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ABSTRACT: We have characterized the dynamics and the efficiency of
electronic energy transfer (EET) in a newly synthesized molecular dyad,
composed of a styryl-pyridinium donor and a BODIPY acceptor. The kinetics of
the process has been studied with femtosecond transient absorption spectros-
copy in different solvents. In all the analyzed media EET is quantitative and very
fast, as we find that almost 70% of the overall excitation energy is transferred
from the donor to the acceptor on a subpicosecond time scale. The experimental
measurements have been supported by a theoretical analysis; the electronic
couplings between the donor and acceptor moieties have been calculated at the
(TD)DFT level and complemented by a conformational analysis of the full dyad.
The computed energy transfer times are in good agreement with the
experimental values; this allowed us to verify the correctness of the Förster
equation, demonstrating that, although EET in the examined system occurs on
an ultrafast time scale, the approximations introduced in the case of the weak coupling regime remain valid.

■ INTRODUCTION

The increasing demand for clean and renewable energy sources
has promoted many attempts at mimicking natural photosyn-
thesis through the development of artificial systems able to
efficiently absorb solar light and transform it into useful forms of
energy.1−5 The development of simple molecular arrays able to
efficiently transfer the excitation energy among the different units
of which they are composed, and to promote charge separation,
can be beneficial to disentangle the different molecular and
supramolecular factors contributing to the overall energy
conversion efficiency.
In natural photosynthesis, sunlight is harvested by specialized

protein pigment complexes, the antenna complexes, and the
excitation energy is transferred to the reaction center.6,7 In spite
of their structural complexity, due to the presence of a multitude
of chromophores with distinct photochemical and photophysical
properties embedded in a protein matrix, natural systems have an
extremely high energy conversion efficiency. It is clear that a deep
understanding of the factors determining the overall efficiency of
the photosynthetic machinery is of fundamental importance in
order to improve the fabrication of new devices able to convert
and store the solar energy.
By using a simplifying approach one must start from a dyad

and put attention to the two active parts (donor and acceptor)
and also to the nature of the linking scaffold.

In the past few years a large number of studies appeared in the
literature, where the properties of this kind of systems were
investigated both experimentally and theoretically.8−11 Among
the chromophores commonly used as constituents of artificial
photosynthetic systems, BF2-chelated dipyrromethene com-
pounds, usually indicated as BODIPY, have recently attracted
attention and have been used both as building blocks of antenna
systems and as electron donor or acceptor molecules.8−13

BODIPY molecules are chemically very stable and possess both
high absorption coefficients and high emission quantum yields.
Furthermore, their spectral properties can be easily tuned by
introducing or varying one or more substituents in the 1−3 and
5−8 positions (Figure 1, left). This nice tunability makes the
BODIPY dyes very attractive, since it allows their absorption
cross section to be extended over a wide spectral range.14

In this work we have synthesized and characterized a
bichromophore dyad in which a BODIPY molecule absorbing
in the 600 nm spectral range acts as the energy acceptor, while an
aminostyrylpyridinium molecule acts as the energy donor. In our
system, the two moieties are linked together via a covalent
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nonconjugated bridge, which should prevent the occurrence of
strong excitonic coupling among the two molecular units.
Aminostyrylpyridinium dyes are known heterocyclic organic

molecules which have been widely used for several applications.
In particular these molecular systems have found applications as
laser materials15,16 or as biological sensors.17 According to
previous studies, their low lying excited state has an intra-
molecular charge transfer (ICT) character, due to electron
density migration from the styryl group to the pyridinium
moiety.18,19 The BODIPY we have chosen has aromatic
substituents attached to its core, which shift its absorption and
emission spectrum toward the red with respect to the
unsubstituted analogue. The structure of the bichromophore is
show in Figure 1 (right).
The dynamics of photoinduced energy transfer between the

aminostyrylpyridinium donor (D) and the BODIPY acceptor
(A) has been studied with transient absorption spectroscopy. As
expected, based on the spectral overlap between the donor
emission and acceptor absorption spectra, energy transfer in the
system is almost quantitative. Furthermore, the process is also
extremely fast, we find that 70−80% of the excitation energy is
transferred from the donor to the acceptor on a subpicosecond
time scale. In order to gain insights into the mechanism of this
ultrafast energy transfer we have experimentally analyzed how its
kinetics is affected by the external medium, by repeating the
measurement in different solvents. The experimental measure-
ments have been complemented by a theoretical analysis based

on (TD)DFT computations of the excitonic coupling between
the two bichromophore units and a conformational analysis of
the whole system in two different solvents.
The kinetics of energy transfer has been analyzed in the frame

of Förster theory20 at room temperature. Despite the ultrafast
nature of the process, and the fact that the dipole−dipole
approximation overestimates the electronic coupling between
the two chromophoric units, we found that the Förster formula is
able to reproduce the experimental and calculated rates. The
(TD)DFT analysis also allowed us to better clarify this point.
According to our results the kinetics of the process is

essentially regulated by the conformational mobility of the
system, which allows the two units to come to close contact, thus
increasing their spatial overlap and consequently the energy
transfer rate. We also show that different solvents can affect the
kinetics of energy transfer by modulating the relative stability of
different molecular conformations.

