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Introduction

Symmetry-breaking photoinduced charge transfer
state in a near-IR absorbing meso-linked BODIPY
dimery

a

Fariyad Ali,
Robbyn K. Anand,

“ Elizabeth Gehrmann,® Tianyi Zhang, (¢ Qasim Qayyum Kashif,
2 David Lee Phillips 2 *2® and Arthur H. Winter (2 *@

The synthesis and characterization of a conformationally restrained near-IR absorbing homoleptic meso-
linked BODIPY dye is reported. The photophysical properties have been investigated using steady-state and
time-resolved femtosecond transient absorption spectroscopy. A combination of spectroscopies (steady-state
absorption/emission, ultrafast transient absorption spectroscopy measurements), singlet oxygen generation
quantum yields, and computational studies were conducted to evaluate the nature of the excited state of the
dimer 3D compared to its monomer 3M as a control. The results are consistent with a symmetry-breaking
intramolecular charge transfer (ICT) state for 3D being formed in polar solvents, but the formation of the ICT
states competes with other photophysical channels (ISC, fluorescence) even in the most polar solvents tested,
so the formation efficiency is less than the related "green” light absorbing BODIPY dimer 2 previously
reported. The ICT state formation is attributed to the direct meso coupling of the BODIPY dimer, which
stymies nonradiative deactivation through both a conformational restraint of the individual BODIPY subunits
and a blocking the rotation of the bond connecting the two BODIPY multimers, preventing subunit electronic
communication in the excited state and subsequent charge recombination. Consistent with some fraction of
intramolecular charge transfer (ICT) states being formed upon photoexcitation (~1 ps in MeOH and 500 fs in
DMF), the lifetime, emission intensity, and absorbance are attenuated in polar solvents for the dimer than the
monomer. Further, for 3D diminished ISC is observed in more polar solvents, which is attributed to an increase
in the fraction of excited states undergoing the ICT pathway in polar solvents, while for the monomer 3M
there is no effect of solvent polarity on ISC. Overall, this study provides insights into the delicate balance
between different photophysical channels in symmetric dimers. The exceptional optical properties of this
dimer make this chromophore a promising scaffold for initiating charge separation using wavelengths in the
challenging-to-access far-red/near-IR region of the optical spectrum, while suggesting further improvements
could be made to increase the fraction of excited states undergoing ICT.

SB-CS frequently manifests within multimeric systems, with a
notable illustration found in the photosynthetic reaction

Photo-induced charge separation (CS) converts light energy into
electrochemical potential, a process of significance across
chemistry, physics, biology, and the emerging realm of mole-
cular electronics and energy storage."® Within molecular sys-
tems comprising identical and symmetric subunits, often
termed multimers, CS between chromophores occurs through
photoexcitation via excited-state symmetry breaking (SB).”*°

“ Department of Chemistry, Iowa State University, 1608 Gilman Hall, Ames, Iowa
50010, USA. E-mail: phillips@hku.hk, winter@iastate.edu

b Department of Chemistry, The University of Hong Kong, Pokfulam Road, Hong
Kong, P. R. China

t Electronic supplementary information (ESI) available. See DOI: https://doi.org/

10.1039/d5cp00609k

10730 | Phys. Chem. Chem. Phys., 2025, 27,10730-10738

center."' ™

In its essence, SB-CS is an excited-state mechanism wherein
a symmetrical excited state undergoes electron transfer
between two electronically degenerate states, leading to the
formation of an asymmetric CS state.'® The pivotal factors
influencing the rate of SB-CS include the electronic coupling
between the chromophores and the surrounding solvent
environment."””'® Under scenarios characterized by weak cou-
pling, electronic excitation localizes within one of the mono-
mers within the multimer. This situation can theoretically be
defined as symmetry-broken local-excited (LE) states, ultimately
giving rise to a CS state.'® In contrast, strong coupling results in
electronic excitation becoming delocalized. Consequently,
Franck-Condon states transform into excitonic states, resulting

