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Isoenergetic Symmetry Breaking Charge Separation in Far-Red
Absorbing Orthogonal BODIPY Dimer — a Classic Case of No Energy
Loss During the Process of Light Capture and Conversion

Ram R. Kaswan, * Aida Yahagh, *2 and Francis D’Souza™?

Symmetry-breaking charge separation (SB-CS) in a far-red capturing, orthogonally linked BODIPY dimer, 2, revealing minimal
electronic coupling, is demonstrated under isoenergetic conditions (with little or no energy loss), thus helping to maximize
the process of solar light capture and conversion. The orthogonal design of the dimer and proximity resulted in poor orbital
overlaps between the chromophores, promoting a long-lived SB-CS state without the need for a thermodynamic driving
force — a crucial factor for increasing solar device efficiency. Multiple techniques were employed to establish and prove this
phenomenon. Steady-state and time-resolved emission studies revealed substantial quenching of the dimer in both
nonpolar and polar solvents compared to the BODIPY monomer, 1, providing initial evidence of SB-CS. The redox gap,
measured to assess thermodynamic feasibility through electrochemical studies, confirmed the event as a barrierless process
(AGer~ 0.0 eV). TD-DFT calculations supported this realization by illustrating the generation of excited-state electron density
and hole-electron distribution, revealing an unsymmetrical dipolar distribution. Short-range and long-range electronic
coupling calculations yielded negligible values, confirming weak excitonic coupling, reducing the Coulombic interactions
between the hole and electron, thereby facilitating the formation of radical ion pairs with minimal energy loss. Transient
absorption spectroscopy further provided conclusive evidence of SB-CS and allowed the extraction of kinetic parameters.
Finally, Marcus’s theory of electron transfer was applied, yielding a low electronic coupling (V) value of as little as 7.6 meV.
These findings indicate that electron transfer can occur even under weak-coupling (null-exciton) conditions without an
energy barrier —a step forward in maximizing solar energy harvesting.

symmetrical molecules, weakly coupled chromophores generate an
instantaneous localized excited state (LE) upon photoexcitation, and
subsequent variations in the solvent environment (driven by solvent

Photo-induced SB-CS is a phenomenon that occurs when two
identical chromophores (a dimer) capture a photon and use its
energy to transfer an electron from one chromophore to the other,
disrupting the symmetry in the dimer.22° The SB-CS mechanism
appears in various systems, ranging from a special pair of chlorophyll
found in the natural photosynthetic reaction center to organic
photovoltaic devices for light-to-energy conversion. The importance
of this phenomenon can be understood from the natural
photosynthesis process, where a special pair of identical
chromophores triggers a sequential electron transfer event, finally
producing a long-lived radical ion pair. Eventually, the energy of this
pair is used in the synthesis of adenosine triphosphate (ATP).2! This
process of generating radical ion pairs differs significantly from the
asymmetric conventional donor-acceptor (D-A) systems, where hole
(or electron) transfer requires a difference in redox potential to
generate D*-A- having much lower energy than that used for
excitation (typically over 500 mV energy loss). Conversely, in
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polarity), leading to the formation of charge carrier ion pairs. Recent
research has shown that SB-CS has various applications in designing
artificial models to mimic natural photosynthesis and developing
highly efficient light-harvesting devices.'’-2! This is in contrast to D-A
molecules, where the energy loss between the LE (excitons) and CS
state can substantially reduce the power conversion efficiency of
light-harvesting devices.?2-26 Therefore, understanding the
mechanistic details of SB-CS under various conditions in synthetic
models of different geometry and orientation is crucial. To address
the above issue, the scientific community worldwide is focusing on
SB-CS in synthetic chromophore dimers, where the energy loss in SB-
CS is as small as 100 mV. Various chromophores, viz.,
perylenediimide (PDI),%6%° phthalocyanine,3° subphthalocyanine,!
perylene,3233 BODIPY,?43% bianthyryl,3>, and metallopyrrins343637
have been successfully used to explore this mechanism. Among
these, BODIPY (4,4-difluoro-4-bora-3a,4-diaza-s-indacene) has
become one of the most promising candidates because of its
robustness, high molar extinction coefficient, and ease of tuning its
optoelectronic properties by modifying the substituents on its
periphery.
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Figure 1. The structures of bisstyrylBODIPY monomer and dimer examined in the
present work.

