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Symmetry breaking charge transfer is one of the important photo-events occurring in photosynthetic
reaction centers that is responsible for initiating electron transfer leading to a long-lived charge-
separated state and has been successfully employed in light-to-electricity converting optoelectronic
devices. In the present study, we report a newly synthesized, far-red absorbing and emitting BODIPY-
dimer to undergo symmetry-breaking charge transfer leading to charge-separated states of appreciable
lifetimes in polar solvents. Compared to its monomer analog, both steady-state and time-resolved
fluorescence originating from the S; state of the dimer revealed quenching which increased with an
increase in solvent polarity. The electrostatic potential map from DFT and the time-dependent DFT
calculations suggested the existence of a quadrupolar type charge transfer state in polar solvents, and
the singlet excited state to be involved in the charge separation process. The electrochemically
determined redox gap being smaller than the energy of the S; state supported the thermodynamic
feasibility of the envisioned symmetry-breaking charge transfer and separation. The spectrum of the
charge-separated state arrived from spectroelectrochemical studies, revealing diagnostic peaks helpful

for transient spectral interpretation. Finally, ultrafast transient pump-probe spectroscopy provided
Received 23rd September 2023

Accepted 14th December 2023 conclusive evidence of diabatic charge separation in polar solvents by far-red pulsed laser light

irradiation. The measured lifetime of the final charge-separated states was found to be 165 ps in
dichlorobenzene, 140 ps in benzonitrile, and 43 ps in dimethyl sulfoxide, revealing their significance in
light energy harvesting, especially from the less-explored far-red region.
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minimal energy loss.?* Also, it has been successfully employed
in light-to-electricity converting optoelectronic devices.**** In

Introduction

Symmetry breaking charge transfer and charge separation
(SBCT and SBCS) are processes in which a pair of identical
chromophores (dimer) absorb a photon and use its energy to
transfer an electron from one chromophore to the other,
breaking the symmetry of the chromophore in the dimer."*
This excited state phenomenon is rationalized to occur in the
photosynthetic reaction center enabling the efficient formation
of charge-separated states that are ultimately utilized in the
synthesis of adenine triphosphate (ATP).>* The concept of SBCT
and SBCS has also been successfully exploited for developing
photocatalytic and photovoltaic systems operating with
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symmetric molecular dimers, upon photoexcitation, the weakly
coupled dimers form an excited state that dynamically localizes
on one of the chromophore units of the dimer, rapidly
producing a localized excited state (LE). Fluctuations in the
local solvent environment surrounding the dimer create an
asymmetry in the two units and are mainly responsible for
driving charge transfer (SBCT) and solvent-stabilized charge
separation (SBCS) with the radical cation and radical ion
species. This mechanism of producing radical pairs is different
from the asymmetric donor-acceptor (D-A) systems where the
electron (or hole) transfer is energetically dictated to be
a vectorial process producing D*"-A"" species through differ-
ences in redox potentials. Experimentally, the emission prop-
erties of the charge transfer state produced in the dimer are
used to distinguish SBCT and SBCS. SBCT is often an emissive
state, while SBCS is known to produce charge-separated states
decaying nonradiatively. In SBCS the electron and holes are
fully decoupled and behave independently while in SBCT elec-
tron-hole pairs are weakly coupled, often referred to as charge
transfer excitons.' >’

© 2024 The Author(s). Published by the Royal Society of Chemistry
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Fig. 1 Structure of the bis-styrylBODIPY monomer, 1 and dimer, 2
synthesized to probe SBCS.

