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ABSTRACT

In this work the photophysics of four bichromophoric units was studied by means of static and time resolved spectroscopy, with the aim of disentangling the contri-
bution of steric and electronic factors in regulating the efficiency of electronic energy transfer (EET). The newly synthesized dyads share the same acceptor moiety,
a substituted BODIPY chromophore, and differ either in the donor or in the molecular bridge connecting the two units. The use of different linkers allows for tuning
the conformational flexibility of the dyad, while changing the donor has an influence on the electronic coupling and spectral overlap between the two chromophores.
The efficiency of energy transfer is extremely high in all the four dyads and can be modelled within the frame of the Forster equation. In the special case of a dimeric
donor, a theoretical analysis was performed to further support the experimental findings. Geometry optimization at DFT level indicated that different conformations
with similar energy can exist in solution, explaining the observed multi-exponential EET. Furthermore, energy transfer rates, computed at DFT level, resulted in
optimal agreement with the experimental ones. Our analysis allowed to conclude that, in case of the studied systems, steric hindrance and donor-acceptor relative
orientations plays a prominent role in regulating the EET dynamics, even overcoming electronic effects.

1. Introduction

Energy transfer processes have been widely investigated in the last
decades, especially because of their fundamental importance in photo-
synthesis [1]. A deep comprehension of the factors regulating the ef-
ficiency and kinetics of energy transfer is however also important for
the development of artificial light-harvesting materials to be used for
light energy conversion [2-7]. To make one step forward in the com-
prehension of energy transfer mechanisms, one of the most valued ap-
proaches is to reduce the complexity of the system by studying single
pairs of donor-acceptor moieties, synthesized on purpose to have the de-
sired electronic and spectral properties, in addition to specific conforma-
tions.

The full comprehension of the overall energy transfer processes in-
volves the identification of the energy pathways in the molecular sys-
tem and the elucidation of the involved timescale. Ultrafast pump-
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probe techniques are a perfect tool to investigate excited state dynam-
ics and energy transfer processes from the sub-picosecond up to the
nanosecond time-scale [8-11], providing the necessary spectral and
temporal resolution to identify the nature of intermediate and final
states and to characterize the temporal regimes of the energy flow. In
this work, we synthesized and characterized the photophysical behav-
iour of three dyads, studying them in different solvents both by station-
ary and transient absorption spectroscopy. The spectroscopic measure-
ments, supported by a theoretical analysis, allowed us to obtain a quan-
titative estimate of the transfer rate and to infer the donor-acceptor ef-
fective distance by applying the Forster theory.

The three dyads under investigation are characterized by the same
acceptor moiety, consisting in a modified BF 2-chelated dipyrromethene
compounds, known also as BODIPY. Recently these molecules have
been  considerably  studied in  literature, = because  of
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their outstanding photo-physical properties, such as large molar extinc-
tion coefficients and high fluorescence quantum yield (QY) [12].

Furthermore, chemical modifications of the core substituents allow
fine tuning of their spectral and electronic properties, making also pos-
sible to obtain chromophores with far-red absorption and emission. For
these reasons, BODIPY-based materials have found wide-spread appli-
cations, ranging from fluorescent probes for biosensors [13-16], to an-
tenna in dye-sensitized solar cells [17-19]. The acceptor molecule stud-
ied in this work consists in a BODIPY core with two styryl groups at-
tached in the alpha positions and one phenyl group in the meso position
(Fig. Sla in S.L). This chemical modification to the BODIPY core signif-
icantly shifts the absorption spectrum toward the red region respect to
the unmodified analogue, from 500 to 620 nm.

In a previous publication [20] we investigated the dynamics and effi-
ciency of electronic energy transfer (EET) in a molecular dyad composed
of the same BODIPY acceptor and an Aminostyrylpyridinium donor
(compounds D in Fig. 1), linked together via a covalent non-conjugated
bridge, which infers conformational flexibility to the dyad, allowing
multiple relative orientations of the two units. Aminostyrylpyridinium
dyes are known in scientific literature to show a charge transfer state
due to electron density separation between the dimetylamino group and
the pyridinium moiety, which causes cis-trans isomerization [21-27].
These dyes have found several application as well, as sensitizers in pho-
tographic industry, laser dyes, additives in bio-sensors [21,22]. In Ref.
[20], by combining transient absorption experiments and a theoretical
analysis at the M062X/6-311G(d)/PCM level we found different stable
configurations of the dimer, resulting in multiple EET rates. The theo-
retical estimate of energy transfer time constants, based on the calcu-
lation of the electronic coupling for the different conformers and the
application of the Forster expression, retrieved EET rates well in agree-
ment with the experimental ones. The results showed that a few relative
orientations between donor and acceptor dipoles mainly contributed to
the observed energy transfer kinetics. Starting from these previous re-
sults, in order to further understand of the role played by different fac-
tors in determining the energy transfer rate, here we synthesized differ-
ent dyads which shared the same acceptor chromophore of previously
analysed system, but either a different donor or a different linker be-
tween donor and acceptor.