It is known that in the photosynthetic reaction center, the
chlorophyll dimer undergoes efficient SB-CS in a nonpolar
environment (with a dielectric constant ranging between 3 and 9).
This natural event presents a significant challenge in constructing
chromophore dimers that can undergo SB-CS in nonpolar media,
thereby mimicking the natural process. In the present work, we
address this challenge and report the synthesis of a BODIPY dimer
with perfect orthogonal geometry (Figure 1), revealing little to no
communication between the entities of the dimer. Here, instead of
simple BODIPYs that absorb and emit light in the 510 nm range,
we aimed for far-red capturing m-extended BODIPYs to enhance
absorption in the far-red region of the solar spectrum. Two phenyl-
styryl entities were attached to each BODIPY to shift the optical
spectra to the 650 nm range. 3841 A series of techniques, absorption

spectroscopy, steady-state and time-resolved emission
spectroscopy, electrochemical and spectroelectrochemical
methods, DFT and TD-DFT calculations, and transient

spectroscopy, was employed to observe SB-CS and determine the
coupling constant, a crucial parameter for evaluating the
communication strength between the two entities. As summarized
below, we successfully demonstrate the occurrence of SB-CS
under null-exciton conditions not only in polar solvents but also in
nonpolar solvents.

Results and Discussion
Synthetic

Scheme 1 outlines the synthetic route to produce dimer 2. This
involves the initial synthesis of directly linked dimer BODIPY (2a),
followed by appending the bis-styryl tails. Preparation of monomer
1 involved the synthesis of meso-phenyl BODIPY, 1a, and its
transformation into 1 (see Sl for synthetic details). The structures’
integrity was confirmed using various techniques, including 'H and
BC NMR, as well as MALDI-TOF mass analysis. Additional
information is available in the S| (see Figures S1-S10).
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Scheme 1. Synthesis of far-red capturing and emitting orthogonal bisstyrylBODIPY

dimer, 2.

2| J. Name., 2012, 00, 1-3

Spectroscopic studies View Article Online

As depicted in Figure 2, the ground-state eleDgf‘rb%]lé%gegﬁg\Snsgrogﬁﬁé

dimer 2 and monomer 1 was explored using steady-state
absorption and emission spectroscopy in three different polarity
solvents: toluene (dielectric constant, € = 2.38), o-dichlorobenzene
(0-DCB, € =9.93), and dimethyl sulfoxide (DMSO, € = 46.7). Figure
2a shows the absorption spectrum of monomer 1 in toluene,
displaying characteristic spectral features of BODIPY“244, with its
absorption maximum (Ac-o, A%25,) observed at 627 nm, attributed to
an allowed nm—m* transition between the ground and first excited
states (So—S1). Conversely, dimer 2 showed similar spectral
properties to the monomer, with a bathochromic shift of 20 nm.
Notably, the intensity of the second vibronic band (Ao.1) increased,
possibly due to weak communication between the two
chromophores. To gain further insight into the excited state
processes, steady-state emission studies were conducted in the
same solvents, as shown in Figure 2c. Two well-resolved vibronic
bands emerged at 642 nm (A5,) and 700 nm, with a Stokes shift
of 9 nm (225.7 cm™), observed for monomer 1 upon
photoirradiation. The emission quantum yield (¢~) was quantified
as 76%, consistent with known BODIPY values.*® Interestingly,
dimer 2 exhibited a significant quenching of emission (¢r = 18%)
along with markedly different spectral features, suggesting that
excitons may undergo non-radiative SB-CS processes in a
nonpolar medium with minimal driving force. To further examine the
effect of solvent polarity, studies were performed using the highly
polar solvent DMSO. Figure 2b presents the absorption spectra of
the compounds, showing similar features to those in toluene, with
slight red shifts. However, the monomer’s fluorescence emission
remained unaffected by the change in solvent, whereas nearly
complete quenching was observed for dimer 2, providing strong
evidence of excited state SB-CS (Figure 2d). Using a moderate
polar solvent, 0-DCB, the results are shown in Figure S11.