This journal is © the Owner Societies 2025


https://orcid.org/0000-0003-1342-354X
https://orcid.org/0009-0008-1980-470X
https://orcid.org/0000-0003-0525-3990
https://orcid.org/0000-0003-2801-8280
https://orcid.org/0000-0002-8606-8780
https://orcid.org/0000-0003-2421-5578
http://crossmark.crossref.org/dialog/?doi=10.1039/d5cp00609k&domain=pdf&date_stamp=2025-05-09
https://doi.org/10.1039/d5cp00609k
https://doi.org/10.1039/d5cp00609k
https://rsc.li/pccp
http://creativecommons.org/licenses/by/3.0/
http://creativecommons.org/licenses/by/3.0/
https://doi.org/10.1039/d5cp00609k
https://pubs.rsc.org/en/journals/journal/CP
https://pubs.rsc.org/en/journals/journal/CP?issueid=CP027020

Open Access Article. Published on 29 April 2025. Downloaded on 10/31/2025 12:43:25 PM.

Thisarticleislicensed under a Creative Commons Attribution 3.0 Unported Licence.

(cc)

A Reported

A= 513 nm; ), 02%= 538 nm Apa= 523 nm; ), J2%= 564 nm
Tier =438 ps;T,=16ns Ter=175fs T, = 6.7 ns

This Paper

\
x?kfsx= 650 nm; k‘ren;x= 670 nm

Ter=05-1ps; T,=5ns
Dimer (3D)

Monomer (3M)

Fig. 1 (A) Molecular structures of BODIPY dimers 1 and 2 as reported by
Thompson and co-workers. Dimer 1 exhibits an ICT lifetime 7,ct of 4.8 ps
in acetonitrile (ACN) and 18 ps in dichloromethane (DCM), with no
observable ICT in toluene. Dimer 1 relaxes to the ground state with a time
constant of 34 ps in ACN and 1.6 ns in DCM. In contrast, dimer 2 shows
Ticr < 175 fsin ACN, 490 fs in DCM, and 4.5 ps in toluene. Compared to
dimer 1, dimer 2 has a longer relaxation time constant of 650 ps in ACN
and 6.7 ns in DCM. The free rotation of both monomers around the single
bond in dimer 1 is responsible for the fast relaxation of the CT state,
leading to nonradiative relaxation. In dimer 2, restricted rotation promotes
rigidity in the system, resulting in a longer relaxation time for the CT state.
(B) Molecular structures of the BODIPY monomer (3M) and dimer (3D).

in partial CS that culminates in a charge-transfer (CT) state.
Notably, a polar solvent environment stabilizes the asymmetric
SB-CS state, a phenomenon particularly relevant in biological
systems.*

While such SB-CS states offer the potential as light-
harvesting initiators, the vast majority of SB-CS forming com-
pounds absorb light in the ultraviolet region of the spectrum,
and in these cases the CT state is frequently non-emissive.
However, Thompson and co-workers'® reported that the donor/
accepter-based BODIPY dimers 1 and 2 (Fig. 1) feature solvent-
dependent intramolecular charge transfer (ICT) after photoex-
citation to form emissive ICT states. Photo-induced SB in the
excited states plays a key role in deciding the relaxation
dynamics of the excited BODIPY conformers 1 and 2. The
greater conformational flexibility of 1 compared to 2 promotes
nonradiative relaxation pathways in the system and charge
recombination.”®?° The directly meso-coupled 2 offered a
longer-lived emissive CT state compared to 1, attributed to
stymied electron recombination by the hindered bond rotation.
Electronic communication between the individual meso-
substituted BODIPY units is invoked as a major pathway for
nonradiative deactivation.'®'>'®?" The exciting feature of the
BODIPY systems 1 and 2 developed by Thompson and
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coworkers are that these dimers form an emissive CT state in
a chromophore that absorbs intensely in the visible, which
provides a facile way to initially separate charge carriers upon
visible light irradiation with potential applications in photo-
voltaic devices. Similar to Thompson’s work, we find evidence
for a ICT state in the dimer in highly polar solvents, although
the fraction of ICT states per excitation appears to be less than
Thompson’s structures due to competition with other photo-
physical channels. Nevertheless, we find that the emissive
nature of the ICT state of 3D, its long lifetime (3.9-5.4 ns
depending on solvent), and the exceptional molar extinction
coefficient (up to 3.2 x 105 M~ ' cm ™" in toluene) opens up the
potential for derivatives of this structure to be exploited as a
platform for light harvesting materials in photovoltaic and
electronic devices in the NIR region."®

