nitrogen, and the cuvettes used during the data acquisition
were sealed before the measurement.

2.3. Electrochemistry and UV-Vis Spectroelectro-
chemistry. Tetrabutylammonium hexafluorophosphate
(TBAH) was used as received as supporting electrolyte, and
it was electrochemical or analytical grade from Sigma-Aldrich.
Dry dichloromethane (DCM) was purified and dried as
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previously reported,” stored in a specially designed Schlenk
flask, and protected from light.

Shortly before the experiment was performed, the solvent
was distilled via a closed system into an electrochemical cell
containing the supporting electrolyte and the species under
examination. Electrochemical experiments were carried out in
an airtight single-compartment cell described elsewhere®’ by
using platinum as working electrode, a platinum spiral as
counter electrode, and a silver spiral as a quasi-reference
electrode. The cell containing the supporting electrolyte and
the electroactive compound was dried under vacuum at about
110 °C for at least 48 h before each experiment. All the E,
potentials have been directly obtained from CV curves as
averages of the cathodic and anodic peak potentials for one-
electron peaks and by digital simulation for those processes
closely spaced in multielectron voltammetric peaks. The E,
values are referred to an aqueous saturated calomel electrode
(SCE) and have been determined by adding, at the end of each
experiment, ferrocene as an internal standard and measuring
them with respect to either the ferrocenium/ferrocene or
decamethylferrocenium/decamethylferrocene couple standard
potential. The potentials thus obtained were not corrected for
the two unknown contributions of the liquid junction potential
between the organic phase and the aqueous SCE solution.

Voltammograms were recorded with an AMEL model 552
potentiostat or a custom-made fast potentiostat®** controlled
by an AMEL model 568 programmable function generator. The
potentiostat was interfaced to a Nicolet model 3091 digital
oscilloscope and the data transferred to a personal computer by
the program Antigona.”” Minimization of the uncompensated
resistance effect in the voltammetric measurements was
achieved by the positive-feedback circuit of the potentiostat.
Digital simulations of the cyclic voltammetric curves were
carried out either by Antigona or DigiSim 3.0.

The UV—vis—NIR spectroelectrochemical experiments were
carried out using a quartz OTTLE cell with a 0.03 cm path
length. Temperature control was achieved by a special
homemade cell holder with quartz windows, in which two
nitrogen fluxes (one at room temperature and the other at low
temperature) are regulated by two needle valves. All the spectra
were recorded by a Cary S spectrophotometer. All the
experimental details for the spectroelectrochemical setup were
reported elsewhere.”***

2.4. Computational Details. The calculations were
performed in a locally modified version of the Gaussian
software. Geometry optimizations were carried out at the
B3LYP/6-31G(d) level, while excited state calculations used
the CAM-B3LYP functional and 6-31+G(d) basis set, within
the Tamm—Dancoff approximation (TDA). The solvent was
included at all levels by employing the polarizable continuum
model (PCM) in its IEF-PCM formulation.’® Within this
model, the solvent is treated as a structureless continuum and
characterized by its dielectric constant. The solvent polarization
as a response to the presence of the solute is represented as a
set of apparent charges placed on the molecular cavity
surrounding the solute. Such charges act back on the solute
by entering the molecular Hamiltonian and therefore polarizing
the electron density. The effect of the solvent can be included
on both ground and excited state calculations, and a recent
extension has allowed to explicitly consider it in the electronic
couplings.

In the following, we shall refer to the two fragments into
which the system has been partitioned (BODIPY and C¢,NH)
as BODIPY and Cg, respectively.

2.4.1. Excitation Energy Transfer Rates. The excitation
energy transfer (EET) rates have been computed assuming the
Fermi golden rule:

2
kegr = 7 |VDA|2 J

where Vp, is the electronic coupling and ] is the spectral
overlap. The former are computed using a well-established

; . 37
perturbative approach based on transition densities.”” Two
separate excited state calculations are carried out on the energy
donor and acceptor, and the relative transition densities are
used to compute the couplings:

1 -~/ /o~ 5 (v
VDA — /dr dr’ ﬁD(r)m/)A(r) + /dl’ dr /)D(l‘) gxcpA(r)

Y [fdrlr /iDn]q‘(ewlﬁA)

where D and A label the two fragments, pp and p, are their
transition densities, respectively, and the three terms on the
right-hand side of the equation are Coulomb, exchange-
correlation, and explicit solvent contributions to the coupling,
respectively. The latter, in particular, is written in terms of the
electrostatic interaction between the transition density of one
fragment and the apparent polarization charges induced by the
other fragment. The summation index f runs over the PCM
charges. Note that these have been obtained using the optical
dielectric constant of the solvent, €, instead of the static one,
since only the electronic degrees of freedom of the environ-
ment molecules are fast enough to immediately respond to the
electronic excitation process, while the polarization response
associated with the nuclear reorganization is in a state of
nonequilibrium.