To support these steady-state observations, time-correlated
single photon counting (TCSPC) was employed to measure singlet
lifetimes, with Nano-LED serving as the excitation source at 624
nm, and emission monitored at the respective wavelengths. The
singlet lifetimes of 1 and 2 were recorded as approximately 6.0 and
5.59 ns, respectively.
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Figure 2. Ground state absorption (a and b) and emission (c and d) spectra of 1
and 2 in toluene (a and c) and DMSO (b and d).
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Increasing solvent polarity had a negligible effect on the lifetime of
1, but the lifetime of 2 could not be measured due to the
instrument’s detection limit (see Figure S12). Overall, both steady-
state and time-resolved fluorescence studies confirmed the
presence of excited-state photophysical processes in 2, regardless
of solvent polarity. Next, the optical bandgap (Eo,0) of the locally
excited (LE) state was estimated by averaging the 0,0 vibronic
transition of the absorption and emission peaks. The Eovalues for
compounds 1 and 2 were evaluated as 1.96 eV and 1.83 eV,
respectively. Furthermore, the radiative (k;) and non-radiative (k)
rate constants were evaluated, as they provide key insights into the
decay pathways from the excited state. A higher kxr relative to k: in
the dimer indicates that non-radiative CS state formation is more
favorable than photon emission, as summarized in Table 1.

Electrochemical and spectroelectrochemical studies

To confirm the thermodynamic feasibility of the photoinduced
charge-separated states, electrochemical experiments were
conducted in o-DCB using tetrabutylammonium perchlorate
(TBACIO4) as the supporting electrolyte. These experiments were
performed at room temperature under a nitrogen atmosphere. The
results from these electrochemical studies are essential to evaluate
the redox gap (AE12) and the change in Gibbs free energy for the
SB-CS process. Figure 3a shows the differential pulse
voltammograms of monomer 1 and dimer 2. Monomer 1 displayed
a reversible reduction wave at -0.81 V and a quasi-reversible
oxidation wave at 1.05 V, while dimer 2 exhibited two distinct
reduction wave potentials at -0.59 and -0.81 V. An anodic shift of
220 mV for the first redox wave confirmed electronic interaction
between the orthogonally arranged BODIPY moieties. Additionally,
three quasi-reversible oxidation peaks at 1.13, 1.26, and 1.49 V
were observed for dimer 2 (the reversibility of the redox waves was
confirmed by cyclic voltammetry, as shown in Figure S13). The
estimated redox gaps were 1.86 V for monomer 1 and 1.72 V for
dimer 2. A smaller electrochemical bandgap than the previously
determined Eoo supported the thermodynamic feasibility of SB-CS
in dimer 2.
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Figure 3. (a) DPVs of the indicated compounds and (b) charge-separated spectrum
deducted from spectroelectrochemical experiments for dimer 2.