While the BODIPY dimers of Thompson and coworkers
absorb green light, we anticipated that dimers with extended
conjugation could enable a similar ICT state to be formed using
longer wavelengths of light in the challenging to access far-red/
near-IR region of the optical spectrum. With this motivation, a
meso-substituted BODIPY monomer 3M and dimer 3D (Fig. 2)
were synthesized to explore the role of the ICT process in
solvents with varying polarity. A critical design feature of the
dimer is that it is directly linked without a spacer in the hope
that, similar to 2, the dimer would adopt a near-orthogonal
geometry and that twisting about the connecting C-C bond in
the ground and excited states would be sterically repressed in
order to promote a long-lived CT state. This idea is given
support by the results of computations described later. Further-
more, the individual BODIPY subunits are themselves confor-
mationally restrained by bridging rings to prevent loose-bolt
internal conversion effects of the individual BODIPY dyes and
extend the excited state lifetime.

Here, 3M and 3D were synthesized as new compounds
(Fig. S1-S3, ESIt). The characteristic properties for 3M and
3D have been analyzed using steady state and time resolved
spectroscopic techniques. The present study builds upon the
vast body of literature that exist on the charge transfer
dynamics with the substitution and solvents.**">'7'%7?% gimj-
lar to Thompson’s work, a solvent dependent ICT state is
formed in the dimer. We find that the emissive nature of the
ICT state of 3D, its long lifetime (3.9-5.4 ns depending on
solvent), and the exceptional molar extinction coefficient (up to
3.2 x 105 M~ ' cm ™' in toluene) opens up the potential for this
structure to be exploited as a light harvesting material in
photovoltaic and electronic devices in the NIR region.

Results and discussion
Steady-state and time resolved fluorescence

Steady-state absorption and emission spectra of BODIPY con-
jugates monomer (3M) and dimer (3D) were recorded at room
temperature in solvents of varying polarity (Fig. 2). 3M shows
absorption bands at 600 nm and 650 nm (Fig. 2(A) and Fig. S4A,
ESIT) while 3D shows a sharp absorption band at ~700 nm
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Fig. 2 Steady-state absorption and fluorescence emission spectra of
BODIPY 3M (A) and 3D (B) in different solvents. The inset shows the
molecular structures of 3M and 3D. The concentration was used 20 pM.

along with a shoulder band 640 nm (Fig. 2(B) and Fig. S4C,
ESIY). In the emission spectra, 3M shows a prominent peak at
665 nm with a shoulder band at ~725 nm after excitation (/ex)
at 600 nm (Fig. 2(A) and Fig. S4B, ESIT) while 3D (e = 640 nm)
shows emission maxima at ~715 nm with two shoulder bands
at ~640 nm and 780 nm (Fig. 2(B) and Fig. S4D, ESIt). The
absorption maxima (43} ) and emission maxima (lgn ") of both
the conjugates are shown in Table 1. A small Stokes shift is seen
for both 3M and 3D with varying the polarity of the solvents.
The trend in the shift of A3ty and Aen* with the solvent polarity
and the absorption features are very similar for both the
conjugates which is well corroborated with the earlier report,
although smaller in magnitude.'®> The A" for 3D is ~50 nm
redshifted compare to that of 3M. This is consistent with a prior
report from our group where substitution leads to a redshift
the absorption maxima when the conjugation has been
extended.>*™® This is not the usual case for BODIPY systems
where typically there is no significant shift in the wavelength
for meso-substitution."** The fluorescence quantum yield (¢¢)
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has been recorded in the solvents for both 3M and 3D (Table 1).
The lower ¢¢ for 3D in polar solvents compared to 3M is
consistent with the formation of a less emissive charge transfer
state.’® The observation of small Stokes shifts and similar ¢; for
3M indicate a similar dipole in the excited state, while the
longer emission wavelength for 3D in polar solvents suggests a
more polar excited state for 3D.%”