As most of the initial states are optically dark and
overlapping, there is no easy way to compute the spectral
overlap J. However, it has been estimated by placing Gaussian
functions, with a fwhm of 500 cm™., centered at the excitation
energies, and then computing analytically their overlap. This
procedure is useful to identify the states with non-negligible
overlap, but we remind that it only returns qualitative results,
and should not be assumed quantitative.

2.4.2. Electron and Hole Transfer Rates. The rates for
electron and hole transfers (ET and HT, respectively) have
been calculated assuming a Fermi golden rule as for EET,
employing Marcus theory:

k e [V, A1 _r ex] —7(/1 + AGY)’
Marcus h DA \/W P 4/1ka

where Vp, is the electronic coupling, k, the Boltzmann
constant, T the temperature, AG® the free energy of reaction,
and A the reorganization energy.

The calculation of the electronic couplings involved in ET
and HT cannot be performed using the fragment-based
transition density approach outlined before, since both a
localized and charge transfer (CT) state are involved, and the
latter has contributions from the molecular orbitals of both
fragments. An alternative procedure based on the fragment
charge difference (FCD) model of Voityuk™ has been carried
out instead: an electronic structure calculation is first performed
on the whole bichromophoric system, and the resulting
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Figure 1. (a) Absorption spectrum of the BODIPY—Cy, dyad in chloroform (black line) and the isolated BODIPY moiety (red line). (b)
Fluorescence spectra of the isolated BODIPY (red line, excitation 475 nm) and the BODIPY—Cy, dyad excited at 475 nm (black line) and 330 nm
(blue line). The intensity of the dyad fluorescence is better visualized in the inset.

adiabatic electronic states obtained. The initial and final diabatic
states are defined as those where the charge is maximally
localized on either the donor or the acceptor. The off-diagonal
element of the Hamiltonian in the diabatic basis is the
electronic coupling Vp,. The reorganization energy A of the
electron transfer reaction

D¥+A— D"+ A
has been estimated as the average of backward and forward

reorganization energies (A, and Ag, respectively), following
the procedure described in Lee et al.:’

Ay = E(D¥@D") — E(D*@D*) + E(A@A ) — E(A@A)

= /’i'bw,D + j'bw,A

A, = E(D'@D*) — E(D'@D") + E(A @A) — E(A @A)
= Afp + Aaa

where the notation E(F@F’) indicates that the energy is
calculated for fragment F at its F' geometry. The total
reorganization energy is computed as

A=p+ A = [Apyp + Aayp) + Ao + Aana)l/2

When the calculation is performed in vacuo, A corresponds to
the inner sphere reorganization energy. The solvent relaxation,
contributing to the outer sphere reorganization energy, can be
obtained by performing the calculations in the presence of the
solvent, with the correct equilibrium scheme.*’

The free energy for electron transfer can also be estimated
from the experimental redox potentials and donor excitation
energy, using the Rehm—Weller approach,41 according to the
following equations:

—AGgrcs = Eg_o — (_AGCR)

—AGeg = e(E,, — E.q) + AGg + AGy

Here E,_, is the energy of the lower excited state of the
electron donor (2.48 eV in case of BODIPY), e is the electron
charge, and E, and E,4 are respectively the first oxidation
potential of the donor and the first reduction potential of the
acceptor. AGg is the difference in solvation energies by passing
from the reference solvent (DCM) to chloroform, and AGy is
the binding energy of between the positively charged donor and
the negatively charged acceptor. Usually, AGg and AGy are
estimated from the Rehm—Weller equation, assuming that D
and A are well separated and spherical molecules. In our case,
we used a more physical approach, estimating AGg and AGy

from ab initio calculations: we computed E, and E, 4 in both
DCM and chloroform, and obtained AGg as

AGg = e(on,CHCB - Ered,CHCB) - e(on,DCM - Ered,DCM)

Finally, the binding energy AGy between the two oppositely
charged fragments was calculated as the electrostatic interaction
between atomic charges of D and A, scaled by the static
dielectric constant of CHCl; ecgcy, to account for the solvent

screening.