After determining redox potential through electrochemical
experiments, spectroelectrochemical studies were conducted to
identify the charge-separated features. An optically transparent
thin-layer cell with three electrodes—a platinum (Pt) button, a Pt
wire serving as the working and counter electrodes, respectively,
and an Ag/AgCI reference electrode was utilized to conduct this
experiment. As shown in Figure S14a, during the oxidation process,
the peaks of the neutral compound at 368 and 651 nm decreased
in intensity, accompanied by the appearance of new peaks at 449
and 590 nm, as well as a broad peak from 720 to 850 nm.
Additionally, clear isosbestic points appeared at 415 and 717 nm.
Conversely, when the first reduction potential was applied, the
original peaks disappeared, and two new intense bands emerged
at 450 nm and a broad peak spanning 710 to 900 nm (Figure S14b).
These peaks are expected to appear in the same region during the
event of charge separation. Next, a charge-separated spectrum
was obtained by averaging the spectra of the radical cation and
anion, then subtracting the spectrum of the neutral compound, as
shown in Figure 3b. Such a spectrum, closely resembling spectral
features, can be expected when a CS spectrum is generated from
transient studies.

Table 1. Peak maxima for absorption and emission, singlet excited state energy and lifetime, quantum yield, and radiative and nonradiative rate constants of the studied compounds

in distinct polarity solvents.

Compound Solvent M M Eoo Astotes b, T ke ko,
(nm) (nm) (eV) (cm?) (%) (ns) 107 st 107 st
Toluene 627 636 1.96 225.7 76 6 12.6 4
1 DCB 630 644 1.95 345.1 74 5.48 135 4.75
DMSO 627 643 1.95 397 69 5.48 12.6 5.65
Toluene 647 710 1.83 13715 18 5.59 3.2 14.7
2 DCB 651 - - - - - - -
DMSO 649 - - - - - - -

This journal is © The Royal Society of Chemistry 20xx
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Theoretical Investigation

Having rationalized the existence of SB-CS in dimer 2, we
conducted DFT calculations to understand the molecules’ structural
and electronic properties. The dimer was fully optimized on the
Born-Oppenheimer potential energy surface in the most polar
medium using B3LYP/6-311G (df,pd) SCRF (IEFPCM,
Solvent=Dimethylsulfoxide) theory.*6 Ground-state optimization
confirmed that both chromophores are perpendicular to each other,
with a dihedral angle of 89° and a B-B distance of 7.14 A. As
expected for symmetric dimers, the HOMO and LUMO pairs were
degenerate. Subsequently, the ground state-optimized structure
was subjected to excited-state optimization, revealing a slight twist
in the dihedral angle, which decreased to 79°. This twist may
enhance communication and orbital overlap between the two
moieties, potentially facilitating SB-CS. The molecular electrostatic
potential (ESP) map was generated in the same solvent to visualize
the distribution of electron density. As expected, a symmetrical
distribution was observed, confirming the presence of a
quadrupolar state in the ground state. Additionally, the ground state
potential energy surface (PES) was generated by scanning the
coordinates of the optimized geometry to determine the energy
barrier for rotation of the chromophores as a function of the dihedral
angle between the two moieties. The energy required to rotate the
molecule from its most stable (orthogonal, global minimum)
orientation to the planar and most unstable (global maximum)
orientation was calculated as 51 kcal/mol (2.2 eV) and 160 kJ/mol
(7 eV), respectively. The relatively high energy barriers suggest that
the compound is rigid, making the orthogonal conformation the
most favorable. The optimized structures and ESP maps are shown
in Figure S15.

Furthermore, to investigate the nature of electronic transitions
and excitonic interactions, TD-DFT calculations were performed on
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Figure 4. Computational calculation results of the investigated dimer 2 in DMSO.
(a) shows electronic transitions (b) and (c) Natural transition orbitals (NTOs) for
the associated transitions at the optimized So geometry for the optical absorption
in toluene (oscillator strength (f) and the most considerable weight (%) for the
hole and electron wave functions (d) visualization of hole-electron distribution
simultaneously, and (e) represents the charge difference map (excited state
charge density cubes minus ground state charge density).
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the ground-state-optimized structure. Here, the initial five excited
states were considered to understand the hole-electron transfer
mechanism. The two nearly degenerate states, S1 and Sz, with the
same low oscillator strength (f) of 0.12, possess a significant CT
character (% CT = 78), where the hole is positioned on one
fragment and the electron is confined to the second chromophore.*”