■ EXPERIMENTAL METHODS

Common reagents were purchased from commercial sources
(Sigma-Aldrich and Alfa Aesar) and used without further
purification except for the catalyst CuI·P(OEt)3 that was
synthesized according to ref 21 but using toluene as solvent
instead of benzene. In the following, Rf values refer to TLC on
0.25 mm silica gel plates (Merck F254) obtained using the same
eluent as in the separation of the compound by flash column
chromatography. If not otherwise specified, the stationary phase
is always silica. 1HNMR spectra were recorded with Varian
Gemini apparatus. Chemical shift values are expressed in δ(ppm)
with respect to the tetramethylsilane (TMS) resonating
frequency. Notations s, d, t, q, m, and p (and their combinations),
refer to signal multiplicity and mean singlet, triplet, quartet,
multiplet, and pseudo. Mass spectra were recorded with a LCQ-
Fleet Thermo Scientific Electron Spray Ionization (ESI-MS)
apparatus. Intensities are reported in m/z, and the intensity is
expressed as a percentage with respect to the most intense peak.

Figure 1. Left: BODIPY core. Right: Bichromophore system.

Scheme 1. Synthesis of the Bichromophore
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IR spectra were recorded using a PerkinElmer FR-IR 881
spectrometer, absorption bands are expressed by wavenumbers
(cm−1). Notations w, m, and s, referring to the signal intensity,
are weak, medium, and strong. UV−visible spectra were recorded
using a Varian Cary 4000 UV−vis spectrophotometer or a
PerkinElmer Lambda 950 spectrometer. Fluorescence spectra
were recorded using a Jasco FP-750 spectrofluorimeter, and
absorption and emission peaks are listed. Fluorescence quantum
yields were obtained by measuring the corrected area of samples
and standards: Rhodamine 6G (Φ = 0.94)22 for the donor and
Cresyl violet (Φ = 0.56)23 for both the acceptor and the
bichromophore. Elemental analysis were performed with
PerkinElmer 240 instrumentation.
Synthetic Procedure. The synthesis of the bichromophore

was realized according to Scheme 1. Compounds 1 and 2 were
synthesized accordingly to refs 24 and 25, respectively.
Compound 4 was derived from its nitro precursor following
already reported literature procedures [For the synthesis of
nitroprecursor of 4, see ref 26; for the reduction of the nitro
group to amine for the obtainment of 4, see ref 27].
Synthesis of 1-but-3-ynyl-4-[2-(4-diethylamino-phenyl)-

vinyl]-pyridinium iodide (3). Iodide 1 (240 mg, 1.33 mmol)
and 4-[2-[4-(diethylamino)phenyl]ethenyl]-pyridine 2 (168 mg,
0.67 mmol) were dissolved in anhydrous CH3CN (12 mL). The
mixture was refluxed under N2 atmosphere. The reaction was
monitored by TLC (CH2Cl2/MeOH 10:1, Rf = 0.38). After 96 h
the solvent was evaporated and the reaction product was purified
by flash chromatography, eluting first with CH2Cl2/MeOH 50:1
and then CH2Cl2/MeOH 25:1, to afford compound 3 (232 mg,
80% yield). 1HNMR (300MHz, CDCl3): δ = 8.85 (d,

3J = 6.9 Hz,
2H), 7.82 (d, 3J = 6.9 Hz, 2H), 7.63 (d, 3Jtrans = 15.9 Hz, 1H), 7.53
(d, 3J = 9.0 Hz, 2H), 6.85 (d, 3Jtrans = 15.9 Hz, 1H), 6.64 (d, 3J =
9.0 Hz, 2H), 4.79 (t, 3J = 6.0 Hz, 2H), 3.41 (q, 3J = 7.2 Hz, 4H),
2.95 (td, 3J = 6.0 Hz, 4J = 2.7 Hz, 2H), 2.12 (t, 4J = 2.7 Hz, 1H),
1.19 (t, 3J = 7.2 Hz, 6H) ppm; UV−vis (CH2Cl2) λmax = 533 nm;
Fluorescence (CH2Cl2) λmax = 608 nm; MS (ESI): m/z (%) =
305.24 (100) [M-I−]+, 732.52 (14) [M+(M-I−)]+; Elemental
analysis calcd for C21H25IN2: N 6.48, C 58.34, H 5.83; found N
6.08, C 57.97, H 5.89.
Synthesis of 4,4-difluoro-8-(4-azidophenyl)-1,3,5,7-tetrameth-

yl-4-bora-3a,4a-diaza-s-indacene (5). The amino-Bodipy 4 (177
mg, 0.5 mmol) was dissolved in anhydrous CH3CN (10 mL).
The resulting solution was cooled at 0 °C; then tert-butyl nitrite
(0.1 mL, 0.84 mmol, 1.7 equiv) and trimethylsilyl azide (82 μL,
0.625 mmol, 1.25 equiv) were added. The reaction mixture was
allowed to return to r.t. and was stirred overnight under inert
atmosphere. The solution was then concentrated to give the
desired product in quantitative yield. 1HNMR (200 MHz,
CDCl3): δ = 7.28 (AA′-BB′ system, J = 8.0 Hz, 2H), 7.17 (AA′-
BB′ system, J = 8.0 Hz, 2H), 5.98 (s, 2H), 2.55 (s, 6H), 1.41 (s,
6H) ppm; UV−vis (DMF): 502 nm; Fluorescence (DMF): 514
nm. For full characterization see ref 28.
Synthesis of 6. Compound 5 (88 mg, 0.25 mmol) was

dissolved in anhydrous CH3CN (12mL), and then 4 Åmolecular
sieves were quickly introduced in the reaction vessel. Then
benzaldehyde (130 μL, 1.28 mmol, 5 equiv), pyrrolidine (125
μL, 1.50 mmol, 6 equiv) and glacial acetic acid (85 μL, 1.50
mmol, 6 equiv) were added. The reaction was immersed in a 80
°C preheated oil bath and in few minutes the color turned from
red to a dark blue. The reaction was monitored by TLC until the
complete formation of the product occurred (CH2Cl2/Et.p 1:1
Rf = 0.53). After less than 30min the reaction was completed, and
the mixture was allowed to cool to r.t. and then CH2Cl2/Et2O