3. RESULTS AND DISCUSSION

3.1. Absorption and Fluorescence Measurements. The
visible absorption spectrum of the BODIPY—Cy, system is
reported in Figure la and compared with the absorption
spectrum of the isolated BODIPY fragment. It can be noticed
that coordination with the Cg, unit does not influence the
absorption properties of the BODIPY, which always shows an
absorption band centered at 500 nm. In the spectrum of the
dyad an additional sharp band at 330 nm is observed, due to the
fullerene molecule. Fluorescence of the BODIPY (Figure 1b),
observed at 516 nm for the isolated molecule, is almost
completely quenched in the dyad, suggesting the occurrence of
excited state interactions between the two moieties. The
concentration of the solutions of the isolated BODIPY and the
dyad used for the fluorescence measurement have been
adjusted in a way to have the same absorbance at 500 nm. It
is evident that in the presence of the fullerene, the emission of
the BODIPY unit is quenched by >90%. In principle
fluorescence quenching could be due either to excitation
energy transfer or to electron/hole transfer in the dyad.
Excitation of the Cg, band centered at 330 nm also does not
induce BODIPY fluorescence, suggesting that excited state
energy transfer from Cg, to BODIPY is not the main reason for
the observed emission quenching,

3.2. Electrochemistry and UV-Vis—NIR Spectroelec-
trochemistry. The electrochemical behavior of the dyad
BODIPY—Cy, in dichloromethane at room temperature is
shown in Figure 2. On the negative potential side three
reduction processes can be observed whereas on the positive
one two oxidations occur (Table 1). Two out of three
reductions are completely reversible one-electron processes,
and by comparison with the voltammetric studies of pristine
fullerene™” they can confidently be attributed to the Cy, moiety.
The third voltammetric wave is completely irreversible, at a
sweep rate of 1 V/s, and it is complicated by the presence of a
small peak at higher negative potential. This is certainly due to
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Figure 2. Cyclic voltammetric curves of species BODIPY—Cg 0.6 mM
in 0.08 M TBAH/DCM solution. Sweep rate 1 V/s, working electrode
Pt (125 pm, diameter), T = 25 °C.

Table 1. Half-Wave (E,,,) Redox Potentials” (vs SCE) of All
Compounds at 25 °C

E,\n/V
ox. red.
species I I I 1T III
BODIPY—Cy, 1.16 1.55 —0.63 —1.02 —1.38"
~1.49"
BODIPY-Ph 1.14 -1.30 226"
Ceo’ 1.69 216 —0.64 —1.04 —147

“In a 0.08 M TBAPF,/DCM solution. Working electrode: Pt disk
(diameter: 125 um) YIrreversible process; peak potential. “From ref
30: pristine Cgy 0.15 mM in a 0.08 M TBAAsF,/DCM solution.

a chemical reaction following up the electron transfer, with the
product undergoing a further electron transfer process, i.e., an
ECE mechanism that has not been further investigated in this
work. Such a third reduction can involve part of the fullerene
cage and in particular the aza-cyclopropane bridge, and it can
be responsible for the observed irreversibility. Indeed DFT
computations show that in the LUMO+2 orbital an
antibonding contribution on the Cg—aza bridge is present
(see Figure S.4).

As concerns the oxidation processes, the first process is
reversible at 1 V/s while the second one has some degree of
chemical irreversibility. The first voltammetric peak, at about
+1.2'V, can be assigned to the BODIPY moiety as the potential
is very close to the oxidation of both phenyl-BODIPY
(BODIPY—Ph) and p-azidophenyl-BODIPY (BODIPY—Nj;)
in DCM (vide infra). The second oxidation, at +1.55 V, has a
redox value compatible with that of the first oxidation of Cgy,.