We repeated the previous characterization for the newly synthe-
sized systems, both at the experimental and theoretical level. Once
again, a conformational analysis at DFT level allowed to identify the
most stable conformers and give a theoretical estimate of the EET
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rates. The comparison between experimental and theoretical results ob-
tained for the new dyads and the previously analysed one allowed us
to disentangle the influence of different molecular factors, such as the
bridge flexibility or the nature of the donor chromophore, on the ob-
served EET rates.

2. Materials and methods
2.1. Synthesis of the samples

All the reagents, whose synthesis is not described, were commer-
cially available and have been used without any further purification, if
not specified otherwise. The complete synthetic approach for the prepa-
ration of compounds 1, 2 and 3 is described in the Supporting Informa-
tion section and schematized in Figs. S18, S17, S19.

Rf values are referred to TLC on silica gel plate (0.25mm, Merck
silica gel 60 F254). NMR spectra were recorded on Varian Gemini
200MHz or Varian Mercury 400 MHzat room temperature. Chemical
shifts were reported in parts per million (ppm) relative to the resid-
ual solvent peak rounded to the nearest 0.01 for proton and 0.1 for
carbon (reference: CHCI3 [1H: 7.26,13C: 77.0], DMSO [1H: 2.50,13C:
39.71, MeOH [1H: 3.35,13C: 49.3]. Coupling constants J were reported
in Hz to the nearest 0.01 Hz. Peak multiplicity was indicated as fol-
lows: s (singlet), d (doublet), t (triplet), q (quartet), m (multiplet) and
br (broad signal). IR spectra were recorded on a PerkinElmer FT-IR 881
or Shimadzu FT-IR 8400s or Shimadzu IRAffinity-1s spectrometer. IR
data are reported as frequencies in wavenumbers (cm™1). Mass spectra
were recorded on a Thermoscientific LCQ-Fleet. UV-Vis spectra were
recorded on Varian Cary 4000 Uv-vis spectrophotometer using 1cm
cell. Fluorescence spectra were registered on a Jasco FP750 spectrofluo-
rimeter using 1 cm cell. Elemental analyses were performed with a Ther-
mofinnigan CHN-S Flash E1112 analyser.

The chemical structure of the analysed dyads is shown in Fig. 1.

2.2. Transient absorption spectroscopy

Sub-picosecond transient absorption spectra (TAS) have been
recorded using a previously described system [28].

The system is based on a Ti:sapphire regenerative amplifier laser sys-
tem (BMI Alpha 1000) and fs-laser oscillator (Spectra Physics Tsunami).
For the experiments described in this work, visible pump pulses have
been obtained by pumping a home-made Travelling wave Optical Para-
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Fig. 1. Chemical structure of the compounds under investigation. Compound D has been studied in Ref. [20].
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fundamental output. The excitation wavelength has been tuned in agree-
ment with the optical absorption spectrum of the different dyads. Exci-
tation power was set at 100-150nJ. The white light continuum probe
pulses have been obtained by focusing a portion of the 800 nm laser ra-
diation on a 2mm thick sapphire window. A part of the white light con-
tinuum has been split off using a beam splitter and used as reference
signal. Pump-probe delays for a time interval spanning between —5 and
1500 ps were obtained by directing the probe beam through a motor-
ized stage. After the sample, the probe beam was dispersed through a
flat field monocromator and imaged on a home-made detector. The sam-
ple was contained in a quartz cell with a 2mm optical path, mounted
on a movable stage in order to minimize photodegradation. The col-
lected kinetic traces have been analysed by a global analysis proce-
dure [29]. A preliminary singular values decomposition (SVD) [30] al-
lowed to estimate the number of kinetic components to be used for the
fit. Global analysis has been performed using the GLOTARAN software
(http://glotaran.org) [31,32], and employing a linear unidirectional ki-
netic scheme.