(1:2) was added. The organic layer was subsequently washed
with HCl (0.05 M, 40 mL×2), with saturated NaHCO3 (20 mL)
and with brine (20 mL). The organic layer was dried over
Na2SO4 and then reduced to dryness to give 6 (127 mg, 97%)
that was employed without further purification. 1HNMR (400
MHz, CDCl3): δ = 7.74 (d,

3Jtrans = 16.4 Hz, 2H), 7.64 (d,
3J = 7.6

Hz, 4H), 7.41 (pt, 4H), 7.33 (m, 4H), 7.26 (d, 3Jtrans = 16.4 Hz,
2H), 7.18 (d, J = 8.4 Hz, 2H), 6.66 (s, 2H), 1.50 (s, 6H) ppm;
13CNMR (100MHz, CDCl3): δ = 152.8 (s), 141.9 (s), 141.1 (d),
137.9 (s), 136.5 (d), 136.4 (d), 133.4 (s), 131.7 (s), 130.1 (d),
129.0 (d), 128.8 (d), 127.6 (d), 119.7 (d), 119.2 (s), 117.9 (s),
14.9 (q) ppm; UV−vis (CH2Cl2) λmax = 347 nm, 577 nm, 626
nm; Fluorescence (CH2Cl2) λmax = 640 nm; IR (CDCl3): ν =
3063 (w), 2930 (w), 2127 (m), 2108 (m), 1618 (m), 1539 (s),
1500 (s), 1494 (s), 1446 (m), 1371 (m), 1298 (m), 1200 (s),
1150 (s) cm−1. Anal. Calcd for C33H26N5BF2: N, 12.94; C, 73.21;
H, 4.84. Found: C, 12.80; N, 73.39; H, 4.98.
Synthesis of bichromophore. Compounds 6 (126 mg, 0.23

mmol) and 3 (124 mg, 0.29 mmol, 1.25 equiv) were dissolved in
anhydrous THF (5 mL). ThenN,N-diisopropylethylamine (81.1
μL, 60.2 mg, 0.46 mmol, 2 equiv), and CuI·P(OEt)3 (28 mg, 0.08
mmol, 0.3 equiv) were added. Themixture was stirred at r.t. in N2
atmosphere for 72 h, and it was monitored by TLC (CH2Cl2/
MeOH 10:1). Then the solvent was evaporated, and the crude
was purified by flash chromatography on alumina (activity V, pH
7) eluting with CH2Cl2/MeOH 50:1 (Rf = 0.22) to give the
product as a dark powder (126 mg, 55% yield). 1HNMR (400
MHz, CDCl3): δ = 9.03 (s, 1H), 9.01 (2H,

3J = 6.8 Hz, 2H), 8.04
(2H, 3J = 8.4 Hz, 2H), 7.73 (d, 3Jtrans = 16.4 Hz, 2H), 7.68 (d,

3J =
6.8 Hz, 2H), 7.65 (d, 3J = 7.2 Hz, 4H), 7.54 (d, 3Jtrans = 15.6 Hz,
1H), 7.49 (pd, 4H), 7.40 (pt, 4H), 7.32 (m, 4H), 6.77 (d, 3Jtrans =
15.6 Hz, 1H), 6.67 (pt = s + d, 4H), 5.13 (t, 3J = 7.0 Hz, 2H), 3.70
(t, 3J = 7.0 Hz, 2H), 3.43 (q, 3J = 7.1 Hz, 4H), 1.49 (s, 6H), 1.22
(t, 3J = 7.1 Hz, 6H) ppm; 13CNMR (100 MHz, CDCl3): δ =
154.6 (s), 153.0 (s), 150.5 (s), 143.6 (s), 143.2 (d), 142.7 (s),
142.0 (d), 137.4 (s), 137.1 (s), 136.6 (d), 136.5 (d), 133.2 (d),
131.2 (d), 130.2 (d), 129.0 (d), 128.8 (d), 127.6 (d), 122.8 (s),
122.1 (d), 121.4 (s), 120.9 (d), 119.2 (s), 118.1 (d), 115.4 (d),
111.6 (d), 58.4 (t), 44.7 (t), 27.7 (t), 15.1 (q), 12.6 (q) ppm;
UV−vis (CH2Cl2) λmax = 350 nm, 533 nm, 574 nm, 628 nm;
Fluorescence (CH2Cl2) λmax = 643 nm; IR (CDCl3): ν = 3005
(w), 2974 (w), 2930 (w), 1710 (s), 1574 (s), 1541 (m), 1524 (s),
1508 (m), 1439 (m), 1411 (m), 1364 (s), 1325 (w), 1223 (m),
1164 (m), 1153 (m) cm−1; MS (ESI): m/z (%) = 846.47 (100)
[M-I−]+.