From the above discussion, it is clear that there is a need for
synthetic model systems to explore SBCT and SBCS to advance
our ability to create symmetric systems that separate charges
efficiently. However, photoinduced SBCS in synthetic dimers
composed of the same chromophores is rare, mainly due to the
energy gaps of the charge-separated states are not negative
enough to drive SBCS.>**** Among the well-known chromo-
phores, SBCS is observed in 4,4-difluoro-4-bora-3a,4adiaza-s-
indacene®*** (also known as BODIPY, and its BF,-smaragdyrin
analog®® (only SBCT), subphthalocyanine,” and perylene dii-
mide dimers.*”~*° In the present study, instead of using ‘simple’
BODIPYs that absorb and fluoresce in the 510 nm range,*"** we
target far-red absorbing and emitting m-extended BODIPY
dimers to check whether far-red excitation of the dimer would
produce SBCS. The structure of the newly synthesized dimer
along with the monomer used as a control is shown in Fig. 1. In
the molecular design, two phenyl-styryl entities on each BODIPY
are appended to shift the absorption and emission to the
650 nm range.”*™® As summarized below, efficient SBCS is
indeed observed in the dimer in polar solvents with appreciable
lifetimes of the charge-separated species.

Results and discussion
Synthesis

The synthesis of dimer 2 is shown in Scheme 1. Synthesis of 1
followed a similar procedure. That is, the synthesis of meso-
phenyl BODIPY, 1la and its conversion to 1 (see ESIf for

H 1) TFA, THF, 18h, RT, dark
2) DDQ, THF, 8h, RT

3) EtsN, BF3.E1,0, 6h, RT

Piperidine
Acetic acid

Benzene
_—

Dean-stark
Reflux, 48h

Scheme 1 Synthesis of far-IR absorbing and emitting bisstyrylBODIPY
dimer, 2.

© 2024 The Author(s). Published by the Royal Society of Chemistry
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synthetic details). The structural integrity was confirmed by 'H
and "*C NMR, and MALDI-TOF-mass analysis (see Fig. S1-S10
in ESIY).

Spectroscopic studies

Fig. 2 shows the absorption spectrum of 1 and 2, normalized to
the main far-red peak maxima, in solvents of varying polarity.
Five solvents, viz., toluene (dielectric constant, ¢ = 2.38), o-
dichlorobenzene (DCB, ¢ = 9.93), benzonitrile (PhCN, ¢ = 26.0)
dimethyl formamide (DMF, ¢ = 36.7), and dimethyl sulfoxide
(DMSO, ¢ = 46.7) were employed. The monomeric compound 1
was characterized by three main peaks located in the 360, 586,
and 638 nm region while the dimer 2 was also characterized by
three, slightly red-shifted, peaks in the 365, 592, and 640 nm
region. The main far-red peak revealed a shift of 10 nm in both
cases among the investigated solvents. Interestingly, compound
2 had an additional shoulder-type band around 378 nm in all
solvents, likely due to an excitonic process occurring in the
dimer. Importantly, a red-shifted absorption spectrum due to
the presence of two styryl entities on the BODIPY 7t-system as
compared to pristine BODIPY having no styryl entities (peak
maxima was around 500 nm) in both monomer and dimer was
noted. Additionally, no new peaks corresponding to charge
transfer in the ground state including in polar solvents were
observed. This suggests that if excited state charge separation
indeed occurs in 2 that would be diabatic.

Fig. 2b and d show the fluorescence spectrum of 1 and 2 in
the indicated solvents. In the case of 1, a main emission band in
the 648-656 nm range with a shoulder-type band in the 712 nm
range was observed. This band was found to be red-shifted in 2
and appeared in the range of 670-676 nm, however, with
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Fig.2 Normalized absorption (a and c) and fluorescence (b and d) of 1
(a and b) and 2 (c and d) in the indicated solvents. The compounds
were excited corresponding to their far-red peak maxima listed in
Table 1.
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substantial quenching. Going from non-polar to polar solvent,
the quenching in the case of 1 was about 30% while such
quenching in 2 reached 100% in polar solvents. In the least
polar toluene used here, the emission intensity of 2 was about
40% less compared to the emission of equimolar concentration
of 1. These results indicate the occurrence of excited state
events in 2. Such was the case for the measured singlet lifetimes
from the time-correlated single photon counting (TCSPC)
method. Here, nanoLED operating at 495 nm was used to excite
the samples, and the emission was collected at the emission
band maxima. The singlet lifetimes of 1 and 2 in toluene were
about 6.1 ns which decreased slightly with increasing the
solvent polarity in the case of 1 while such decrease was
substantial in the case of 2 (see Fig. S111 for decay curves). In
fact, we could measure the lifetimes of 2 only in toluene and
DCB, and in other polar solvents, the decay was beyond the
detection limit of our TCSPC setup. Both steady-state and time-
resolved emission results support the occurrence of excited
state events in 2 in polar solvents. The singlet state energies, E o
were measured as the average energy of the 0,0 transitions of the
absorption and fluorescence bands. An E, , value of ~1.92 eV for
1 and ~1.88 eV for 2 were possible to arrive. Further, the radi-
ative, k., and nonradiative, k, rate constants were also
measured for the monomer and dimer in the investigated
solvents using the standard procedure,*® and such results are
given in Table 1. Faster k,, for the dimer with an increase in
solvent polarity was witnessed.