Additionally, two nearly degenerate Frenkel states, Sz and S,
with the same f (1.12), were identified, where the electron density
is localized on the same chromophore. Similarly, the Ss state can
be attributed to a Frenkel state, as it also has electron density on
the same fragment. Figure 4 shows the hole-electron transfer
results, where natural transition orbitals (NTO) calculations were
used to analyze the distribution of the hole (column b) and electron
(column c). NTO results revealed a dominant orbital pair, along with
other complex pairs involved in a specific electronic transition, as
shown in Figures 4 and S16, along with the corresponding percent
contributions. 4750 These results clearly indicate that states S1 and
S are responsible for CT transitions, while the other three are
associated with Frenkel states, based on the distribution of electron
density cubes. After performing TD-DFT calculations, the output
files were loaded into the MultiWwFN codes for a more concise and
physically intuitive visualization of the electronic transition. 8 These
tools helped generate the combined hole-electron distribution,
shown in column d, along with the percentage of CT and LE
character for each transition (Table S1). To validate these findings,
charge density difference maps were also created by subtracting
the electron density of the ground state from that of the excited
state. An asymmetric distribution of electron density was observed
for the first two excited states, where red indicates the electron-
donating region and blue marks the electron-accepting area, which
differs from the following three states. Based on these results, it can
be ascertained that the
symmetrical electron
density distribution in the
ground state is effectively

(e) Charge Difference
Map_

transformed into an
unsymmetrical dipolar
state, leading to SB-CS and
the formation of the
BODIPY*-BODIPY~
species (additional
information is provided in
Table S1).

Following the

realization of SB-CS from
experiments and
computational studies, the
excitonic coupling constant
(J) was calculated to predict
the interaction between
excited states localized on
different chromophores. This constant includes inputs from both
short-range (Jcr) and long-range (Jcou) interactions. The point-
dipole approximation method can be used to determine the
interaction between the transition charge distributions of two
chromophores, which accounts for Jeou. In this work, the transition

This journal is © The Royal Society of Chemistry 20xx
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charge from the electrostatic potential (TrESP) method was
employed to calculate the Coulombic energy between the two
moieties. This method yields satisfactory results when the
interchromophoric distance is smaller than the chromophore size,
as the dipole-dipole assumption tends to overestimate the exciton
coupling energy. In the TrESP approach, partial point charges are
assigned to individual atoms to generate an electrostatic field that
represents the movement of electrons. This field is then used to
determine how one chromophore's field interacts with the other.
The Jeouw can be efficiently calculated using Equation 14951

qgl)q(?)

13

J cout = 4;21'2 o ¢h)
ey

w_ @
T; —rj |

©

where €0 stands for the vacuum permittivity, g;”* represents the

transition charge on the ith atom of chromophore 1, and rl@ — rj.z)
denotes the distance between charge i on chromophore 1 and
charge j on chromophore 2. In our case, the final calculated Jeou
was 16 cm', confirming the assumption of minimal Coulombic
coupling between the two orthogonally oriented transition dipole
vectors of BODIPY chromophores.

The effective excitonic interaction, mainly defined as charge-
mediated short-range coupling (Jcr), arises from the overlap of
wavefunctions between adjacent chromophores. When the Frenkel
and CT states are energetically distinct, an approximate value of
Jer can be calculated as: 2% %0

2tpt,

—_ 2
Eer—Es.| @

Jer=-

where fn and fe represent the effective hole and electron transfer
integrals, respectively. Es,, and Ecr are the energies of the Frenkel
and CT states. In the case of dimer 2, both states are well
separated, and the value of Ecr — Es, can be determined from TD-
DFT results, which found it to be 0.3 eV (2420 cm-). Finally,
Koopman’s theorem states that the approximate values of t, and te
can be estimated as half of the energy splitting of the HOMO and
LUMO, according to the equations below 52