Time-resolved fluorescence decays for 3M and 3D have been
recorded in different solvents (Fig. 3). A single exponential
decay is observed in all of the solvents examined and the decay
is faster with increasing solvent polarity. The extracted fluores-
cence lifetimes from the decays are shown in Table 1. The
negligible change in the fluorescence lifetime for 3M and a
significant change and faster decay was observed for 3D. The
observation of the redshift in the steady-state and the fast decay
kinetics from the time-resolved fluorescence decay data can be
the evidence of the formation of the charge transfer state.'®
However, the magnitude of the red-shift and the lifetime
change is less than the systems reported by Thompson, sug-
gesting that potentially a smaller fraction of excited 3D mole-
cules form the ICT state even in the most polar solvents we
tested.

Spectroelectrochemistry has been a successful technique
recently used to confirm the presence of a CT State in BODIPY
dimer systems for showing the double reduction potential
which is not always true for the system that has a very small
energy gap between the S; and CT state.'® Both 3M and 3D have
been investigated (Fig. S5, ESIT) and observed a single rever-
sible reduction potential for 3M and 3D. 3D shows a little more
negative reduction potential than 3M, which suggests the
presence of a CT state but delocalized with the S; state.*®

Singlet oxygen generation

ISC was investigated using trapping experiments. The singlet
oxygen trap, DPBF (1,3-diphenylisobenzofuran), was used to
monitor the generation of singlet oxygen ('0,) using 3M and 3D
as a photosensitizer (PS) (Fig. 4)."”**! The DPBF absorption
was monitored at 412 nm as a function of irradiation time (LED
centered at 625 nm) containing 50 pM of DPBF with 20 uM of
3M and 3D in ACN. The absorption band of DBPF almost
disappears within 30 seconds in the presence of 3M
(Fig. 4(A)) but the absorption decay is three times slower in
the presence of 3D (Fig. 4(B)). This can be clearly seen when the
decay of the DPBF absorption has been compared in the
absence and presence of the PSs (Fig. 4(C)). A control

Table 1 Photophysical properties of BODIPY monomer and dimer in different solvents

Monomer (3M) Dimer (3D)
Solvent Ex(30) AR (nm) AM*(nm) eM 'em ) x 10° ¢ t(ns) AN (nm) A% (nm) eM 'em ') x 10° ¢f 1 (ns)
Cyclohexane 30.9 648 662 2.13 0.39 64 697 705 1.9 024 5.2
Toluene 33.9 656 668 1.80 0.48 5.5 707 718 3.2 0.23 5.1
DCM 45.6 652 669 1.94 041 64 705 715 1.5 022 54
CAN 55.4 653 672 1.09 0.43 6.3 699 716 2.4 0.22 4.9
MeOH 55.4 645 662 1.94 0.39 5.9 697 711 1.5 0.17 3.9
DMF 43.3 646 666 2.33 0.44 5.6 708 724 2.3 0.19 4.1
10732 | Phys. Chem. Chem. Phys., 2025, 27, 10730-10738 This journal is © the Owner Societies 2025
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Fig. 4 Absorption spectra of DPBF with 3M (A), 3D (B). (C) Change in the absorption of DPBF (black circle) without photosensitizer. Green and red circles
represent the change in the absorption of DPBF in the presence of 3M and 3D photosensitizer, respectively. (D, E) Schematic representation for excited
electron relaxation in the presence of 3M (D), 3D (E), of both the PSs. The concentration of DPBF was 50 uM, while 20 uM was used for both 3M and 3D
photosensitizers (PSs). (D) For 3M, a fast component (70-174 ps) corresponds to vibrational cooling (i), while a 5 ns component represents the
fluorescence lifetime of the S; state (ii). Additionally, a long-lived component (>8 ns), which exceeds the fs-TA instrument time limit, is assigned to the
triplet state lifetime, varying with solvent polarity. (E) Similar to 3M, 3D exhibits vibrational relaxation (53-94 ps) (i) and an S; state fluorescence lifetime of
approximately 5 ns (ii). In both toluene and ACN, no CT state was observed (iv); however, intersystem crossing (ISC) occurs with time constants of 378 ps
in toluene and 570 ps in ACN (iii). In contrast, for MeOH and DMF, the CT state is created with a lifetime of 0.5-1 ps, followed by charge recombination
(CR) occurring within ~4-5 ns. A long component (>8 ns) is assigned to the triplet state lifetime.