As further electrochemical characterization, also aimed at
attributing the main localization of the redox processes of the
dyad BODIPY—Cy, voltammetric investigation of the BODIPY
moiety has been carried out. Both BODIPY—N; and
BODIPY—Ph have been studied under the same conditions
of the dyad, and the results are reported in Figure S.2 and
Figure S.3. BODIPY—Nj shows two one-electron processes, a
reversible oxidation at about +1.2 V and a chemically
irreversible reduction with a peak potential at —1.3 V (Figure
S.2a), whereas the species BODIPY—Ph allowed observation of
one reduction more within the useful potential window (Figure
S.2b). As concerns BODIPY—N;, the irreversibility of the
reduction at room temperature turns to disappear both

increasing the sweep rate (complete reversibility at 100 V/s)
and lowering the temperature (—60 °C; Figure S.3). The
reactivity of the reduced BODIPY derivative can be attributed
to the azide group, as also confirmed by the comparison with
the voltammetric curves of BODIPY—Ph. In fact, for the latter
compound the reduction occurs at the same potential but it is
completely reversible. Moreover, extending the scan toward
more negative potentials, BODIPY—Ph undergoes a second
reduction which is completely irreversible even at higher scan
rates.

It is worth noticing that the comparison of the redox
potentials, for the oxidation and reduction processes, of
BODIPY—Cg, and BODIPY—Ph allows the main localization
of the processes to be attributed. Thus, the first oxidation of the
dyad is centered on the BODIPY moiety and the first two
reductions are fullerene-centered whereas the third irreversible
reduction is very close to the reduction of the BODIPY—Ph
unit. The only difference is in the irreversibility, which can be
associated with the reactivity of the aza-three-atom ring on the
fullerene cage.

The measured half-wave redox potentials for all the
considered species are reported in Table 1.

In order to ascertain the nature of the charge separated state
of the dyad a UV—vis—NIR spectroelectrochemical inves-
tigation was performed in dichloromethane for both the
BODIPY—-Cg, and the BODIPY moieties. In Figure 3 the

1.2
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Figure 3. UV—vis—NIR spectra of the compound BODIPY—Cy, 0.3
mM in 0.07 M TBAH/DCM solution; working electrode, Pt gauze;
temperature = 0 °C. Spectra of the pristine compound (red trace),
one-electron-oxidized species (blue trace), and one-electron reduced
species (black trace). Difference spectrum of the oxidized state (green
trace; pristine compound spectrum subtracted).

spectra of the three redox states of the dyad BODIPY—Cy, have
been plotted, together with the difference spectrum of the
oxidized dyad. As reported above, the absorption spectrum of
the BODIPY—Cy, is made of bands attributable to fullerene (at
about 260 and 330 nm) and to BODIPY, at about 500 nm.
Upon exhaustive reduction of the dyad at —0.7 V, in the thin
layer cavity of the spectroelectrochemical cell, it is possible to
note a characteristic decrease and red shift of the two bands
centered at about 260 and 330 nm. The final spectrum (black
trace in Figure 3) is practically identical to that typically
observed for the one-electron reduced pristine fullerene, Cy,~,*
It is also noteworthy to highlight the growth of the typical
bands in the NIR region, centered at 1000 nm. At opposite,
when the dyad is oxidized, the spectrum is affected only at
wavelengths relative to the absorption of the BODIPY moiety,
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thus showing a large decrease in the band at about 500 nm,
which nearly disappears (blue trace). All these facts confirm the
main localization of the redox processes reported above on the
basis of voltammetric data.

The difference spectrum of the oxidized dyad, obtained by
subtracting the spectrum of pristine BODIPY—Cy,, in the
visible region, accounts only for the variations attributable to
the oxidation of BODIPY. As a matter of fact, it shows a sharp
decrease at about 500 nm, with the growth of two minor bands
at immediately shorter and longer wavelengths (green trace in
Figure 3).

It is important to point out that the differential spectrum thus
obtained is perfectly in line with the transient spectrum
gathered by photoexcitation (see infra).

3.3. Time Resolved Spectroscopy. Transient absorption
measurements have been repeated, exciting the sample at three
different wavelengths: 475 nm, mostly exciting the BODIPY
unit; 400 nm, where both chromophores have comparable
absorbance; and 266 nm, mostly exciting the fullerene unit. The
transient data have been analyzed by simultaneously fitting all
the kinetic traces with exponential decay functions (global
analysis). Three kinetic components were necessary in all cases
to satisfactorily fit the data. Figure 4 reports the associated
spectral components (EADS, evolution associated decay
spectra) and the kinetic traces at S00 and S1S nm, together
with the fit obtained from global analysis for transient data
recorded upon excitation at 475 nm.

