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Photocages are powerful tools for spatiotemporal control of molecule release or biological activity.
However, many photocages are unsuitable for biological experiments since they are mostly activated by
harmful ultraviolet (UV) light and often lack a sufficient optical readout. Thus, there is a high demand for
near infrared (NIR) and/or two-photon activatable photocages with a characteristic readout. In this
report, we will study a supramolecular, covalently linked energy-transfer dyad based on a BASHY
fluorophore serving as a two-photon antenna for a poorly two-photon absorbing BODIPY photocage.
The herein investigated systems, with and without a leaving group (LG), show different excitation energy
transfer (EET) efficiencies and therefore differ in their fluorescence properties. To understand the
molecular basis for these significant differences, detailed spectroscopic and theoretical analyses were
employed from ultrafast transient absorption spectroscopy to excited-state electronic structure
calculations and quantum dynamical modelling. The result of our comprehensive study reveals the
pivotal role of the LG as an EET booster through specific pathway guidance. In contrast, without the LG,
the EET efficiency is reduced and the excitation energy predominantly dissipates within the BASHY
chromophore. The present study highlights that LGs can actively contribute to optimizing the properties
of dyad based systems and offers new design principles for monitoring uncaging via an intrinsic
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its LG for the desired experimental observation. The applica-
tions range from triggering biological activity' ™ or manipulat-
ing it via optogenetic approaches®® to medical applications

1 Introduction

In recent decades, photocages evolved to an indispensable

element for spatiotemporal control of light-driven processes.
As an integral part of their structure, photocages usually carry a
“caged” molecular unit whose functionality is masked by the
photocage. Upon light irradiation this molecular unit, often
classified as the leaving group (LG), can be released from the
photocage and its activity is restored. While the chromophore
represents the light-responsive unit, the LG is typically
designed to be the key functional component. Thus, many
applications are possible with a single photocage by varying
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such as drug release®’ or photodynamic therapy.®’

Despite these promising applications, photocages are still
far from clinical applications, since most of them are only
efficiently activated by UV excitation which is harmful to
biological tissue. Ideally, photocages would respond within
the therapeutic window ranging from 650 to 950 nm, where
the penetration into biological tissue is the most effective.'”
However, activation in the red through 1-photon excitation is
usually inefficient due to the increase of non-radiative transi-
tions and the lack of energy needed for successful cleavage.'*
Still, many advances were recently made in 1-photon NIR-
activatable photocages.®'*"* Another possibility for NIR activa-
tion is through 2-photon excitation which allows photorelease
within the biological window while likely maintaining the
uncaging efficiency of UV photocages. Unfortunately, most
commonly used photocages inherently exhibit poor 2-photon
absorption (2PA)** and therefore high excitation intensities are
needed due to the squared dependency of 2PA on intensity. On
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the one hand, this allows high spatial resolution, but on the
other hand this approach makes the observation of 2-photon
activated release challenging owing to the small excitation
volume of a few femtoliters. So far, 2-photon uncaging is
usually observed by 2-photon fluorescence microscopy and
mainly on immobilized samples to avoid diffusion effects. For
such experiments biological activity, induced by the LG, typi-
cally results in a change of fluorescence properties which is
used as the optical readout.’>™"”

Nevertheless, the beneficial properties of 2PA outweigh
these challenges and thus there is a high demand for photo-
cages with efficient 2PA capabilities. There are three main
strategies to improve 2PA of photocages. One strategy involves
structural modifications on the chromophore such as extension
of the m-system or attachment of push-pull groups.'*'® A
downside of this strategy is, however, that it typically results
in a significant loss of uncaging efficiency since further possi-
ble deactivation pathways are introduced. Another, less com-
mon strategy, involves refunctioning 2-photon fluorophores
into photocages. The benefit of this strategy is that fluoro-
phores are highly optimized molecules with a long-lived
excited state, where fast deactivation channels are already
eliminated."®?° So far, this strategy is not straightforward and
involves careful assessment of the structural features and a
perfect positioning of the LG for a significant uncaging effi-
ciency. The third strategy is based on cooperative dyad systems
where the excitation and uncaging processes are separated onto
two molecular units.?*> The first unit acts as an antenna,
mainly absorbing the excitation light and subsequently trans-
ferring it to the functional unit, in this case the photocage.
Usually, the antenna is chosen to be a molecule with good
1-photon and 2-photon properties to yield a more efficient
excitation process. The details of excitation energy transfer
(EET) highly depend on the nature and length of the connecting
linker between the two units. While conjugated and flexible
linkers lead to supermolecular systems with new properties,
non-conjugated and rigid linkers, preferably also in “meta”-
connectivity allow a strong separation of the excitation energy
localization and thus preservation of the respective chromo-
phore properties. Therefore, this modular approach offers a
variety of possibilities by slight adjustments of the linker
design.