Electrochemical and spectroelectrochemical studies

In the area of excited state electron and energy transfer, results
gathered from electrochemical and spectroelectrochemical
studies provide information that is a necessity for arriving at the
energetics and subsequent product identification and evalu-
ating kinetic information of photo-events. With this in mind,
first, electrochemical studies on both the monomer and dimer
in DCB were performed and their differential pulse voltammo-
grams (DPVs) are shown in Fig. 3a. Both 1 and 2 revealed
reversible one-electron reduction and quasi-reversible one-
electron oxidation (as determined from cyclic voltammetry,
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Fig. 3 (a) DPVs of the investigated compounds in DCB containing
0.1 M TBACILO,. (b) Spectral changes observed during the first oxida-
tion of 2 in DCB containing 0.2 M TBACIO,. Fig. 3b inset shows the
spectrum deduced for the charge-separated state by averaging the
spectrum of the radical cation and radical anion minus that of the
neutral compound for 2.

see Fig. S12t). The first oxidation and first reduction of 1 are
located at —0.66 and 1.12 V vs. Ag/AgCl while these processes for
2 appeared at —0.60 and 1.08 V vs. Ag/AgCl, respectively. This
resulted in an electrochemical redox gap of 1.78 V for 1 and
1.68 V for 2. A smaller redox gap for 2 compared to 1 and the
redox gap of 2 being smaller by 200 mV compared to the
calculated E, , from optical studies (1.88 eV in DCB) are borne
out from these studies.

Spectral changes during the first oxidation of 2 in an opti-
cally transparent thin-layer cell are shown in Fig. 3b. During the

process, diminished peak intensities of neutral 2 are

Table1l Absorption and fluorescence peak maxima, singlet excited state energy, singlet lifetime, radiative and nonradiative rate constants of the

investigated compounds in various solvents

Compound Solvent Aabs (Nm) Aem (NM) Eyo (ev) Ty (DS) & k (107 s ko (107 s7Y)

1 Toluene 638 655 1.92 6.12 0.46 7.52 8.82
DCB 640 660 1.91 5.68 0.39 6.87 10.74
PhCN 640 659 1.91 5.52 0.46 8.33 9.78
DMF 633 653 1.93 5.29 0.52 9.83 9.07
DMSO 639 660 1.91 5.44 0.43 7.90 10.48

2 Toluene 642 670 1.89 6.18 0.38 6.15 10.03
DCB 646 675 1.88 3.79 0.09 2.37 24.01
PhCN 643 — — — — — —
DMF 635 — — — — — —
DMSO 640 — — — — — —

“ @¢ was calculated with reference to pristine BODIPY."”
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accompanied by new peaks at 599, 652, and 686 nm. A clear
isosbestic point at 575 nm suggesting the existence of only one
equilibrium was also clear. During the process of the first
reduction, the diminished intensity of the neutral compound
did not result in new bands perhaps due to low molar absorp-
tivity of such transitions. In order to generate the spectrum of
the electron transfer product, the spectrum of the radical cation
and radical anion were digitally added and subtracted with that
of the neutral compound. Such a spectrum is shown as a figure
inset of Fig. 3b. In the event of charge separation in 2, a spec-
trum closely resembling this one is expected.