2.3. Computational methods

Following previous works [20,33,34], we used a (TD)DFT-based
strategy to compute the excited states and the EET couplings between
the two styrylpyridinium donor moieties and the BODIPY acceptor. EET
couplings are computed with a well established perturbative approach
as the interaction among the quantum mechanical transition densities of
the isolated moieties [35,36]. The effects of the solvent (here, chloro-
form) were systematically included in all calculations through the inte-
gral equation formalism polarizable continuum model (IEFPCM) [37],
which treats the solvent as a homogeneous dielectric medium, charac-
terized by its static and optical dielectric constants. In particular, with
IEFPCM it is possible to compute the explicit solvent contribution to
the coupling, arising from the dielectric in which the donor and ac-
ceptor are embedded [36]. Geometry optimizations were carried out
with the M06-2X [38] functional and the 6-311G(d) basis set, as in
our previous work. Excited states and the corresponding EET couplings
were computed with the long-range corrected CAM-B3LYP [39] func-
tional in combination with the 6-311 + G (2d,p) basis set. Owing to
the greater conformational complexity of dyad D, which presents sev-
eral single bonds around which rotations are possible, a complete map-
ping of all conformations of the dyad is not possible. Instead, we se-
lected three relevant dihedral angles (p/y/8) which were randomly var-
ied to generate several conformations. After removing conformations
with close contacts between atoms, we optimized the remaining struc-
tures at the DFT level. Redundant structures, which after the optimiza-
tion had ended in the same minimum, were considered only once. For
the final nine conformations, we computed the relative free energies at
the M06-2X/6-311 + G (2d,p) level, including non-electrostatic contri-
butions in the solvation free energy with the SMD solvent model [40].
The thermal contribution to the free energy was estimated through har-
monic frequency calculations at the M06-2X/6-311G(d) level. Finally,
electronic couplings were computed as described above, computing sep-
arately the coupling between each styrylpyridinium donor and the BOD-
IPY acceptor.

EET rates. EET rates were computed from couplings assuming the va-
lidity of the Fermi Golden Rule

2r
Kpgr = & V2, x FCWD &)

where Vp, represents the EET coupling, and FCWD is the Franck-Con-
don weighted density of states, which measures the energetic super-
position between vibronic levels of the donor and acceptor. For EET
involving bright excited states, the FCWD can be obtained directly
from the spectral overlap of area-normalized donor emission and
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acceptor absorption [41]. The spectral overlap calculated for dyad B in
chloroform is 290 x 10~cm, close to the value of 280 x 10~®cm ob-
tained for dyad D in Ref. [20].

3. Experimental results

The absorption spectra of all the samples under investigation (plus
the molecule of ref. [20]) are reported in Fig. 1. The first dyad (A) con-
sists in the same styryl-pyridinium donor and BODIPY acceptor studied
in Ref. [20]; however, here the covalent bridge is a cyclohexane with
long aliphatic chains substituents. This linker limits the conformational
flexibility of the dyads, reducing the possible relative orientations of the
two moieties, which in this case are kept at fixed relative distance.

In dyad B we used a donor consisting of a dimer of styrylpyridinium
moieties. The purpose of this choice was to study the influence of both
steric and electronic factors on the energy transfer. The donor-acceptor
linker, being the same of ref. [20] was chosen to allow conformational
mobility of the two units.

The last dyad (C) presents again a different donor, being in this
case a different BODIPY chromophore. Unlike the acceptor BODIPY, the
donor has only one alpha and one meso substituent (Fig. S1b), resulting
in a blue-shifted absorption respect to the acceptor. The two BODIPYs
are linked via the same substituted cyclohexane bridge used for dyad A,
that guarantees a relatively fixed distance between donor and acceptor.

In the following we will describe in detail the results of the static and
transient spectroscopic measurements performed for the three dyads.
For dyad A the spectroscopic measurements have been carried out in
different solvents: chloroform, acetonitrile and benzonitrile. The other
samples have been studied in chloroform solution. In the following we
present the results obtained in case of chloroform solution; the experi-
mental measurements in the other two solvents are reported in the S.I.
section.

3.1. Dyad A

The absorption, emission and excitation spectra of dyad A in chlo-
roform are reported in Fig. 3a. This dyad, which has the same donor
and acceptor moieties as dyad D, studied in Ref. [20] but a rigid bridge,
presents, as expected, absorption and fluorescence spectra very similar
to those of dyad D (see Fig. 2). Three main spectral features are notice-
able: the two bands centred around 580nm and 630 nm represent the
contribution of the BODIPY acceptor, while the feature centred around
520nm is due to the styryl-pyridinium donor. As already found in case
of dyad D, the absorption spectrum of the dyad is the sum of the ab-
sorption spectra of the two moieties, as shown in Fig. S5a of S.I, in-
dicating poor electronic interaction of the chromophores in the ground
state. The fluorescence spectrum of the bichromophore essentially
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Fig. 2. Linear absorption spectra of the compounds under investigation dissolved in chlo-
roform.
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Fig. 3. a) Linear spectra (absorption, emission and excitation) of dyad A in chloroform on topof the EADS obtained by Global analysis performed on transient spectra of dyad A in chlo-
roform. b) Single wavelength kinetics of dyad A and its donor in chloroform taken on the maximum of thedonor bleaching signal, showing ultrafast EET occurring in presence of the

acceptor.

corresponds to the emission of the acceptor (Fig. S5b of S.I.), which is
an indication of high energy transfer efficiency. The excitation spectrum
clearly shows the contribution of the donor to the dyad emission, as ex-
pected in presence of energy transfer occurring between the two moi-
eties.