Transient Absorption Measurements. The apparatus
used for the transient absorption spectroscopy (TAS) measure-
ments has been described in detail in previous works.29−32 The
fs-laser oscillator is a Ti:sapphire laser (Spectra Physics
Tsunami) pumped by the second harmonic of a Nd:YVO
(Spectra Physics Millennia). The short (≤70 fs) pulses are
stretched and amplified at 1 kHz repetition rate by a regenerative
amplifier (BMI Alpha 1000). After compression a total average
power of 450−500mWand pulse duration of 100 fs are obtained.
The repetition rate of the output beam is reduced to 100 Hz by a
mechanical chopper in order to avoid the photodegradation of
the sample. Pulses in the UV−visible range can be achieved by
second harmonic generation (SHG) or by doubling or mixing
the output of an optical parametric generator and amplifier
(OPG-OPA) based on a BBO crystal (TOPAS by Light
Conversion, Vilnius, Lithuania).33,34 For the current measure-
ments the pump beam polarization was set to magic angle with
respect to the probe beam by rotating a λ/2 plate so as to exclude
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rotational contributions to the transient signal. The probe pulse
was generated by focusing a small portion of the 800 nm
radiation on a 3mm thick CaF2 windowmounted on amotorized
translation stage. The continuum light was optimized for the
350−750 nm wavelength 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 CCDdetector [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 photo degradation.
The integrity of the sample has been checked by visible

absorption measurements (PerkinElmer LAMBDA 950) 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 solvents (chloroform, acetonitrile, and benzoni-
trile).
Data Analysis. Transient spectra have been analyzed by

applying a combined approach, consisting of singular values
decomposition (SVD)35−37 and the simultaneous fitting of all
the collected kinetic traces (global analysis). The aim of global
analysis is to decompose the two way data matrix into time-
independent spectra and wavelength independent kinetics.38

Once the number of components is identified through the SVD,
the second step involves the parametrization of the time
evolution of the spectral components. This was accomplished
by assuming first-order kinetics, describing the overall temporal
evolution as the sum or combination of exponential functions.
Global analysis was performed using the GLOTARAN package
(http://glotaran.org)38,39 and employing a linear unidirectional
“sequential” model.
Computational Strategy. The computational analysis has

been based on a (TD)DFT description of the geometries and
electronic properties of the system, with the effect of the
environment included through the polarizable continuummodel
(PCM).40 Within this framework, the QM D−A pair is
embedded in a cavity of shape and dimension defined according
to the geometrical structure of the molecules and their relative
orientation and distance. The solvent is described as a polarizable
continuum (characterized by its dielectric constant and refractive
index), which responds to the presence of the QM system
through a set of induced (or apparent) charges appearing on the
surface of the molecular cavity. In turn, such charges act back on

the QM system from which they are generated: this mutual
polarization effect is solved through a modified self-consistent
field scheme. In addition, within the PCM framework it is
possible to introduce nonequilibrium effects that appear any time
a fast process in the QM system originates delays in the response
of the solvent. This is exactly what happens during an electronic
excitation followed by an electronic energy transfer (EET)
process. In the common time-scales of these processes, the
response of the solvent is incomplete in the sense that only its fast
degrees of freedom (of electronic nature) can equilibrate with the
final state of the QM system, while the rest remains frozen in the
initial configuration corresponding to the QM system before the
change.
The excitonic coupling between two units i and j is calculated

using a perturbative approach from the transition densities of the
noninteracting units, ρ̃i,j. In the case of systems in vacuo, the
coupling is composed of three terms, referred to as Coulomb,
exchange-correlation, and overlap coupling terms, respectively41

∫
∫ ∫

ρ ρ

ρ ρ ω ρ ρ

= ⃗ ′⃗ ̃ ⃗
| ⃗ − ′⃗|
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r

r r r r r r r
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d d ( ) ( ) d ( ) ( )

ij i j

i j i jxc
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In the last equation, the first term on the right is the Coulomb
contribution and has a physical correspondence with the classical
point-dipole/point-dipole interaction term, while gxc is a general
exchange-correlation kernel, determined by the choice of
functional used in the (TD)DFT scheme. The last term is an
overlap contribution weighted by the resonance transition
energy ω. Equation 1 was originally derived for the resonant
case; we have extended it to the more general case where the
chromophores’ excitation energies are not identical, by using an
average value of ω; we note however that the overlap term is
practically negligible, if compared to the other ones.
Within the PCM framework, the solvent effect enters in the

definition of the coupling through an additional term to be added
to the equation (1). Namely, if we mimic the solvent polarization
induced by the donor transition densities in terms of PCM
charges, such an additional term, VPCM, describes the interaction
between the transition density of the unit iwith the PCM charges
induced by the other unit j, namely:42

∫∑ ρ ε ρ= − ⃗ ̃ ⃗
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Figure 2. Steady state (A) absorption and (B) fluorescence spectra of the aminostyrylpyridinium donor (black line), the BODIPY acceptor (red line)
and the D−A dyad (blue line) in acetonitrile. The fluorescence spectrum of the bichromophore is registered upon excitation at 500 nm, that of the
acceptor upon excitation at 570 nm.
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where a nonequilibrium response for the environment (indicated
by the dynamic or optical part of the permittivity, ε∞, i.e. the
square of the refractive index) is used.
All the calculations have been performed with a locally

modified version of the Gaussian 09 suite of programs.43 The
ground state geometries have been optimized in the proper
solvent using the M06-2X44 level of theory with the 6-311G(d)
basis set; the same approach has been used for the conforma-
tional analysis. Transition energies, transition densities, and
couplings have been computed at (TD)DFT level using the
CAM-B3LYP45 functional in combination with the 6-311+G-
(2d,p) basis set. In this study the solvent is introduced using the
integral equation formalism46 version of PCM (IEFPCM).
Cavities were built using the united atom topological model and
the IEFPCM calculations were performed with G03default
option.