_ Enomo— Enomo—1

ty = Couo= Fuoos 3)
_ Ervmo+1i—ErLumo

te = — 4)

The calculated values of tnand te based on these equations are
363 and 40 cm-'. Next, equation 2 was used to determine the final
value of Jcr after incorporating all variables into the equation,
resulting in -12.1 cm'. Ultimately, the overall excitonic coupling (J)
was obtained by adding the short-range coupling constant (Jcr) and
the long-range coupling (Jcou), given as 2% 50

J = Jcow +Jer (5)
The net excitonic coupling between two neighboring BODIPY

chromophores was found to be 3.9 cm, indicating very weak or
negligible excitonic coupling due to the orthogonal orientation.

This journal is © The Royal Society of Chemistry 20xx

Chemical Science
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A Jablonski-type energy diagram (Figure 5) Was %%8%36%%??6%%&5

optical and electrochemical data to analyze photophysical
processes. The change in Gibbs free energy (AGcs) for these
events was estimated based on solvent polarity using Rehm-Weller
equations.? This method yielded AGcs = values of approximately
0.11,-0.30, and -0.40 eV for the dimer in toluene, DCB, and DMSO,
respectively. The Born dielectric continuum model tends to
overestimate the polarity of nonpolar solvents, which may explain
why AGcs in toluene appears slightly higher than expected.>*
Nonetheless, emission studies were supportive of SB-CS,
confirming that this event could occur with zero driving force (AGcs
= 0 or iso-energetic process) in toluene. As mentioned earlier, this
realization of generating radical ion pairs without energy loss from
the excited state is a key factor when designing devices aimed at
achieving extremely high light conversion efficiency.5 The
thermodynamic driving force for charge separation (AGcs) and
charge recombination (AGcr) is summarized in Table 2.

Next, solvent-dependent pump-probe studies were performed
to explore the excitation-state phenomenon using femtosecond
transient  absorption  (fs-TA) spectroscopy. The fs-TA
measurements of monomer 1 in all three solvents are shown in
Figure S17. These measurements were taken at room temperature
in an argon-purged environment using a 100-fs pulse laser. As
shown in Figure S17a, upon photoexcitation of monomer 1 at 625
nm, defining characteristics of the singlet excited state absorption
(ESA) of BODIPY were observed. Instantaneous ESA signals
appeared at 458, 594, and 661 nm, along with three negative
signals at 575, 625, and 700 nm. Comparing these spectral
features and peak positions with steady-state absorbance and
emission spectra, signals at 575 and 625 nm were attributed to
ground-state bleaching (GSB). In comparison, the peak at 700 nm
was assigned to stimulated emission (SE). Similar spectral
behavior was observed across solvents of different polarities.
Additionally, the fs-TA data were analyzed using GloTarAn%
analysis, which involved singular value decomposition (SVD) of the
three-dimensional time-wavelength map, followed by target
analysis (using A— GS) to extract key components and their kinetic
details from the spectra. The species-associated spectra (SAS)
primarily displayed a single component (A) representing the LE
state absorption (S1+—Sn electronic transitions). The lowest singlet
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Figure 5. As a function of solvent polarity, the Jablonski-type energy map
illustrates SB-CS in dimer 2.
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Table 2. Driving forces for SB-CS and CR, time constants (t), and rate constants (k) for dimer 2 in distinct polarity solvents.