Computational studies

In an effort to understand the geometry and electronic structure
of 2 in relation to the anticipated SBCT and SBCS events, DFT
calculations at the B3LYP/6-311+G (2df, pd) level*** were per-
formed. The structures were fully optimized on the Born-
Oppenheimer potential energy surface both in vacuo and
DMSO solvent media (SCRF = CPCM). As shown in Fig. 4a, the
bridging phenyl ring was perpendicular to the two bisstrylBO-
DIPY entities without causing any steric hindrance. The center-
to-center distance was 17.1 A while the edge-to-edge distance
was 6.0 A between the two chromophores. The presence of
DMSO did not make noticeable changes in the geometry.

Fig. 4b and c show the molecular electrostatic potential map
(MEP) of 2 in vacuo and DMSO. The positive and negative
potentials were symmetrically distributed over the two bisstyryl
entities irrespective of the media. This was also the case with
frontier (HOMO-1, HOMO, LUMO, and LUMO+1, see Fig. S13+)
orbitals. Initially, we assumed that in polar media, unequal
electron distribution would result in favoring charge transfer
(dipolar 3"-3~ state), however, to our surprise this was not the

-4.000x10? 4.000x107 V

Fig. 4 (a) Optimized geometry in vacuo, (b and c) molecular elec-
trostatic potential map in vacuo and DMSO, respectively.

© 2024 The Author(s). Published by the Royal Society of Chemistry
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case. Interestingly, a close examination of the MEP map shows
different degrees of potential, that is, higher positive potentials
on the BF, segments and higher negative potentials on the
bridging phenyl entity in polar DMSO. This suggests the exis-
tence of a quadrupolar (3'-3"-3") state in polar media which
could facilitate charge transfer upon photoexcitation.

To confirm this prediction, time dependent-DFT (TD-DFT)
studies were performed for the dimer in DMSO to test
whether an SBCS state forms when relaxing the dyad excited
state. Evidence of CS was clear from the 4th (HOMO-1 —
LUMO+1, at 605.15 nm, f = 2.0809), and 5th (HOMO-2 —
LUMO, at 419.25 nm, f = 0.3011) excited states of the dimer.
Evidence of CS for monomer 1 was rather slim. The natural
transition orbitals (NTOs) were also produced as this provides
an intuitive picture of the orbitals involved in electron-hole
excitation. Here, separate unitary transformations were per-
formed on the occupied and virtual set of orbitals in order to get
a localized picture of the transition density matrix. The oscil-
lator strength, f, is used as a measure of the probability of
a given excitation. Table S1 in ESIT lists the key findings. Clear
evidence of CS from HOMO — LUMO with contributions from
other orbitals was witnessed.

Using the electrochemical and computational data, the
thermodynamic driving force for charge separation and
recombination as a function of solvent polarity was also calcu-
lated§®* and is given in Table 2. Using this data and the calcu-
lated excitation energy, a Jablonski-type energy diagram was
constructed, as shown in Fig. 5. From this, SBCT in DCB, PhCN,
and DMSO but not in toluene was clear from this study.

An attempt was also made to estimate the electronic
coupling between the two BODIPY entities through the phe-
nylene spacer. Kochi et al. reported an electronic coupling, H of
0.40 x 10° cm™ " in a phenothiazine dimer held by a phenylene
linker (almost orthogonal geometry).”® Using the procedure
given in the paper, H was estimated and found to range between
2.8-3.4 x 10" em™" for 2 depending on the solvent (see Table S2
in ESI{). Although more studies are warranted to confirm this,
the higher values of H could be attributed to a smaller tilt angle
(40° between the BODIPY entities) and higher extinction coef-
ficient values for BODIPY compared with phenothiazine.

Pump-probe studies to probe SBCS

The systematic studies performed so far clearly suggested the
possibility of the occurrence of SBCS in the investigated dimer.
Support for this conclusion was primarily derived from
a smaller redox gap compared to E, , values, and computational
studies revealing a quadrupolar state in polar solvent.