Transient absorption measurements have been carried out by excit-
ing the sample at 530 nm, where the main contribution to the absorp-
tion comes from the styryl-pyridinium donor. Recorded transient spec-
tra at different pump-probe delay times are shown in Supplementary
Fig. S4. The evolution associated difference spectra (EADS), obtained
by performing a Global analysis on the collected time traces, are re-
ported in Fig. 3a. The first spectral component, rising soon after excita-
tion, presents an intense negative feature centred at 550 nm, ascribable
to the bleaching of the styryl-pyridinium ground state. A smaller nega-
tive shoulder centred at 640 nm corresponds to the bleaching signal of
the BODIPY ground state, due to the direct excitation of its absorption
band edge. An excited state absorption is also visible on the blue side of
the spectrum (positive signal around 450 nm), ascribable to a convolu-
tion of signals coming from both the donor and the acceptor, as demon-
strated in our previous work [20].

In the two following EADS, respectively rising in 71 = 2.1 ps and 72

= 12.6 ps, we observe the increase of the BODIPY bleaching/stimulated

emission signal and the recovery of the styryl-pyridinium signal, indicat-
ing the occurrence of fast and efficient energy transfer. We notice that
although the bridge connecting the donor and acceptor is more rigid
than that used in dyad D, still the kinetics of energy transfer is bi-expo-
nential, since both the first and second lifetime can be ascribed to this
process. The comparison of the kinetic trace at 570nm, which corre-
sponds to the maximum of the donor bleaching signal, registered in case
of the isolated donor and of the dyad, shown in Fig. 3b, evidences a
significant increase in ground state recovery rate, due to energy transfer
occurring between the two units. The last EADS, which recovers with a
time constant 73 = 3.6 ns, does not show any residual excitation left on
the donor moiety. The time constants retrieved when the measurements
are repeated in acetonitrile are very similar to those registered in chloro-
form. Slightly longer time constants have been found for benzonitrile so-
lution, in agreement with previous results [20]., which can be explained
by the larger viscosity of the latter solvent. The EADS obtained in ace-
tonitrile and benzonitrile solution, as well as the single-wavelength ki-
netics recorded in the different solvents are reported in Fig. S6 of S.I.

3.2. Dyad B

This dyad differs from the one studied in Ref. [20] for the presence
of a styryl-pyridinium dimer as donor, that influences both the ground
state electronic properties and the excited state dynamics, as described
in the following.

The absorption, fluorescence and excitation spectra of the sample
are presented in Fig. 4a. Similarly to what observed for dyad A, the
bands at 535nm and 630nm can be respectively attributed to the dou-
ble styryl-pyridinium donor and the BODIPY acceptor. Also in this case
the absorption spectrum is the sum of the donor and acceptor absorption
components, as can be observed in looking at the linear spectra of the
different moieties reported in Fig. S7a of S.I.

Differently from the previous sample, here the donor contribution to
the absorption spectrum is more pronounced, thus overlapping with the
low-wavelength band of the BODIPY absorption, whose shoulder is vis-
ible at around 570 nm. Furthermore, similarly to dyad A, a fluorescence
Stokes shift of about 10nm is observed, and the fluorescence spectrum
reflects essentially the emission of the acceptor (see Fig. S7b). Also in
this case the excitation spectrum indicates that the donor absorption
contributes to the emission of the dyad.

The comparison of the absorption spectra of styryl-pyridinium
monomer and dimer, reported in Fig. S9 of S.I, indicates negligible
changes in the absorption and emission lineshape between the two mol-
ecules. However, the presence of a second styryl-pyridinium moiety sig-
nificantly increases the fluorescence quantum yield (QY) of the dimer
respect to the monomer (0.84 for the dimer and 0.1 for the monomer
[20], probably due to a conformational restrictions in the dimer com-
pared to the monomer, which has the effect of making the molecular
structure more rigid, suppressing some non-radiative decay pathways.

The phenomenon of the QY enhancement in case of the double
monomer can be classified as “aggregation induced emission” (AIE),
which is the opposite effect to the more common “aggregation-caused
quenching” (ACQ) [42]. Dyes in concentrated solutions are indeed char-
acterized by fluorescence quenching, effect that prevents their use as ef-
ficient light-harvesting materials. For this reason, our observation makes
the styryl-pyridinium an interesting compound for its fluorescence prop-
erties.