■ RESULTS
Steady-State Measurements. The absorption and emis-

sion spectrum of the donor (D), acceptor (A), and
bichromophore dyad (D−A) are reported in Figure 2. The
absorption spectrum of the bichromophore can be almost exactly
reproduced by the sum of the two independent moieties, which is
indicative for a small electronic coupling between the donor and
acceptor molecules. The emission of the donor and the
absorption of the acceptor have a good spectral overlap, which
is a prerequisite for an efficient excitation energy transfer (EET).
Furthermore, the high Stokes shift between the absorption and
emission spectra of the donor reduces potential autoabsorption
phenomena. On the contrary only a modest Stokes shift is
observed for the acceptor, as typical for BODIPY dyes. The
emission of the D−A system is essentially identical to that of the
isolated acceptor; in acetonitrile it is centered at 632 nm with a
shoulder at 692 nm. The residual donor emission cannot be
detected, indicating efficient energy transfer.
The fluorescence quantum yields (QY) measured for the

molecules under investigation, using Rhodamine 6G and Cresyl
violet as standards, are reported in Table 1. The donor has a very

low QY with values ranging from 0.1 in chloroform to only 0.005
in acetonitrile, suggesting the presence of efficient nonradiative
deactivation pathways. On the contrary the acceptor has a quite
high QY in all the examined solvents, as it is known for BODIPY
dyes.14 The dyad has also a significant QY, comparable to that of
the isolated acceptor when excited on the acceptor moiety in
both chloroform and benzonitrile, but reduced by a factor 2 in

acetonitrile. Significant fluorescence QY is also observed in the
dyad when excited on the donor moiety, despite the low QY of
the isolated donor, suggesting the occurrence of efficient EET.

Ultrafast Transient Absorption Measurements. The
excited state evolution of the systems under investigation and the
kinetics of EET in the bichromophore were analyzed by means of
transient absorption spectroscopy in the visible spectral range.
Before the analysis of the dyad, we have studied the donor and
acceptor systems separately in order to characterize their typical
transient absorption bands and analyze if their photophysical
properties are modified in the dyad.

Donor and Acceptor Moieties. Transient spectra of both the
donor and acceptor moieties have been collected in chloroform
and acetonitrile. Excitation of the donor species was obtained by
pumping the molecule at 520 nm, while for the acceptor the
excitation wavelength has been set at 570 nm. Since the
excitation beam is tuned at wavelength near the absorption
maximum of the donor, the bleaching signal is not well resolved
due to the scattered light of the pump. In order to extract
information on the dynamic evolution of the photoexcited
systems, the kinetic traces of both the donor and acceptor were
globally analyzed, using a sequential kinetic scheme with
increasing lifetimes. The Evolution Associated Decay Spectra
(EADS) obtained for the donor and acceptor molecules in
chloroform are shown in Figure 3, the data recorded in
acetonitrile are reported in the Supporting Information.
In case of the donor four kinetic constants were necessary to

obtain a satisfactory fit of the data, while only three constants
were sufficient for the acceptor data. Looking at the donor EADS
it is possible to identify an excited state absorption (ESA) band
centered at 450 nm and a stimulated emission (SE) band initially
peaked at 570 nm, evolving toward longer wavelengths on a few
picosecond time scale (black to red and red to blue EADS
evolution). The red shift of the stimulated emission is ascribable
to a dynamic Stokes shift, induced by the reorganization of the
solvent around the sample in the excited state. This process is
particularly evident for this molecule, and it can be well explained
in the frame of the proposed excited state evolution scheme of
the styryl-pyridinium molecule. In fact it has been shown that for
this class of molecules an excited state with partial intramolecular
charge transfer (ICT) is formed upon photoexcitation, in which
the charge is transferred from the styryl to the pyridinium
group.19 The significant dipole moment variation associated with
the charge transfer process justifies the observation of this
relevant Stokes shift, which evolves biexponentially and is
completed within 1.6 ps. The excited state population mostly
decays with a 254 ps lifetime, thus justifying the low fluorescence
QY measured for this system, although a longer 1 ns lifetime is
found, only associated with a small residual bleach signal. The
sample behaves very similarly in acetonitrile, see spectra and
analysis in the SI. Transient bands are narrower in this solvent
and slightly red-shifted. Again, fast dynamic Stokes shift is
observed, but in this case an even faster ground state recovery is
retrieved. Here in fact the system relaxes within 25 ps suggesting
the presence of a larger contribution of nonradiative deactivation
pathways.
The EADS of the acceptor molecule, reported in Figure 3B in

chloroform, shows the typical evolution of a BODIPY system.14

Soon after excitation (black EADS with 400 fs lifetime) an
intense stimulated emission band is observed, peaked at 635 nm
in chloroform (625 nm acetonitrile, see the SI). The bleaching
band is almost contained in the SE band, due to the small Stokes
shift of the BODIPY emission with respect to its absorption.

Table 1. FluorescenceQY ofDonor, Acceptor, andD−ADyad
in Chloroform, Acetonitrile and, Benzonitrile

ϕ (λexc)

Donor
chloroform 0.1 (530 nm)
acetonitrile 0.005 (530 nm)
benzonitrile 0.09 (530 nm)

Acceptor
chloroform 0.8 (620 nm)
acetonitrile 0.65 (620 nm)
benzonitrile 0.87 (620 nm)