experiment monitoring the absorption of DPBF without any PSs
showed a negligible change in the absorbance of DPBF
(Fig. 4(C), black circles). The singlet oxygen quantum yield
(¢a) has been calculated using methylene blue (MB, ¢, = 0.6)
as the standard reference for both PSs (see the ESIt for
methods) because the ¢, is related to the triplet state quantum
yield of the compound."®?*' The ¢, for 3M was 1.4% and for 3D
it was 0.5%. The ¢4 for 3D is almost three times less compared

This journal is © the Owner Societies 2025

to 3M which is a similar trend that is observed for the decay of
the DPBF absorption for 3M and 3D (Fig. 4(A) and (B)).

The "0, capability of both PSs was evaluated in the less polar
solvent toluene (Fig. S6A, ESIt), showing a similar trend as in
ACN (Fig. 4(C)). For 3M, negligible differences in the DPBF
absorption decay were observed between ACN and toluene
(Fig. S6B, ESIf), but 3D exhibited a significant difference
(Fig. S6C, ESIt), indicating that 3M produces more triplet

Phys. Chem. Chem. Phys., 2025, 27, 10730-10738 | 10733


http://creativecommons.org/licenses/by/3.0/
http://creativecommons.org/licenses/by/3.0/
https://doi.org/10.1039/d5cp00609k

Open Access Article. Published on 29 April 2025. Downloaded on 10/31/2025 12:43:25 PM.

Thisarticleislicensed under a Creative Commons Attribution 3.0 Unported Licence.

(cc)

PCCP

states. 3M undergoes vibrational relaxation (i), S; state relaxa-
tion to the ground state (ii), and ISC (iii) to populate the triplet
state (Fig. 4(D)). In contrast, 3D involves charge transfer (CT)
(iv), creating an additional relaxation pathway. Consequently,
excited electrons in 3D have to compete between relaxing to the
CT state or to the triplet state via ISC (Fig. 3(E)), while in 3M,
the electrons either undergo ISC or relax to the ground state
(Fig. 4(D)). This explains why 3D shows less ISC and triplet state
formation, serving as evidence for its CT state.

Varying solvent polarity was also explored for 3D to assess its
impact on the CT state (Fig. S6C, ESIT). A faster DPBF absorp-
tion decay was observed in toluene compared to ACN, indicat-
ing a higher ISC yield in the less polar solvent.”® This is due to
two possible relaxation pathways (CT and ISC). Polar solvents
favor CT (iv), reducing ISC (iii), unlike 3M. Thus, 3D shows a
faster DPBF absorption decay in less polar solvents. The dis-
tinct behaviour of 3D compared to 3M and their different 'O,
rates in solvents with varying polarity confirm that ISC occurs
from the S, state, not from the CT state.