Excitation of the sample on the BODIPY unit at 475 nm
induces the immediate appearance of an intense negative band
in the time-resolved spectra, peaked at 505 nm. This band,
which can be attributed to the bleaching of the BODIPY visible
absorption and its stimulated emission, recovers by almost 90%

in 0.35 ps. In the subsequent spectral record (red line in Figure
4a) a small differential signal at S01(—)/S17(+) nm is
observed. On the basis of the spectroelectrochemistry measure-
ments, showing that upon oxidation of the dyad the BODIPY
absorption at ca. 500 nm greatly reduces in intensity and
slightly red shifts, we attribute the positive band at 517 nm to
the BODIPY" species, thus indicating the occurrence of
ultrafast electron transfer in the BODIPY—Cg, adduct. In the
successive evolution, the negative signal at 501 nm further
decays, while the positive band at 517 nm blue shifts by 3 nm.
This evolution can be interpreted in terms of vibrational
cooling, and relaxation of the charge separated state. The
transient signal completely recovers within 1.2 ns, as estimated
by global analysis. Experiments at this excitation wavelength
have been repeated in benzonitrile with very similar results,
showing the occurrence of charge separation on a sub-
picosecond time scale. The only difference is on a relatively
higher signal decay on a ca. 45 ps time scale, indicating that in
this case at least 50% of charge recombination occurs on this
time scale. The EADS obtained from global analysis and
selected time traces for measurements in benzonitrile are
reported in the Supporting Information.

Figure S reports the EADS obtained applying a similar global
analysis procedure to the transient data registered by exciting
the sample at 400 and 266 nm.

In Figure S it can be noticed that the differential signal at
501(—)/517(+) nm is observed in the transient spectra also
when different excitations are employed, but the time evolution
of the signal is different in these cases. When the less selective
400 nm excitation is employed, again the immediate appearance
of the BODIPY bleaching is observed, together with a small
broad absorption extending over the 500—700 nm spectral
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range. The BODIPY bleaching partially recovers with the same
kinetics observed in the case of 475 nm excitation (lifetime 0.35
ps), and the time-resolved spectra evolve giving rise to the
appearance of the same differential signal already observed in
the previous case, attributed to the formation of the BODIPY".
The following evolution is again similar to what was previously
observed, although occurring with a slower time constant
(lifetime 31.7 ps). The transient signals completely recover in
less than 1 ns. At 266 nm excitation most of the pump is
absorbed by the C4, moiety, whose extinction coefficient at this
wavelength is higher than that of BODIPY. Nevertheless, the
immediate appearance of a small signal attributable to the
BODIPY bleaching is observed also in this case, which can be
due to partial direct excitation of this molecule, also at this
wavelength, or to the occurrence of ultrafast energy and/or
electron exchange between the two moieties of the dyad.
Besides the BODIPY bleaching, a broad absorption extending
over more than 200 nm is observed at short time delays, which
can be attributed to excited state absorption of the fullerene
molecule (vide infra).*”*The broad absorption partially decays
in 1.7 ps. At the same time the BODIPY negative band
increases in intensity and the BODIPY" absorption band
peaking at 515 nm develops. The signal decays biexponentially
with a shorter lifetime of 45 ps and a longer one of 1.7 ns. The
residual absorption signal in the redmost part of the spectrum
could account for the formation of the fullerene triplet state,
which has a distinctive peak in this region. However,
considering the signal intensity we shall conclude that the

yield of triplet formation in the dyad is certainly lower than that
observed for the pristine fullerene in solution.

In order to better evaluate the ultrafast relaxation processes
occurring when exciting the C4, moiety, transient absorption
spectra of Cg dissolved in deaerated toluene were also
recorded, employing an excitation wavelength of 400 nm.
The time-resolved spectra and the kinetic evolution retrieved
from the analysis of the measured time traces, reported in
Figure 6, are in line with previously reported data (see the
Supporting Information for discussion).**~*

3.4. Computational Results. The experimental results
indicate the occurrence of photoinduced electron transfer from
BODIPY toward Cgy, upon selective excitation of both
molecules. The kinetics of charge separation is however
different in the two cases. In order to elucidate the electron
transfer mechanism operating at different excitations, we
performed a theoretical analysis aimed at evaluating the
electron transfer kinetic constant upon selective BODIPY
excitation. In the case of Cg, selective excitation two electron
transfer pathways are in principle possible: (1) energy transfer
toward BODIPY followed by electron transfer and (2) hole
transfer from Cg, to BODIPY. These two mechanisms have
been theoretically compared by the estimation of the relative
time constants. The possible excited state deactivation
pathways are sketched in Scheme 2.