Table 2 The thermodynamic driving force for charge separation,
AGcs and recombination, AGer as a function of solvent polarity for 2

Solvent AGgo AGcs AGcr
Toluene 0.432 0.12 —2.20
DCB —0.083 —0.39 —1.69
PhCN —0.183 —0.49 —1.59
DMSO —0.210 —0.52 —1.56

Chem. Sci., 2024, 15, 906-913 | 909
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Fig. 5 Jablonski-type energy diagram revealing SBCS in 2 as a func-
tion of solvent polarity. (BDP = bisstrylBODIPY).

Femtosecond transient absorption (fs-TA) studies on both 1 and
2 in nonpolar toluene and polar solvents were performed to
witness such photo events. Fs-TA studies on 1 serve as a control
where no SBCT or SBCS is anticipated in both nonpolar and
polar solvents. Fig. 6a shows fs-TA at the indicated delay times
of monomer 1 in toluene. Upon excitation at 648 nm laser light,
the instantaneously formed within the first couple of picosec-
onds singlet excited state revealed excited state absorption
bands at 476, 524, 555, 603, 707, and 780 nm. Negative peaks at
590 and 642 nm were also observed. By comparing the peak
positions of the absorption and fluorescence spectra, the
590 nm peak was attributed to ground state bleaching (GSB)
while the 642 nm peak to both GSB and stimulated emission

04 —mm 02] (o) .
s 308 o e
. Lo © 19.9ps
b Pl 01 P
ITbe o~ Liips)
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0.0 Sawl Fo00 i
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Fig. 6 Femtosecond transient absorption spectra at the indicated
delay times of (a) 1 and (c) 2 in toluene (iex = 648 nm). Species
associated spectrum from Glotaran analysis is shown beneath for each
spectrum.
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(SE). Initial decay and recovery of the positive and negative
peaks were accompanied by a new peak at 465 nm and have
been attributed to the relaxed S; state from the initial hot S,
state. The recovery of the SE peak was slow and lasted over 3 ns,
in agreement with earlier discussed fluorescence lifetimes. The
data was subjected to GloTarAn analysis®*** where a simple
model representing S, — Synoy — S; was satisfactory. The
species-associated spectra (SAS) for these states are shown in
Fig. 6b. Lifetimes of 2.6 ps for S, * (hot state), and > 3 ns for the
S, state were possible to arrive. Similar spectral trends were
found in the other two utilized solvents (see Fig. S14t).

Fs-TA spectra at the indicated delay times for the dimer 2 in
toluene are shown in Fig. 6¢. The earlier discussed steady-state
and time-resolved emission revealed no quenching in toluene
suggesting a lack of SBCT or SBCS events. This was confirmed
by the fs-TA studies. The hot S, state of 2, '2*(hot) formed
within the first couple of picoseconds, had ESA, GSB, and SE
peaks resembling close to those of '1*. This was also the case for
the S; state developed in the latter stage. GloTarAn analysis of
the data revealed lifetimes of 1.68 ps for S;* (hot state), and > 3
ns for the S; by fitting the data to an S, — S;(hot) — S; model
(see Fig. 6d for SASs). A close resemblance of SAS for different
states of 1 and 2 is noteworthy here.