Transient absorption spectra were recorded also in this case by ex-
citing the he sample was excited with pulsed laser at 532nm, close
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Fig. 4. a) Linear spectra (absorption, emission and excitation) of dyad B in chloroform on topof the EADS obtained by Global analysis performed on transient spectra of dyad B in chloro-
form. b) Single wavelength kinetics of dyad B and its donor taken on the maximum of the donor bleaching signal, showing ultrafast EET occurring in presence of the acceptor.

to the maximum absorption wavelength of the donor. Recorded tran-
sient spectra at several chosen pump-probe delay times are reported in
Fig. S8 of S.I. section. The EADS obtained from Global analysis of the
transient data in chloroform are presented in Fig. 4a. We found four
time-components corresponding to the four time constants. Similarly to
dyad A, the first EADS presents the donor ground state bleaching (nega-
tive signal centred at 550 nm), together with an excited state absorption
on the blue side of the spectrum. In the following three EADS (1= 0.5
ps, 72 = 3.1 ps, 73 = 13.5 ps), once again we observe the recovery of the
donor bleaching and the increase of the BODIPY bleaching/stimulated
emission signal (negative band around 635nm), indicating energy trans-
fer occurring on multiple fast timescales. The ground state of the sample
completely recovers with a long time constants of about 3 ns.

To further characterize the electronic properties of the dimeric donor
in comparison with the corresponding monomer, we performed a
pump-probe measurement on the styryl-pyridinium dimer in chloro-
form (see S.I. section and the summary Table S2). Within a few pi-
coseconds a dynamic Stokes shift of the stimulated emission is ob-
served, resulting in the formation of a negative double band structure.
Furthermore, if compared with the monomer, the excited state life-
time of the styryl-pyridinium dimer appears longer, in agreement with
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the increased fluorescence quantum yield, as reported in Table S2 and
evidenced in Fig. S11 of S.I.,, where a comparison between the kinet-
ics traces of the monomer styryl-pyridinium and its dimeric form is re-
ported.

Finally, the comparison of the kinetic trace taken on the maximum of
the styryl-pyridinium dimer bleaching signal, registered for the isolated
donor and the donor-acceptor system, reported in Fig. 4b evidences also
in this case an increase of the recovery rate in the presence of the BOD-
IPY acceptor, due to energy transfer.

3.3. Dyad C

In this sample both donor and acceptor are BODIPY chromophores,
linked via the same rigid bridge used for dyad A. The absorption spec-
trum of the dyad, shown in Fig. 5a, corresponds to the sum of the ab-
sorptions of the two BODIPY components (see also Fig. S12 of S.I.). The
BODIPY acceptor, being the same of the previous samples, is responsi-
ble for the absorption band centred at 630nm. The fluorescence of the
dyad substantially corresponds to the acceptor fluorescence with a small
residual contribution due to the donor emission.

—D @ B35 nm
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—=Multi-expenential fit
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] 500 1000 1500
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Fig. 5. a) Linear spectra (absorption and emission) of dyad C in chloroform on top of the EADS obtained by Global analysis performed on transient spectra of dyad C in chloroform. b)
Singlewavelength kinetics of dyad C and its donor taken on the maximum of the donor bleaching signal, showing ultrafast EET occurring in presence of the acceptor.
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Transient absorption measurements were performed in chloroform
also in this case by exciting the system at 530nm, on the blue side of
the donor absorption. Experimental TAS spectra at different pump-probe
delay times are presented in Supplementary Fig. S13. Global analy-
sis performed on the transient data shows that three kinetic components
are sufficient for a satisfactory fit, corresponding to three time-constants.
Similarly to the other samples, inspection of the EADS reported in Fig.
5a shows energy transfer occurring on multiple fast timescales (?1=
4.4 ps, T2 = 40 ps), revealed by the recovery of the negative signal at
550 nm, ascribable to the bleaching/stimulated emission of the BODIPY
donor, and the corresponding increase of the acceptor bleaching/stimu-
lated emission at 630 nm. The ground state recovery of the dyad occurs
on the nanoseconds timescale (3= 3 ns).

For further comparison, we also measured the transient absorption
spectra of the BODIPY donor in chloroform (Table S2 in S.I.). The fluo-
rescence quantum yield of the BODIPY donor was found to be 0.76. Its
transient data are satisfactory fitted using three time constants and the
spectral evolution is described by the three EADS reported in Fig. S14a
of S.I.. The transient spectrum is characterized by an intense negative
signal, centred at 585nm, due to the convolution of bleaching and stim-
ulated emission, which shows almost no lineshape evolution, and com-
pletely recovers on a 3.5 ns timescale. The comparison of the kinetics
trace taken on the maximum bleaching signal of the donor, in presence
and absence of acceptor, are plotted in Fig. 5b, evidencing also in this
case the occurrence of energy transfer, that accelerates the donor recov-
ery rate in the dyad.