Femtosecond transient absorption (fs-TA)

fs-TA spectroscopy was used to investigate the ultrafast
dynamics and photoinduced ICT dynamics in the BODIPY
systems. Both 3M and 3D were excited using Apump = 600 nm
and 640 nm, respectively. The fs-TA spectrum was recorded
from 0 to 7 ns delay between the pump and probe pulses for 3M
(Fig. S7A-C, ESIt) and 3D (Fig. 5(A), (B) and Fig. S8, ESIt)
systems in different solvents. The TA features from 400-600 nm
for both of the systems is assigned to the excited state

0.01
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absorption (ESA) which is broad for 3M but separated into
two features for 3D. A sharp and prominent negative absorption
is observed at 650 nm for 3M (Fig. S7A-C, ESIt) and 710 nm
for 3D (Fig. 5(A), (B) and Fig. S8, ESIt), and is assigned to
ground state bleach (GSB) because the negative absorption
matches with the ground state absorption spectra (Fig. 1(A)
and (B))."**** The fs-TA spectrum for 3D has been investi-
gated at the initial delays to see the effect of polarity on the CT
state (Fig. 5(A) and Fig. S8A, C, E, ESIT). Apart from that, for 3D,
a very distinct and red shifted negative band, not observed for
3M, was observed which increases in intensity with the delay
time. The occurrence possibility and dynamics of this feature is
discussed later using global analysis vide and infra. Time-
resolved decay kinetics have been recorded at ESA for 3M
(Fig. 89, ESL T Aprobe = 445 nm), 3D (Fig. 5(C), Aprobe = 454 Nm)
in the different solvents with varying polarity.

As a contro, the lifetime was extracted from the decay at ESA
for 3M. The growth times changed from 60-120 ps (Table S1,
ESIY), varied in the different solvents along with a long decay
component ~5 ns (Table S1, ESIf). The 5 ns component is
similar to the fluorescence lifetime obtained from the TCSPC
(Fig. 3(A) and Table 1) and assigned as the lifetime of the S;
state but the growth time (60-120 ps) has been assigned to the
vibrational cooling based on some previous reports.>>™*' The
observation of the two lifetime components for 3M confirms
that the excited species relaxes to the ground state without
passing through a charge transfer state. The GSB is not com-
pletely recovered within the available delay range (~7 ns),
iindicating the possibility of a long-lived species (triplet state)
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(A), (B) fs-TA spectrum of 3D in MeOH with delay (0.2-1 ps, A) and (1 ps—7 ns, B). (C) Time-resolved decay kinetics of 3D at Agrope = 454 Nm with

delay (0-7 ns) time in the different solvents with varying the polarity. (D)—-(F) Decay associated difference spectra (DADS) of 3D in ACN (D), MeOH (E) and
DMF (F) using global analysis. For all the solvents /,ump = 640 nm has been used to excite the 3D.
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which is confirmed by observing singlet oxygen generation
(discussed previously, Fig. 4(A) and (C)).

In contrast to the simple fits for 3M, 3D decay kinetics have
been fitted with a triexponential fitting at Aprohe = 454 nm. Two
growth components (the first vary from 0.2-1 ps and the second
vary from 61-158 ps, Table 2) and one decay component has
been observed in the solvents examined (Fig. 5(C)). The long
growth component is similar to the observed growth compo-
nent for 3M and assigned for the vibrational relaxation/cooling.
The long decay component (~5 ns) is similar to the fluores-
cence lifetime observed using TCSPC and assigned the lifetime
of S, state.”® The very fast component assigned to the for-
mation of ICT states which are faster compared to the earlier
reports based on the meso-linked BODIPY dimers."**>* The
credibility of assigning the fast component to form the CT state
has been analyzed using the global analysis of both 3M and 3D
in different solvents which is discussed further.