Next, fs-TA studies of 1 and 2 were performed in the most
polar solvent utilized here, DMSO. Fig. 7a shows spectral
changes observed for 1 with different delay times. The spectral
changes tracked those observed in toluene for this compound.
That is the initial formation of the S;(hot) state that relaxes to
the S, state. Glotaran analysis fitting the data to an Sy(nog — Si
model resulted in lifetimes of 2.64 ps for S;* (hot state), and > 3
ns for the S; state (see Fig. 7b). Interestingly, the spectral
changes observed for 2 in DMSO were different from those
observed in toluene for this compound and also for 1. As shown
in Fig. 7c, the S; state revealed ESA peaks at 475, 521, 557, 606,
and 692 nm. In addition, GSB at 590 and a GSB/SE peak at
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Fig. 7 Femtosecond transient absorption spectra at the indicated
delay times of (a) 1 and (c) 2 in DMSO (Aex = 648 nm). Species asso-
ciated spectrum from Glotaran analysis is shown beneath for each
spectrum.
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640 nm were observed (see spectrum at 1.44 ps). In the next 5-6
ps, this spectrum transformed into a new spectrum with ESA
peaks at 472, 560, and 692 nm, closely resembling the earlier
spectrum deduced for the charge-separated species from spec-
troelectrochemical studies (shown in Fig. 3b inset) thus con-
firming excited state charge separation in polar DMSO. With
additional delay times, peaks corresponding to the charge-
separated state started decaying, and by about 200 ps, no
peaks were visible, especially in the 400, 500, and 710 nm range
corresponding to the triplet state.>® These results indicate the
charge-separated state to nonradiatively relax to the ground
state instead of populating the triplet state. The data was sub-
jected to Glotaran analysis for the S; — CS — S, model. Life-
times for the S; state of 3 ps and the CS state of 43 ps were
obtained from such analysis (see Fig. 7d).

The ability of 2 undergoing SBCS in other polar solvents was
also investigated. As shown in Fig. S15,7 in both DCB and PhCN
spectral data supporting charge separation was witnessed. From
Glotaran analysis, a lifetime of the charge-separated states of 140
ps in benzonitrile and 165 ps in DCB were obtained.

Conclusions

In summary, the occurrence of SBCS in a bisstyry]BODIPY
dimer, 2 in polar solvents by far-red light laser illumination
has been successfully demonstrated. The newly synthesized
dimer for this purpose revealed strong absorption and emis-
sion in the far-red region, however, no charge transfer peak in
the ground state was observed. Both steady-state and time-
resolved emissions revealed quenching in polar solvents
supporting the possibility of SBCS in the dimer, 2. Such an
observation was also supported by the measured redox gap
which was found to be smaller than the singlet state energy.
Interestingly, the computational studies suggested the exis-
tence of a quadrupolar ground state in the dimer, and the TD-
DFT studies supported charge separation from the S, state in
polar media. Femtosecond transient absorption studies
provided ultimate evidence of SBCS in the dimer wherein the
spectrum corresponding to the charge-separated state largely
matched the spectrum deduced from spectroelectrochemical
studies. The lifetime of the final charge-separated state ranged
between 40 to 200 ps depending upon the polarity of the
solvent. The present study brings out the significance of a far-
red absorbing BODIPY dimer in generating charge-separated
states of appreciable lifetimes, useful as model compounds
for artificial photosynthesis and building optoelectronic
devices. Further studies along this line are in progress in our
laboratory.

Data availability

All the data supporting this article have been included in ESL{

Author contributions

Methodology: synthesis, AY and SK; photo- and electrochem-
istry, RRK; computational studies, PAK, funding acquisition,

© 2024 The Author(s). Published by the Royal Society of Chemistry

View Article Online

Chemical Science

FD; FD conceived the project and supervised the work. All
authors have approved the published version of the manuscript.

Conflicts of interest

The authors declare no conflicts of interest.

Acknowledgements

This work was financially supported by the National Science
Foundation (Grant No. 2000988 to FD). The computational work
was completed at the Holland Computing Center of the
University of Nebraska, which receives support from the
Nebraska Research Initiative.

Notes and references

§ The free energy change for charge separation (AGgs) from the singlet excited
state of the modified BODIPY within the donor-acceptor system was calculated
using spectroscopic, computational and electrochemical data following eqn

(1-(3)>

AGcr = Eox — Erea + AGs (1)

—AGcs = Eg — (—AGcr) )
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The symbols ¢, and ¢ represent the vacuum permittivity and dielectric constant
of the solvent used for photochemical and electrochemical studies, respectively.
Rcc is the center-to-center distance between pull-pull entities from computational
data.
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