Dyad
chloroform 0.78 (620 nm); 0.38 (500 nm)
acetonitrile 0.35 (620 nm); 0.16 (500 nm)
benzonitrile 0.87 (620 nm); 0.37 (500 nm)
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Besides the SE band, the transient spectra also show an ESA band
peaked around 455 nm, which slightly blue shifts on a 15 ps time
scale (red to blue EADS evolution). The dynamic evolution of
the system is very limited, and no significant shifts or band-shape
variation are observed for both the SE and ESA bands. The
system decays with a rather long 3.8 ns lifetime (3.4 in ACN),
which justifies the observed high fluorescence QY. The
photodynamics of this system is not affected by the solvent, so
both the transient spectra and their evolution are very similar in
acetonitrile with respect to those measured in chloroform.
Bichromophore Dyad. Transient spectra of the bichomo-

phore system have been recorded by exciting the sample on the

donor moiety, at 530 nm. At this wavelength the absorption of
the acceptor is negligible, which minimizes its direct excitation.
Besides chloroform and acetonitrile transient spectra have been
recorded in this case also in benzonitrile, in order to better
characterize how the different environments can affect the
kinetics of energy transfer. Selected transient spectra recorded in
chloroform and the EADS obtained by the global analysis are
reported in Figure 4, and the data analysis for the two other
investigated solvents are reported in the SI. In Figure 4 we also
report the comparison between selected transient absorption
traces recorded for the bichromophore dyad with the

Figure 3. EADS obtained from global analysis of time-resolved data for the donor (panel A) and the acceptor (panel B) molecules measured in
chloroform.

Figure 4. (A) Selected transient spectra of the D−A dyad measured in chloroform (uncorrected for dispersion of the white light probe); (B) EADS
obtained from global analysis of the transient data of the bichromophore in chloroform; (C) comparison between significant kinetic traces of the isolated
donor (red line) and the D−A system (blue line, upper panel) together with the fit from global analysis (dotted lines). In the lower panel of the same
figure kinetic traces are reported for the isolated acceptor (red line) and the D−A system (blue line) together with the fit from global analysis (dotted
lines).
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corresponding traces measured for the isolated donor and
acceptor, highlighting the occurrence of energy transfer.
At early delay times after excitation, the transient spectra

reported in Figure 4 show characteristic signals both of the donor
and acceptor moieties. The SE band centered around 575 nm is
ascribable to the donor and disappears almost completely on a
few picoseconds time scale. The longer wavelength negative
band, centered at ca. 630 nm is due to a combination of the
bleaching and SE of the BODIPY acceptor. This signal appears in
the transient spectra on a subpicosecond time scale, indicating
the occurrence of fast energy transfer in the system. The ESA
centered around 450 nm is a convolution of the signals of the two
isolated moieties, since both the reference compounds have
similar signals in that spectral region. The comparison of the
transient traces measured for the isolated D and A moieties with
those of the bichromophore shows significant differences at early
delay times, ascribable to the occurrence of energy transfer. In
particular, the 570 nm time trace of the bichromophore, in the
region of the donor stimulated emission, decays faster than in the
isolated donor, while the trace at 636 nm, due to the acceptor
stimulated emission has a slower rise component with respect to
the isolated acceptor molecule.
The dynamic evolution of the dyad is better visualized by

inspecting the EADS obtained by global analysis. The good
quality of the fit is testified by a very low value of the root-mean-
square error (RMS), which is on the order of 0.001, and the
agreement between the fit and the kinetic traces reported in
Figure 4. In the first EADS, black line in Figure 4B, the bleaching/
SE signals of the donor are well evident. Notice that in the 470−
600 nm region this EADS clearly recalls the first component
obtained for the isolated donor (see Figure 3A). This component
decays in ca. 600 fs in the second EADS, where only a
significantly smaller donor signal is observed, while the SE of the
acceptor, centered at 630 nm, is already well evident. This
evolution indicates that at least 70% of the energy transfer occurs
on a subpicosecond time scale. The second EADS decays within
6.2 ps in the third spectral component (green line), which already
closely recalls the transient spectra of the isolated acceptor, thus
showing the occurrence of quantitative energy transfer. The last
spectral component, which is formed in 166 ps and decays in 2.8
ns is substantially similar to the long time component of the
isolated acceptor. Only a modest spectral evolution is observed
on the 166 ps time scale; however, the inclusion of this kinetic
component in the analysis is necessary in order to correctly fit the
kinetic traces on the longer nanosecond time scale. The analysis
of the EADS thus suggests the occurrence of quantitative energy
transfer in the system, occurring for almost 70% on a
subpicosecond time scale. Although energy transfer appears to
occur with multiexponential kinetics, more than 95% of the
energy is on the acceptor moiety in less than 10 ps. The transient
spectra obtained in the two other analyzed solvents are
qualitatively similar to those measured in chloroform. However,
the kinetics of energy transfer changes to some extent depending
on the environment. While comparatively even faster kinetics are
observed in acetonitrile, where almost 80% of energy transfer
occurs in 300 fs, the process is slower in benzonitrile. The kinetic
parameters obtained for the three analyzed solvents are reported
in Table 2.
The longer lifetime, which should be similar to that of the

isolated acceptor (ca. 3.8 ns) is shortened in the bichromophore
both in chloroform and acetonitrile, while it does not change in
benzonitrile.

This finding could be related to the different viscosity of the
used solvents (chloroform: 0.7; acetonitrile: 035; benzonitrile:
1.4). Viscosity in fact slows down the internal rotation thus
reducing the activity of additional nonradiative decay channels.
The occurrence of strong excitonic coupling between the two
moieties, which could in principle promote retro-donation of the
excitation energy, has been ruled out by performing transient
absorption measurements on the bichromophore setting the
excitation wavelength on the acceptor (at 610 nm). The obtained
transient spectra are reported in the SI, where it is shown that the
signal closely recalls that of the isolated acceptor for the entirely
explored time window, and no spectral signatures attributable to
the donor are observed.