From the fs-TA spectra and kinetics, 3M shows only two
components (growth and decay) and a long-lived species. 3M
has been analyzed using global analysis (see ESIt for more
details). The global spectra of 3M are almost the same with
varying the polarity of the solvents (Fig. S10, ESIt). The first
component changing (70-174 ps) with changing the solvents
and is similar to the growth component observed by fitting the
fs-TA kinetics (Fig. S7, ESIf) and again is assigned as the
vibrational cooling time and the long component (~5 ns) is
similar to the fluorescence lifetime of the S, state (Fig. 4(D)).*?
The corresponding spectral features of both of the components
are very similar to each other and confirms the same electronic
state which is populated through the ps component and decays
with the ns component. But for 3D, the global analysis has been
done by considering the presence of a CT state.

The global analysis of 3D shows the presence of the three
components along with considering a long component
(Fig. 5(D)~(F) and Fig. S11, ESIf). For the less polar solvents
(Toluene and ACN), the shortest component (53 ps for toluene
and 70 ps for ACN) and the long component (~ 5 ns) have same
spectral features and are present over the spectra range
(Fig. 4(E), 5(D) and Fig. S11, ESI{). These two components are
similar to the global components present in the monomer and
can be assigned similarly as vibrational cooling or relaxed S;
state and the fluorescence lifetime of the S, state respectively.*>
These two components are present in more polar solvents
(73 ps for MeOH and 94 ps for DMF) as well (Fig. 4(E) and
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5(E), (F)). A short component (t;sc = 378 ps for Toluene and
Tisc = 570 ps for ACN, Fig. 5(D), Fig. S10, ESIT and Table 2)
which have a similar spectral features like the other two
components discussed above except for a negative band at
~775 nm that matches with the long component (>8 ns)
spectral feature. This component was observed only for the
less polar solvents and appears to be absent for MeOH and
DMF. As it is confirmed from the 'O, generation experiment,
3D shows more triplet state in less polar solvents (Fig. S4C,
ESIT), and more CT state in the more polar solvents which is
discussed later in this paragraph. Based on these result dis-
cussed here, this component is assigned for the ISC rate
happening from the S; state.*>*® The low ¢, for 3D and
disappeared the ISC component with solvent polarity confirm
that the ISC process occurs from the S; state, not from the CT
state which is discussed in the previous section. Due to high
efficiency for the formation of CT state, ISC process was not
efficient in the more polar solvent.*> A long-lived component
which is more than the instrument resolution (>8 ns) is
present in all of the solvents and is assigned to the lifetime
of a triplet state and can be resolved using nanosecond TA
spectroscopy.*” A component with a lifetime ~1 ps (absent in
the less polar solvents) is observed in MeOH (Fig. 5(E)
and Table 2). The spectral features correlate well with the
fs-TA spectrum observed at the initial delays and have a
positive absorption in the red end of the spectrum (Fig. 5(A)).
The results discussed in this article suggest that this compo-
nent can be assigned as the lifetime of the CT state (tcr)
which is similar to the lifetime observed for a meso-
linked BODIPY dimer along with some reported BODIPY
conjugates.'>!¢3273%4 This component becomes faster with
the polarity (tcr ~ 500 fs for DMF) which is an evidence for a
CT state (Fig. 5(F) and Table 2).**** 3D does not show the
separate relaxation pathways for the CT state along with the S;
relaxation to the ground state. For such a kind of system, the CT
state is delocalized with the S, state,’® this is the potential
reason which is further supported by calculating the charge
density distribution discussed later.