AGso/ AGes Bla>ss-cs kassgcs x 1010 AGer Blg¢-sa-cs Kaesp.csx10°
Compound Solvent (eV) (eV) (ps) (s (eV) (ps) (s?)
Toluene 0.213 0.11 87 12 -1.93 3200 031
2 DCB -0.196 -0.30 40 2.5 -1.52 367 2.72
DMSO -0.207 -0.40 6 16.7 -1.42 153 6.54

excited state of BODIPY did not fully decay to the ground state (GS
within our instrument’s time window, so it was labeled as >3 ns,
consistent with the TCSPC decay lifetime for monomer 1. These
findings are illustrated in Figure S17 in three different solvents.
Further, fs-TA experiments were conducted on dimer 2 to observe
the SB-CS (Figure 6). In this case, the same spectral features
appeared, along with the formation of a new transient species,

(a) Toluene (b) DCB

0.05{f
< 0.00

-0.054

new peaks emerged during spectroelectrochemistry, which
confirms the formation of the CS state. This signal was not visible
in the case of 1, which directly confirms the occurrence of SB-CS
in dimer 2. In toluene (Figure 5a), the intensity of this peak remains
nearly constant during SB-CS, likely due to an equilibrium between
the LE and SB-CS states. A target model (A = SB-CS — B — GS)
was used to fit the fs-TA of the dimer, considering an equilibrium
mechanism between the
two states, where B
represents the ftriplet state.
The charge separation and
recombination rate
constants  (ka_sscs and
ks—ss.cs) were determined
as (84 ps)' and (3.2 ns)",

(c) DMSO

-0.05

respectively. In polar media,

0.04

450 500 550 600 650 700 750 800
Wavelength (nm)

0.04

450 500 550 600 650 700 750 800

Wavelength (nm)

0. i 3 2
450 500 550 600 650 700 750 300

Wavelength (nm)

such as 0-DCB, the energy

éggg?ég%’:") s el 0.075 AT of the SB-CS state was
8-G5 (rd ns 5 108 (3 ns) lowered through solvation,
[
0.050 H R :
5002 5002 " making it more energetically
s F] b favorable with AGcs = -0.30
00z eV. A three-component
0.00 0.00 target model, representing
0.000 [ ———————
450 500 550 600 650 700 750 800 450 500 550 600 650 700 750 800 450 500 550 600 650 700 750 800 A - SB-CS - B - GS’
10 Wavelength (nm) 10 Wavelength (nm) Wavelength (nm) was emp|oyed to extract the
o5 10 transient components and
i 0.8 . . . . .
. . 08 their decay kinetics, yielding
g gos 06 ka-ss.cs of (39 ps)! and
3 3 3 .
Soa Boa Soa ks—ss-csof (367 ps)" (Figure
o
0.2 0.2 0.2 6b)'
0.0 0.0 0.0
01 1 10 100 1000 01 1 10 100 1000 0.1 1 10 100 1000
Time (ps) Time (ps) Time (ps)

identified by positive features around 700 nm. At the same location,

Figure 6. Fs-TA absorption spectra at the indicated delay times of dimer 2 after exciting at 650 nm in (a) toluene, (b) 0-DCB, and (c) DMSO, along with SAS spectra
(middle row) and population decay curves (bottom row) where A and B represent ‘BDP*-BDP and 3BDP*-BDP.
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In the most polar solvent tested, DMSO, signals decayed rapidly
due to enhanced solvation stabilization or larger changes in Gibbs
free energy, which drive faster ultrafast photodynamics such as CS
and CR. The SB-CS state formed in 6 ps from LE states and
recombined back to the ftriplet state in 153 ps (Figure 6¢). The
component extracted from the target analysis, representing SB-CS,
closely resembles the earlier spectrum deduced from
spectroelectrochemistry, validating the excited-state symmetry-
breaking charge separation in dimer 2 across all three solvents
used. The time and rate constants for SB-CS and CR, along with
their Gibbs free energy changes, are summarized in Table 2.