Computational Results.The EET rate between a molecular
pair of donor D and acceptor A is here obtained in the weak-
coupling limit, by applying the Fermi golden rule

π=
ℏ

k V J
2EET 2

(3)

where J is the spectral overlap factor and V is the electronic
coupling between D and A, which is assumed to be smaller than
1/KT. The value of J has been obtained from the experimental
spectral overlap between donor emission and acceptor
absorption spectra, which have each been normalized to unit
area on an energy scale (J = 280 × 10−6 cm in chloroform, 321 ×
10−6 cm in benzonitrile).
The donor and acceptor units have been constructed by

cutting the central C−C bond and capping the unsaturated
carbons with hydrogen atoms (see Figure 5).
To take into account the effects of the conformational degrees

of freedom of the system, a detailed analysis of the potential
energy surface should be performed. However, such an analysis is
here extremely expensive due to the large dimensionality of the
system and its large conformational flexibility. A simplified
strategy has been thus preferred by initially selecting one relevant
degree of freedom which is expected to largely affect the mutual
orientation between the chromophoric units and their coupling.
The selected angle is the dihedral angle δ defined by the CA, CAD,
CD, and ND atoms (see Figure 5). Starting from the fully
elongated optimized structure (δ = −177°), we have
incremented δ by multiples of 15 degrees, without reoptimizing
the resulting structures, and carried out coupling calculations on
these. The EET rates thus obtained, calculated in chloroform
using the CAM-B3LYP functional and the 6-311+G(2d,p) basis
set, are shown in Figure 6.
As it can be seen from the plot, as expected the EET transfer

rate shows a strong dependence on the scanned angle, increasing
by several orders of magnitude when moving from the elongated
geometry to structures where the D and A units are closer. In
particular, two maxima are visible, the highest at δ ≈ 40° and the
lowest at δ≈−50°; these correspond to rate constants of 3.6 and
0.6 ps−1, respectively. To better analyze such a strong
dependence of the EET rate on the δ angle, a two-step
conformational study was carried out; first, a relaxed scan with

Table 2. Lifetimes Obtained fromGlobal Analysis of the Time
Resolved Data of the D-A Dyad in the Three Analyzed
Solvents

solvent t1 (ps) t2 (ps) t3 (ps) t4 (ns)

Chloroform 0.6 6.2 166 2.86
Acetonitrile 0.26 5.5 33 2.1
Benzonitrile 1.7 10.0 478 3.9
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respect to the δ angle has been performed, where δ is constrained
to the same set of values used in the previous analysis and the
other degrees of freedom are optimized at M06-2x/PCM/6-
311G(d) level. Afterward, unconstrained optimizations of the
geometry have been performed, starting from selected structures
of the scan corresponding to the constrained minima. This study
has been repeated for two solvents, chloroform and benzonitrile,
and the results are reported in Figure 7.
The behavior of the energy as a function of the angle is similar

in the two solvents, showing minima around −180°, −60°, and
+60°, the first being quite higher in energy than the other two
structures. We note, however, that the dihedral angle δ only is not
sufficient to represent the rotational degrees of freedom between
the two chromophoric units which mostly affect their electronic
coupling. In particular, a second dihedral angle γ defined by the
NA, CA, CAD, and CD atoms (see Figure 5) also plays an important

role in tuning the couplings. To have a more complete picture we
have refined the previous analysis on δwith a parallel one on the γ
angle by finally obtaining that, for chloroform, only two minima
are significantly populated, while for benzonitrile three minima
are populated (see Table 3). All the minima structures were

finally used to calculate the overall EET rate: the obtained results
are reported in Table 3. For comparison purposes, in the same
table we also report a dipole−dipole approximation of the
coupling, as obtained from the transition dipoles computed using
the same level of calculation (TD-CAM-B3LYP/6-311+G-
(2d,p)).

Figure 5.Graphical representation of the donor and acceptor units used
in the excitonic model.

Figure 6. Dependence of the EET rate in chloroform on the selected
dihedral angle (see Figure 5). Angle values are in degree and k values are
in s−1.

Figure 7. Calculated relative energies (in kcal/mol) as a function of the
dihedral angles in chloroform (upper panel) and benzonitrile (lower
panel). The dots correspond to the fully relaxed geometries obtained
starting from the unrelaxed minima. The zero energy corresponds to the
absolute minimum in each solvent.

Table 3. Calculated Total Coupling VTOT (Including the
Solvent Term Reported in eq 2) and EET Times (Calculated
As the Inverse of the EET Rate) for the Minima Structures in
the Two Solventsa

VTOT
(cm−1) t (ps) R (Å)

VCoul
(cm−1)

Vdip‑dip
(cm−1)

Chloroform
δ/γ = 61°/44° (88%) 79 0.48 12.5 136 188
δ/γ = −61°/67° (11%) 22 5.96 13.6 38 115

Benzonitrile
δ/γ = 58°/55° (6%) 92 0.31 12.0 175 249
δ/γ = −57°/−57° (31%) 76 0.45 13.9 145 317
δ/γ = −54°/83° (63%) 20 6.49 13.3 39 67

aAs a comparison we also report the Coulomb term of the coupling
and the corresponding dipole−dipole approximation obtained using
the same minima structures and the calculated transition dipoles.
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As it can be seen from Table 3, the calculations agree well with
the experimental findings reported in Table 2, showing two
different time scales, one at subpicosecond level and the other of
the order of 6 ps. Moreover, if we average the populations
obtained in each of the two different solvents we obtain an
average time of 1.1 ps in chloroform and 4.2 ps in benzonitrile:
once more this result is in agreement with the slower kinetics of
energy transfer experimentally observed in benzonitrile. The data
reported in Table 3 also show that a dipole−dipole
approximation significantly overestimates the Coulomb inter-
action. However, if we define an effective PCM screening factor
as the ratio (VTOT)/VCoul we can observe that the screening effect
predicted by the 1/n2 approximation is also overestimated: for
chloroform (benzonitrile) n = 1.446 (1.529) and 1/n2 = 0.48
(0.43), while the effective PCM factor is 0.58 (0.52). Therefore,
when the dipole−dipole coupling is combined with the 1/n2

screening effect, one overestimation roughly compensates the
other and the final coupling based on a fully Förster-like
approximation becomes close to the TDDFT/PCM estimate.