The calculated states have been assigned on the basis of their
symmetry and comparison of our experimental and theoretical
data with those reported in the literature.***” On average, the
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Scheme 2. 4-Orbital Models of the Electronic Processes
Studied”
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“(a) Electron transfer (ET) from the excited BODIPY to the Cg,
moiety; (b) electronic energy transfer from the excited Cg to the
BODIPY moiety; (c) electron transfer from the BODIPY to the
excited Cq, moieties, which is interpreted as a hole transfer (HT) from
the excited Cg, to the BODIPY.

excitation energies of Cg, are overestimated by 0.6—0.7 eV, with
a higher overestimation for the higher lying states.

The symmetry breaking due to the functionalization of the
Cgo allows the mixing of the states of different symmetry,
particularly the lowest states, which are almost degenerate.

3.4.1. Electron Transfer from BODIPY to Cg,. The electron
transfer process from the excited BODIPY moiety to the Cg,
one can be schematically written as

BODIPY* C,, — BODIPY" C,,~

The electronic coupling is calculated between the first adiabatic
state localized on BODIPY and the BODIPY — Cq; charge
transfer states, which can be assigned by inspecting the natural
transition orbitals (NTOs"”). The HOMO and LUMO NTOs
are shown in Figure 7. Panel a shows one of the charge transfer
states, whose HOMO is localized on the BODIPY moiety and
the LUMO on the C4, one. Panel b shows the HOMO and
LUMO NTOs of the first BODIPY-centered state. The
HOMO:s of the two states practically coincide.

The effective electronic coupling calculated with the FCD
method is 99.6 cm™'. The reorganization energy A was
estimated as the average of backward and forward reorganiza-
tion energies, as detailed above, where D = BODIPY and A =
Cgo- The inner sphere and total reorganization energies are
reported in Table S.1.

The resulting values of A and AG® are 8349 and —5200 cm™),
respectively. The spectral overlap can therefore be calculated at
T = 300 K yielding ] = 0.415 eV~". The resulting electronic rate
is K*T = 6.04 x 10" s7', and the time is 7°" = 1.65 ps.

3.4.2. Excitation Energy Transfer. As the excitation energy
transfer process from the excited Cq to BODIPY involves
localized states, it can be described using the approach based on
the individual transition densities of the two fragments, which
allows great reduction of the computation requirements.

Figure 7. (a) HOMO and LUMO NTOs of the adiabatic state 15,
assigned as a BODIPY — Cg, charge transfer state. (b) HOMO and
LUMO NTOs of the adiabatic state 21, which is the first state localized
on the BODIPY moiety.

The bright excited states of the fullerene are far higher in
energy than the excited state of the BODIPY; however,
regardless of the initial excitation, Cg, relaxes very quickly: the
lowest bright state 1'T}, (400 nm) relaxes in 200 fs, and within
20 ps only the lowest 3 states are populated.”® These states,
however, are far below the excited state of BODIPY. There is
no easy way to know which states will be populated shortly
after the initial excitation. Therefore, in order to estimate the
energy transfer rate, we have only considered the states of Cq,
that are closest in energy to the first state of BODIPY, and with
a non-negligible spectral overlap J. The latter has been
estimated as described in the Computational Details, after
correcting the calculated excitation energies of both fragments
to match those resulting from the experimental absorption
spectrum.50

The states of the C4, moiety characterized by a non-
negligible spectral overlap with the first state of BODIPY are
reported in Table 2. The transfer times obtained range from ~3

Table 2. Calculated Spectral Overlaps, Electronic Couplings,
and EET Rates and Times for the Cg4, States with Significant
EET Rate (Shorter than 20 ps)

Ceo overlap J/ electronic coupling/ EET rate/ EET time/
state ev! cm™! st ps
11 0.770 30.17 1.028 x 10" 9.7
12 0.904 37.06 1.822 x 10" 5.5
14 1.012 32.05 1.525 x 10" 6.6
17 0.924 21.67 6.367 X 10%° 15.7
18 0.836 52.68 3.406 x 10" 29

to ~16 ps. We assume that the nearly degenerate states
equilibrate much faster than the EET process. Therefore, the
EET rates of nearly degenerate states should be summed.
Summing the rate constants of all the Cg, states in the energy
range 2.81—2.98 eV results in an effective rate of 2.86 X 10"
s™' and a transfer time of 3.50 ps. On the other hand,
considering only state 18, with an energy of 3.45 eV, the rate is
slightly higher (3.406 X 10" s7'), resulting in a faster transfer
(2.9 ps).