4, Discussion

The transient data described above show occurrence of efficient
energy transfer in all the investigated compounds, occurring on fast
timescales. In the following we discuss differences and similarity of the
experimental results among the various samples in order to disentangle
the contribution of different molecular factors in determining the overall
EET kinetics. The observed electronic behaviours have been interpreted
on the basis of the spectral and geometric aspects influencing the dy-
namics. A summary of the time-constants obtained from global analysis
in case of the different samples is presented in Table S2 of S.I.

Considering the average donor-acceptor distance in all the studied
dyads and the absence of strong electronic interactions between the
chromophores, the Forster model can be safely applied to estimate the
energy transfer efficiency. We found it to be close to 100% in all the
samples, as it can be observed also by looking at the negligible resid-
ual donor fluorescence in the emission spectra (Figs. 3a, 4a and 5a).
Table 1 reports a summary of the calculated Forster parameters. In
Ref. [20] transient absorption spectroscopy, together with theoretical
calculations performed on dyad D (Fig. 1), showed that mobility of

Table 1

Summary of the Forster Parameters for EET estimated from TAS measurements. ET is the
EET rate, J is the Forster spectral overlap, is described in eq. (6) and R is the donor-accep-
tor distance..

Kpgr (_r}.ﬁ_l) J {;U_lr:m_ln.m'l) Ro ) RO E(%)

dyad A 48.107" 7.65 10" 46.65 17.16  99.75
7.9-1072 23.19 9851

dyad B 7.93 10" 66.96 18.73  99.95
32.1070 26.35  99.63

74107 36.67 9841

dyad C  23-107! 7.38 1019 65.06 21.37  99.87
251072 30.88  98.87

dyad D 1.7 1.02 10'¢ 18.08 14.66  99.93
1.6-10! 21.63  99.26
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the donor-acceptor link allow for coexistence of different conformations
in solution, with predominance of certain relative orientations between
the two units.

Time-resolved measurements carried out on dyad A, having a rigid
linker that keeps donor and acceptor at a fixed distance, show a slower
degree of kinetic heterogeneity on the short timescale after excitation
compared to dyad D, as it can be observed in the comparison between
the collected bleaching kinetics of the two samples (Fig. 6a). Since the
absorption spectra of both dyads A and D are the sum of the donor and
acceptor components, and their fluorescence is essentially coming from
the acceptor, the two units preserve the spectral properties of the iso-
lated monomers. In this picture, the observed multi-exponential energy
transfer rate can be explained in terms of geometric factors. In order to
quantify the relative distance between donor and acceptor dipole mo-
ments, we used an energy transfer model based on the Forster equation,
following the procedure described in Refs. [20,43]. From Forster's the-
ory [44], energy transfer rate Kggy is given by

2
9000/ (10) k2,

—— — = 2
1287514 N 1, pRE @

KEET =

Where the orientation factor k% can be approximated to a value of
2/3 (assuming random orientation), ¢p and 7p are the fluorescence

Fig. 6
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a) Single wavelength kinetics taken at the maximum of the donor bleaching signal in
case of dyads A and D. b) Single wavelength kinetics taken at the maximum of the donor
bleaching signal in case of dyad B and D. c) Single wavelength kinetics taken at the maxi-
mum of the acceptor bleaching signal in case of dyad C and B.
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QY and lifetime of the donor (experimentally determined), n is the re-
fractive index of the solvent, N, is Avogadro's number, R is the donor-ac-
ceptor distance and J is the spectral overlap integral, defined as:

_ ®Fp(v)eA(v)dv
J—/O - ®)

Here Fp is the normalized fluorescence of the donor and €4 is the
absorption coefficient of the acceptor. The value of €4 for the BODIPY
acceptor was taken from Ref. [45].

We report all the parameters used and the overlap integral calcula-
tions in S.I. section. For any energy transfer rate estimated from tran-
sient absorption measurements, it is possible to calculate the average
distance R between the dipole moments by inverting eq. (2):

2
o 90000 (10) 2,/ @
128750%N 1, pK iy

Finally, is it straightforward to calculate the energy transfer effi-
ciency:

RS
RO|+RS ®)
where
k2] C
R0=0.211< - ) (6)
n

Using the experimental data from Ref. [20] relative to dyad D, we
estimate that 70% of energy transfer occurs within a sub-picoseconds
timescale (1= 0.6 ps in chloroform), corresponding to a donor-accep-
tor distance R, = 14A. The residual energy transfer, described by the
time-constant = 726.2 ps, results in a distance R, = 21 A.