Theoretical assessment

After describing the nature of exciton coupling using a theoretical
approach, the classical Marcus theory was applied to the newly
synthesized dimer 2 to assess the experimental coupling strength
between the two chromophores. Electron transfer theory can also
be used to explain the dynamics of SB-CS and CR, as they are
broader parts of the electron transfer process. The following
expression of Marcus' theory allows for a quantitative
understanding of the electron transfer mechanism. 5859

K = _ (AG+A)2]

4'77.'ka

2m V2
h/ 4n/1kaexp[ ©)

Here, k is the rate constant for the SB-CS and CR processes. The
first Marcus parameter, AG, represents the change in Gibbs free
energy from the reactant to product states at equilibrium. The
coupling strength between the initial and final states is described
by V, with a small value indicating nonadiabatic electron transfer
and weak communication between the two chromophores. A refers
to the total reorganization of energy, which is the energy needed to
change the equilibrium geometry of the reactant state into that of
the product state. The change in Gibbs free energy for SB-CS

124

101

log ok (s)
o

6

4.

0.5 00 -05 -10 -15 =20
AG (eV)

Figure 7. Marcus’ plot of electron transfer rate for dimer 2 as a function of driving
force in DMSO.
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(AGss-cs) and CR (AGcr) was previously determined using the
Rehm-Weller equation, yielding values of -0.40 and -1.42 eV.
These negative values suggest that these events are
thermodynamically feasible. The time constants for SB-CS and CR
were determined from fs-TA studies, which showed SB-CS
populates and decays in 6.0 and 153 ps, respectively, in DMSO.
The rate constants ka_.ss-cs and ks—ss.cs were determined as 16.6
x 10'° and 65.3 x 108 s'. For consistency, the same solvent used
in the computational calculations was chosen. Applying these
values to equation 6 produced V and A values of 0.0076 and 0.77
eV. Due to the orthogonal orientation, V was significantly reduced,
confirming a nonadiabatic regime and very weak interaction
between the BODIPY chromophores. Overall, this indicates that
SB-CS occurs between states with minimal orbital overlap.
Additionally, the activation barrier for SB-CS was estimated using
the following expression, 60-62

# _ (AGsp_cs+M)?
AGH = st (7

resulting in a value of 0.045 eV. The low barrier value may be
attributed to the strong solvation effect of the polar DMSO
medium. Ultimately, these results facilitated plotting the
Marcus parabola, where A > -AGsscs and A < -AGecr,
confirming that SB-CS operates within the Marcus normal
region, while CR falls into the Marcus inverted region,
respectively, as shown in Figure 7. 63 64

Conclusion

In summary, the occurrence of SB-CS in dimer 2 via far-red photo-
irradiation, independent of solvent polarity, has been successfully
demonstrated. The presence of styryl moieties extended the m-
conjugation, which led to strong absorption in the far-red region. A
significant quenching of emission was observed in all three solvents
used, an early indication of SB-CS in the dimer 2, which was not
detected in Monomer 1. The redox gap, determined from
electrochemical experiments, was found to be lower than the
energy of the locally excited state (Eo), confirming the
thermodynamic feasibility of SB-CS. To support these experimental
observations, extensive theoretical studies were performed,
revealing an orthogonal spatial orientation. TD-DFT calculations
revealed an unsymmetrical distribution (dipolar state) of electron
density, indicating the presence of hole-electron pairs on different
chromophores in excited states. Additionally, the short-range
coupling (Jet) and long-range coupling (Jeou) Were determined; their
negligible values suggested a very weak interaction with null-
excitonic coupling, responsible for SB-CS at minimal energy loss.
Femtosecond transient absorption experiments were conducted to
observe signals related to SB-CS transient species. Analysis of fs-
TA data by GloTarAn revealed the lifetime of SB-CS, which ranged
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from 0.153 to 3.2 ns depending on the solvent polarity. Finally, the
degree of communication between the two BODIPY chromophores
was evaluated using Marcus’s electron transfer theory, with results
aligning well with theoretical coupling constants. This work
demonstrates how the proper modeling of distance and orientation
in symmetrical dimers can generate a long-lasting charge-
separated state without a driving force (zero energy loss), which is
useful for designing optoelectronic and energy-harvesting devices
with significantly improved photoconversion efficiency.
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