Molecular modelling to understand geometrical properties
and how structural changes impact the transition energies
associated with charge transfer (CT) in the BODIPY dimer. To
assess the molecular geometry of 3D we optimized the geome-
try of the S, state for 3D. Upon optimization using a semi-
empirical method (AM1), a near-orthogonal geometry was

Table 2 The temporal parameters extracted from the decay kinetics recorded at Aprope = 454 NM

Jprobe = 454 NmM

Tisc =

Solvent 74 (fs) a; 75 (fs) a, 73 (fs) as Ter (ps) 1/kisc (ps)
Cyclohexane <0.2 —0.52 101 —0.48 <5 1 m m
Toluene 0.23 —0.65 89 —0.35 <5 1 h 378

DCM 0.25 —0.46 61 —0.54 <5 1 m m

ACN 0.97 —-0.3 158 —-0.7 <5 1 h 570
MeOH 0.46 —0.26 69 —0.74 <5 1 1.07 h

DMF 0.23 —0.6 100 —0.4 <5 1 0.5 h

m: not measured, h: not observed
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Fig. 6 (A), (B) TD-DFT absorption spectra of 3M and 3D using CAM-
B3LYP/6-311 G(d,p) level of theory. (C), (D) pictorial representation of
HOMO and LUMO of 3M and 3D respectively.

obtained (a dihedral angle of 84°, as depicted in Fig. S12, ESIt). A
relaxed dihedral scan indicates substantial barriers for rotation due
to steric hindrance. Furthermore, the vertical energies obtained
from TD-DFT along the ground state IRC indicate a similarly
substantial excited state S, barrier for rotation. This barrier for
twisting in the excited state was previously suggested by Thompson
to be critical for the long lifetime of the charge transfer state and
could rationalize the long-lived CT state for 3D.

The absorption spectra were also predicted by TD-DFT
(Fig. 6(A) and (B)). The broad first excitonic peak of the
absorption spectra for both of the fluorophores are blue shifted
by 100 nm in comparison to the experimental results which is
common in BODIPY conjugates, because TD-DFT omits double
excitations which are important in stabilizing the BODIPY
excited state."'>?*”** The calculations predict a 50 nm shift
for the 3D than 3M which is in good agreement with the
experimental results (Table 1 and Fig. 2(A), (B)). The localiza-
tion of HOMO and LUMO throughout both 3M and 3D is shown
in Fig. 6(C) and (D). For 3M, the HOMO is largely localized to
the BODIPY subunit but more extended conjugation onto the
linked phenyl rings is observed for the LUMO (Fig. 6(C)). The
charge density is symmetrically distributed in both the HOMO
and LUMO due to the strong coupling between the two BODIPY
subunits of the 3D (Fig. 6(D)). This confirms the delocalization
of electrons across both subunits, which prevents significant charge
separation.’® As a result, the system does not exhibit noticeable
charge-separation feature with changes in solvent polarity, as
observed in the fs-TA measurement (Fig. 5(A) and (B)). In the
excited state, the dihedral twisting from a purely orthogonal
configuration leads to an electron density delocalization between
the multimers in the S, state, enabling electron transfer.'**®

Conclusion

In conclusion, the BODIPY dimer 3D is a potent chromophore that
shows spectroscopic patterns consistent with some polarity-
dependent ICT, making it of interest as a light-harvesting material
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in the challenging-to-access near-IR region of the optical spectrum.
On the other hand, the red-shift and fluorescence quenching in
polar solvents is less than that observed by Thompson, suggesting
that ICT is not an exclusive pathway in 3D and competes with other
photophysical channels. ISC is a competitive channel as observed
by the production of "0,. Despite having a relatively low singlet
oxygen generation quantum yield, ¢, ~ 0.5-1.5%, rapid generation
of 'O, can be attributed to the intense absorption properties of 3D
(e ~ 20 x 104 M~ cm™ "), which leads to a higher quantum
efficiency (in contrast, the Q bands of porphyrins used in PDT
usually have ¢ < 2 x 104 M~' ecm™"). Thus, derivatives with
improved ISC may find use in PDT applications. The long excited
state lifetime is attributed to the conformationally-restrained nature
of the BODIPY units, and the direct meso attachment, which
stymies electronic coupling between the charge separated mono-
mers in the excited state. These novel BODIPY dimers with unique
optical properties may pave the way for further exploration in areas
such as molecular electronics, light-harvesting and photovoltaics,
and biological sensing.
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