3.4.3. Hole Transfer. In the hole transfer process the hole
created after exciting the C4y moves to the BODIPY moiety:

BODIPY Cyy* — BODIPY" Cgy~
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In this case, the final state is the same as for the ET, but the
initial state is localized on the Cg,. Rates have been computed
once again with Marcus theory, where the electronic couplings
have been obtained, with the FCD model, between the charge
transfer state and the states on fullerene. The reorganization
energy was assumed to be the same as in the ET, and the
driving force AG®° has been estimated from the calculated
excitation energies of Cg, in the dyad.

AG®yr; = €Eo (D'/D) — €E,y(A/K) + Ecgo + 1/6EN (@D'A)

The excitation energies Ec4; were corrected for the method
error of 0.7 eV.

In Table 3 the electronic couplings and AG® for those states
that show a HT rate shorter than 20 ps have been reported.

Table 3. Calculated —AG° and HT Couplings, Rates, and
Times for the Cg, States with Significant HT Rate (up to 20

ps)
Ce state  —AG°/cm™  HT coupling/ecm™  HT rate/s™  HT time/ps

19 —8279 21.1 1.13 x 10" 8.9
20 —8629 159 6.35 x 10%° 15.7
22 —8982 17.3 7.14 x 10" 14.0
24 —9437 15.3 497 x 10" 20.1
27 —9801 16.5 5.09 x 10" 19.6
31 —10996 30.9 8.86 x 10'° 11.3

Again, in the EET case, it is not possible to know which
states are populated shortly after the initial excitation. To
estimate the HT rate, we start from the assumption that the
nearly degenerate states will equilibrate much faster than the
HT process. In such a case, the observed HT rate should be the
sum of the HT rates for the processes that start from these
states. Summing the rate constants of all the Cg, states in the
energy range 2.81—2.98 eV leads to an effective rate of 4.33 X
10" s7" and a transfer time of 2.31 ps.

3.5. Electron Transfer Mechanism at Different
Excitation Conditions. The experimental results together
with the outcome from the theoretical analysis highlight that,
independently of the excitation conditions, the investigated
dyad undergoes photoinduced electron transfer, forming the
charge separated state BODIPY® Cg,~. Moreover, the
experimental and computational results demonstrate that
electron transfer from the excited BODIPY toward C, is
thermodynamically feasible. Computations of the electron
transfer rate, using the Marcus equation, predict a fast electron
transfer process, although the computed rate constant is slightly
smaller than the experimental one.

When the system is excited in the UV, where most of the
excitation energy is absorbed by the C4, moiety, the charge
separation rate constant increases up to ca. 2 ps. In this case
two possible mechanisms could in principle drive the system
toward the formation of the final BODIPY" C,~ state:

(1) The initially excited Cg* transfers excitation energy on
the BODIPY moiety, and subsequently the BODIPY*
C¢o — BODIPY" C4,~ photoinduced electron transfer
takes place.

(2) The electron hole created in the Cqy HOMO upon
electronic excitation moves on the BODIPY moiety with
concomitant electron transfer toward the Cg.

The theoretical analysis, presented above, evidenced that Cg,
high density of states does not enable exact discrimination