The same model is applied to dyad A, where energy transfer dynam-
ics follows a double-exponential trend with time constants 71 = 2.1 ps
and 72 = 12.6 ps, corresponding approximately to 55% and 45% of en-
ergy exchange, respectively. By inserting these two time constants in eq.
(4), we get distances R;=17A and R, = 23A. The distance between
donor and acceptor in dyad D is thus smaller respect to dyad A, which
is expected due to the fact that the rigid linker of the latter molecule
does not allow for maximization of the dipole coupling, occurring when
reducing the relative angle between the styryl-pyridinium and the BOD-
IPY. Furthermore, the linkers in A and D have different lengths: the esti-
mated difference from the molecular structure is on the order of 4 A.

Analogously dyad B can be compared to dyad D to evidence the
effects of introducing a styryl-pyridinium group on the donor moiety,
leaving the same BODIPY acceptor and the same linker used in dyad
D. Also in this case the energy transfer rate appears slower than for

Table 2
Computed and EET parameters of different optimized configurations of Dyad B..
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dyad D, as it can be observed by the comparison shown in Fig. 6b. Here
different factors could play a role in the energy transfer dynamics: the
dimer styryl-pyridinium donor has indeed a much higher QY respect to
the monomer form, and a larger time-constant for ground state recovery
after excitation (see stationary and transient characterization in S.I.). As
a consequence, the overlap integral is also substantially larger than for
dyad D. This factors are supposed to increase the energy transfer rate as
calculated in eq. (2). However, geometrical effects due to the steric hin-
drance of the dimer styryl-pyridinium group reduce importantly the en-
ergy transfer efficiency. By applying eq. (4) we found indeed R; = 194,
R, =264 and R3 =37 10\, associated to time-constant of 71 = 0.4 ps, 72
= 3.1 ps and 73 = 13.5 ps, which in turn contributes for 54%, 33% and
12% of energy transfer, respectively.

In order to address the influence of the dimer styryl-pyridinium on
the energy transfer efficiency and to make an accurate comparison with
the case of the monomer styryl-pyridinium donor (dyad D), we per-
formed a theoretical optimization of several donor-acceptor conforma-
tions at the M062X/6-311G(d)/PCM level. We selected the lowest en-
ergy conformations and we computed free energies and total couplings
between the two donor monomers and between each styryl-pyridinium
and the BODYPI acceptor. In the calculations we assumed that the two
styryl-pyridinium moieties of the donor are independent, and EET oc-
cur between a single donor monomer and the acceptor with the same
probability. This assumption is motivated by the observation that the
absorption spectra of the single and double styryl-pyridinium donors are
almost the same. For all TDDFT calculations, the solvents effects were
included in the linear response formalism.

In agreement with the experimentally observed excited state dynam-
ics, that shows a multi-exponential behaviour of the energy transfer, we
found several stable configurations of the dye which are very similar in
energy but with different angles of orientation between donor and ac-
ceptor. Calculated EET rates are in agreement with experimental ones in
case of three conformers (Conformers number 19, number 5 and number
11, see Table 2). The identified conformers are characterized by a large
donor-acceptor distance (open conformations), proving that the geomet-
ric arrangement of the two moieties is influenced by the steric hindrance
of the dimer styryl-pyridinium donor. Table 2 shows the computed EET
parameters and the geometrical parameters associated to the optimized
configurations (donor-acceptor centre of mass distances and angles of
orientations, as defined in Fig. 7. We have highlighted with the same
color in the two tables the experimental EET rates Kggy in Table 1 that
have been ascribed to theoretical ones in Table 2. The two fast compo-
nent (highlighted in green and red in Tables 1 and 2) are characterized
by strong coupling and short donor-acceptor distances, as expected. The
energy transfer is driven maily by coupling with one of the two donor
moieties, indiceted as D2 in Table 2. On the other hand, the compari-
son between calculated and experimental EET rates shows that for the
longer time component energy transfer also involves the other donor
moiety (D1 in Table 2), that is slightly more distant and less coupled
with the acceptor.

Conformer Angles Population  Donor Keer EET time R
(B/v/a) (ps™1) (ps) ()

19 —-55 / —175 / 51 100 D1 55-10°% 180) 18.5
pz | 3.9 15.7

5 —68 / ~154 / 66 22 p1 | 17 17.5
D2 1.7- 1071 6.0 16.4

11 —72 /=173 / 45 7 DI 1.21-10-2 81 19.5

D2 36 028 116
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a) Chemical structure of dyad B showing the three conformations considered in Table 2, characterized by different relative orientations between the three units (angles f,y,a).