■ DISCUSSION
All the experimental data reported in this work demonstrate that
energy transfer in the investigated molecular dyad is highly
efficient and largely proceeds on a subpicosecond time scale. In
all the examined solvents the kinetics of energy transfer is
multiexponential, but at least 70% of the overall process occurs
on a subpicosecond time scale. In order to gain insights into the
mechanism of this ultrafast energy transfer a theoretical study has
been performed, involving both the calculation of the electronic
coupling between the donor and acceptor molecular units of the
dyad and a conformational analysis of the whole system, based on
DFT computations.
Since the experimental absorption spectrum of the dyad

suggests the occurrence of weak excitonic coupling between the
two units, we have analyzed the kinetics of energy transfer in the
frame of the Förster theory. Within this framework,47 the rate of
EET is given by the following equation:

∫ϕ κ

τ π
ν ν
ν

υ=
ϵ∞⎛

⎝⎜
⎞
⎠⎟K

R N n
F9000 ln(10)
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which can be also expressed as

ϕ
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D

D

25

4 6
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Here ϕD and τD are the fluorescence quantum yield and lifetime
of the donor, NA is the Avogadro’s number, n is the refraction
index of the medium, R is the center-to-center separation
between the energy donor and acceptor, and κ2 is an orientation
factor associated with the dipole−dipole interaction between
donor and acceptor. The parameters J(ε) represents the overlap
integral between the donor emission FD(v) and the acceptor
absorption εA(ν), expressed in molar extinction coefficient units
(liter/mol cm) and in units of frequency in cm−1. By inserting
into the Förster equation the experimentally evaluated overlap
integral, and the measured values of the donor fluorescence
quantum yield and lifetime, we find that the subpicosecond
energy transfer rate (0.6 ps in chloroform and 0.3 ps in
acetonitrile), which accounts for about 70% of the energy
transfer, corresponds to a donor−acceptor distance R of about 10
Å. This value is quite close to the calculated distances at the
minima structures. This agreement can be explained using the

results of the TDDFT calculations of the couplings: although the
dipole−dipole approximation implicitly assumed in eq 4
overestimates the real coulomb coupling, such an overestimation
is counterbalanced by the parallel overestimation of the solvent
screening. Moreover, the TDDFT calculations when combined
with the conformational analysis show that, the donor and
acceptor units being linked together by means of a saturated
covalent bridge, multiple relative orientations are possible with
very different couplings. In both less polar and more polar
solvents two minimum regions exist on the potential energy
surface of the system, where the electronic coupling is relatively
larger than that observed in the other conformations, as a result
two different time scales of transfer are found. We thus conclude
that the rate determining factor for the energy transfer in this
system is of conformational nature, that is to say, the energy
transfer rate is maximum in those conformations whichmaximize
the coupling value. Moreover, the calculated transfer rate
averaged over the different conformations shows a slower
kinetics in benzonitrile exactly as observed in the experiments.
On the basis of the computational analysis we attribute this
findings to a differential stabilization of the minimal structures in
the different solvents. In order to further analyze the role of the
molecular conformation in determining the energy transfer rate,
temperature dependent measurements would be very useful.
Also, structural modifications of the donor and acceptor
molecules with analogues systems including larger substituents,
which would limit the conformational freedom because of the
occurrence of steric hindrance, could be taken into account.
Finally, solvent effects could also be further analyzed for example
by investigating the role of the polarizability: among the analyzed
media we in fact observe an inverse trend with the increasing
polarizability, since the EET rate increases when going from the
most polarizable benzonitrile to the less polarizable of the
analyzed solvents, acetonitrile. In any case, although the energy
transfer rate can be partly modulated by the external medium, the
yield of the process remains quantitative in all the analyzed
solvents, further confirming the great potentiality of the BODIPY
class of molecules if used as constituents of energy storage and
transferring devices, such as artificial antenna systems or solar
concentrators.

■ CONCLUSIONS

We demonstrate the occurrence of quantitative EET in the
analyzed molecular dyad. Although EET in this system is
extremely fast, the mechanism of the process can be satisfactorily
analyzed in the frame of the Förster model, due to the weak
excitonic coupling between the D and A moieties of the dyad.
The theoretical analysis performed in this study shows that the
estimate of the D−A excitonic couplings obtained from the
computed transition densities can adequately reproduce the
experimental EET rates, while a dipole−dipole approximation of
the Coulomb interaction would overestimate the coupling by at
least 40%. The conformational analysis of the D−A dyad
performed with DFT calculations shows that the system can
assume multiple conformations, but two energy minimum
regions exists on the potential energy surface for which the D−
A electronic coupling has its maximum value. Our study thus
demonstrates that the interplay between experimental and
theoretical methods can be beneficial in disentangling which
molecular factors play a prominent role in determining the
efficiency and dynamics of energy transfer in simple donor−
acceptor systems.
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