between the two alternative mechanisms. In fact the computed
rate constants for both the energy and hole transfer processes
result of the same order of magnitude of a few picoseconds,
making both the alternative processes compatible with the
experimental findings. In order to obtain further information on
the deactivation pathways occurring upon Cg, excitation, we
measured the transient absorption spectrum of the isolated
fullerene in solution. Fullerene excited state dynamics has been
extensively studied in the past from both an experimental and
theoretical point of view."***™** The results of our measure-
ments are in line with previous findings; when Cy, is excited
with significant energy excess above its lowest singlet states
(lying at ca. 1.9 eV above the ground state), an ultrafast sub-
picosecond relaxation takes place, eventually populating the S;
state, which further relaxes on a longer 20—80 ps time
scale.***° Since the Cg, S, state lies below the first excited state
located on BODIPY, energy transfer from this state toward the
BODIPY followed by charge separation appears not favored.
On the other hand, energy transfer from an initially excited high
energy Cq* state toward BODIPY would be competitive with
the ultrafast relaxation dynamics of Cg*. Although based on
several approximations, our theoretical analysis indicates that
energy transfer would occur on a time scale of a few
picoseconds, which is longer than the measured Cg, internal
conversion time toward its S; state. Due to the fast fullerene
relaxation, even if the Cg; — BODIPY energy transfer would
occur at rate significantly faster than what we estimated from
computations, the process would still be in competition with
Cg internal conversion, which would greatly reduce its
efficiency. Additionally, it is worth noticing that, in the case
of a significant yield of Cg, internal conversion finally
populating the fullerene low lying singlets, we would also
expect ISC toward the Cg, triplet to occur, due to its
significantly high quantum yield. Our measurements however
show that the intensity of the C, triplet signal at 700 nm is
minimal (if any is present) on the long time scale upon UV
excitation, showing that charge separation is the main
deactivation pathway in the dyad at any excitation conditions.
Based on these argumentations we suggest that, in the case of
selective fullerene excitation, charge separation would proceed
through the hole transfer mechanism.

When a less selective 400 nm excitation is used, an
intermediate regime is observed: ultrafast electron transfer
occurs from the fraction of excited BODIPY*, on the same time
scale observed in the case of 475 nm excitation conditions,
together with a relatively slower hole transfer from the fraction
of excited Cy,.

Independently of the excitation conditions, the subsequent
slower relaxation still deserves some comment. In all the
examined cases, the analysis of time-resolved data retrieves two
additional time constants, one on the 15—50 ps time scale and
the other on a longer nanosecond time scale. The second
lifetime is associated with a partial recovery of the BODIPY*
signal, thus to charge recombination. In the case of 475 nm
excitation the signal recovers by about 25% on a 13 ps time
scale. At the same time a blue shift of the BODIPY" signal is
observed, which could be indicative of radical pair relaxation
due to solvent reorganization. In the case of 400 and 266 nm
excitation the amount of charge recombination occurring on a
ca. 50 ps time scale is on the order of 35—55%. It is worth
noticing that although in our system the electron donor and
acceptor are directly linked, a significant amount of charge
recombination occurs on a nanosecond time scale. The



occurrence of biexponential recombination can be ascribed to
the existence of different dyad conformations in solution. The
present BODIPY molecule has two methyl groups in the 1,7
positions (see Scheme 1) which partially hinder the rotation
around the phenyl group in the meso position (position 8, see
Scheme 1),”" however different relative orientations of the BF,-
chelated dipyrromethene core and the meso-phenyl substituent
can still occur. Geometry optimization of the dyad shows that,
in the lowest energy geometry, the BODIPY core and the meso-
phenyl substituent are perpendicularly oriented, which
determines a high degree of orbital localization, and a negligible
electron density on the nitrogen connecting the two moieties,
in both the HOMO and LUMO of the system. This can be the
reason for the observed relatively long charge recombination
time. Even in the absence of an extended molecular bridge the
amount of electron density delocalization in our system is very
limited: the two moieties thus behave as distinct units and not
as a single macromolecule, increasing the lifetime of the charge
separated state.

4. CONCLUSIONS

Photoinduced electron transfer in the analyzed BODIPY—Cq,
dyad has been shown to occur upon different excitation
conditions. The system has been experimentally characterized
by means of static and transient absorption spectroscopy and
electrochemistry. Spectroelectrochemistry measurements un-
ambiguously identified the spectral signatures due to the
formation of the BODIPY" cation, allowing correct assignment
of features in the time-resolved spectra. Based on the analysis of
time-resolved data and the results of DFT calculations of
electron, energy, and hole transfer rates, we propose a
mechanism for charge separation which depends on the
excitation conditions. In the case of selective BODIPY
excitation, electron transfer would directly proceed from the
BODIPY* excited state, while when excitation is on the Cq,
moiety charge separation would preferentially proceed through
a hole transfer mechanism. Finally, we have shown that the
geometrical arrangement of the two moieties composing the
dyad, characterized by an orthogonal orientation of BODIPY
and the meso-phenyl substituent connecting it to Cg, ensures
relatively long charge recombination times even in the absence
of an extended molecular bridge.
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