In the supporting information section S5 we report a comparison be-
tween computed and experimental donor-acceptor energy couplings in
case of dyad B (Table S3), which are in very good agreement, and a
summary of EET parameters of dyads B (for the three conformers 19,
5 and 11) and D (from Ref. [20], see Table S4). The computed EET
time-constants are very similar between the two dyads, showing only a
slight acceleration of the energy transfer in case of dyad A. This result
is in agreement with the experimental EET rates summarized in Table
1. However, as it can be observed from the kinetic traces in Fig. 6b,
the kinetic trace associated to dyad B appears to decay faster. This ob-
servation can be explained by considering that in dyad D EET occurs
mainly at fast timescales (t = 6.2 ps), while in case of dyad B two close
time constants (3.1 ps and 13.5p s) are found to contribute to the EET.
This two timescales are ascribed to conformer 19 and 11 (see Table 1),
which have indeed similar relative donor-acceptor orientations (Fig. 7).

Finally, we applied the Forster theory also to dyad C, whose kinetic
trace at 579 nm is compared to that of dyad D taken at the same wave-
length in Fig. 6c. These two samples differs substantially for the donor
moieties, being in one case a monomer styryl-pyridinium group and in
the other a substituted BODIPY (Fig. 1) respectively. The donor accep-
tor link in both samples is the rigid cyclohexane with aliphatic chains.
The QY of the BODIPY donor (QY = 0.76) is quite larger than that of
the monomer styryl-pyridinium present in dyad D. However, the ex-
cited state lifetime of the donor alone is much longer than the single
styryl-pyridinium one (see Fig. S15 of S.I.). When all the experimental
factors have been correctly inserted in eq. (4), we obtain donor-accep-
tor distance Ry =21A and R, = 31A (corresponding to 71 = 4.4 ps and
T2 = 40 ps), which contribute to the 30% and 70% of energy transfer,
respectively.

All the consideration reported in this section can be summarized by
looking at Fig. 6, which presents comparisons between ultrafast dynam-
ics of analogous compounds, taken at wavelength of interest. In panel a)
we show kinetic traces of dyad A and D recorded at wavelength corre-
sponding to the maximum of the donor bleaching signal. The two com-
pounds differs only in the nature of the donor-acceptor link, whose rigid-
ity slows down the EET in case of dyad A. In panel b) the compari-
son between kinetic traces of dyad B and D collected on the maximum
bleaching signal of the donor shows differences due to the presence of
the dimer styryl-pyridinium donor, as discussed above. Finally, in panel
c) kinetic traces recorded on the maximum bleaching signal of the ac-
ceptor are reported in case of dyad C and A, demonstrating the influence
of different donors on the excited state dynamics.

5. Conclusions

We have investigated the effect of chemical structure modifications
on the energy transfer dynamics in donor-acceptor pairs, by combin-
ing time-resolved spectroscopy and theoretical calculations performed
at DFT level. Our study focuses on the nature of the donor and on
the rigidity of the donor-acceptor linker. All the compounds investi-
gated have shown fast and extremely efficient energy transfer (up to
99%), because the chemical and spectroscopic properties of the moieties

allow stable configurations characterized by short donor-acceptor dis-
tances large spectral overlap. The presence of a rigid bridge between
the BODIPY acceptor and the single styryl-pyridinium donor slows down
the EET process of the dyad with respect to the case of the mobile
linker studied in Ref. [20], which can be explain by considering that
increase of rigidity forbids a number of relative orientations between
donor and acceptor which could favour EET. The introduction of a dimer
styryl-pyridinium donor, characterized by high QY due to the AIE ef-
fect, linked to the acceptor by means of a mobile bridge, influence the
time-behaviour of the system by introducing an additional fast contri-
bution to EET on the picoseconds timescale, due to steric hindrance ef-
fects. In this case we found that EET presents multi-exponential kinet-
ics, in agreement with theoretical modelling of energetic couplings and
EET rates performed on optimized geometries of the dyads in solution.
We were able to assign the experimental EET time-constant to calcu-
lated ones with great accuracy, and to ascribe the time contributions to
different structural configurations of the compound, described by dif-
ferent calculated dihedral angles between each donor and the acceptor.
The presence of three units (two styryl-pyridinium moiety and the BOD-
IPY acceptor) allows increased mobility of the system, and efficient EET
can occur because of the small distances between one of the two donor
monomers and the acceptor, as it is can be observed in the stable con-
figurations of Fig. 7. Donor acceptor distances obtained by modelling
time-resolved experimental data with Forster equation were also in very
good agreement. Finally, in the last chemical modification introduced,
a BODIPY dye was used as donor. No substantial differences were ob-
served with respect to the other samples studied. Our results highlight
the importance of spatial effects, which can have a significant impact
on the electronic behaviour of a bichromophoric compound on ultrafast
timescales. Our experimental and theoretical data demonstrate that in
case of the studied systems can prevail over other effects due to chemi-
cal and electronic properties of the conformers.
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