In this context, our aim is to enhance the 2PA properties of a
photocage without extensive derivatization of its chromophore.
To this end, we developed a dyad based on BASHY and BODIPY
featuring an energy transfer between the two moieties (see
Fig. 1A). While BODIPY is known to be an excellent
fluorophore,?® since its discovery many decades ago, in recent
years it has also evolved as an important photocage.”* Mean-
while, BASHY was introduced in 2016 in a collaborative work of
the Pischel and Gois labs.?® Despite having similarly advanta-
geous properties as BODIPY and even featuring intrinsically
good 2PA for the basic chromophore,*® BASHY still finds little
usage by the majority of the community. In this work, we
present two BASHY-BODIPY dyads, where BASHY serves as a
2P antenna for the poorly 2-photon absorbing BODIPY
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Fig. 1 (A) Molecular structures of the investigated chromophores and the

two investigated dyads with different residues (OH, SER), their respective
contribution to emission and excitation energy transfer (EET) efficiency are
indicated. Additional arrows in the structure of BASHY-BODIPY-SER
indicate the uncaging process via decarboxylation of the carbamate linker.
(B) Absorption spectra in DMSO plotted against the extinction coefficient.
(C) Fluorescence spectra in DMSO analyzed in relation to their fluores-
cence quantum yield.

photocage. In both dyads, the two moieties are covalently
bound through a rigid alkyne linker. The only difference
between the two dyads is the mesomethyl position of BODIPY
where one dyad (BASHY-BODIPY-SER) bears serotonin (SER) as
a leaving group and the other one (BASHY-BODIPY-OH) carries
a hydroxy group instead. Interestingly, while this seems to be a
small difference at first sight, the leaving group has an impact
not only on the fluorescence properties (see Fig. 1C), but also
on the excited state dynamics and especially the energy transfer
efficiency. Notably, this behavior was previously observed in
another dyad with the same linker construction.”” In order to
understand the cause of these remarkable differences, both
dyads as well as the respective single chromophores BASHY and
BODIPY were subjected to detailed spectroscopic and theore-
tical analyses. The structures of the investigated molecules
are displayed in Fig. 1A and their syntheses are presented in
the ESL¥

2 Results and discussion
2.1 Steady state properties

A lot of information about the electronic coupling and the EET
efficiency within a dyad can be obtained from the stationary
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properties of the dyad and its individual chromophore units.
Thus, in the following a detailed discussion of the absorption
(Fig. 1B) and fluorescence (Fig. 1C) properties is provided.
Regarding the steady state properties of the single chromo-
phores, BODIPY shows a more redshifted absorption, while its
fluorescence is more blueshifted compared to BASHY. This
reflects a large difference in their Stokes shifts. While BODIPYs
generally show small Stokes shifts, BASHYs tend to have a
larger, highly solvent-dependent Stokes shift. In polar solvents
such as DMSO, BASHYs display a strong intramolecular charge
transfer (ICT) character in the excited state (see Fig. S17, ESIT
and ref. 25). This ICT state can be stabilized by polar solvents,
resulting in a redshift and a reduction in fluorescence effi-
ciency. The absorption spectra of both dyads resemble the sum
of the single chromophores’ absorption spectra. This preserva-
tion of the respective building block properties indicates a
localization of the excited states on either one or the other
chromophore. Another important aspect of energy-transfer
systems like dyads is their fluorescence spectra since the
amount of fluorescence from either the donor or the acceptor
state will indicate how efficient the EET is. The fluorescence
spectra of the two dyads differ significantly, as can be seen in
Fig. 1C. While BASHY-BODIPY-OH seems to show a mixed
fluorescence from both states, the fluorescence in BASHY-
BODIPY-SER completely results from the BODIPY state. Thus,
the EET within BASHY-BODIPY-OH seems to be less efficient
compared to BASHY-BODIPY-SER. The leaving group SER, as
the only remarkable difference between both dyads, apparently
facilitates the energy transfer. Given that SER is a relatively
large leaving group, capable of forming a hydrogen bond with
the fluorine atoms of BODIPY (see Fig. S2, ESIT), we initially
hypothesized that this interaction might play a key role in the
divergent EET efficiencies. However, our investigation of
another dyad BASHY-BODIPY-AC, with acetic acid as the LG
(see Fig. S18, ESIT), which exhibits similar EET efficiency to
BASHY-BODIPY-SER, showed that the observed behavior can-
not be solely attributed to the hydrogen bonding. Furthermore,
the leaving group also appears to affect the fluorescence
quantum yield, as shown for BASHY-BODIPY-SER in Table 1.
While with 22%, BASHY-BODIPY-OH preserves the fluores-
cence quantum yield of the individual chromophores, the
fluorescence quantum yield of BASHY-BODIPY-SER drops to
10%. Such a significant drop can be caused by a photoinduced
electron transfer (PET) from the BODIPY to the LG.*® Another
possibility is that the fluorescence becomes less efficient as
other competing pathways like uncaging increase.

Table 1 Fluorescence quantum yields and extinction coefficients at the
respective maxima in DMSO. While 484 nm represents the absorption
maximum of BASHY, the 514 nm mainly consists of BODIPY absorption

Molecule b6 (%) aganm (€M™ MY E514nm (Cm71 M)
BASHY 21 41000 + 500 11700 + 100
BODIPY 21 17240 + 120 47000 + 200
BASHY-BODIPY-OH 22 67300 £ 400 84 000 + 400
BASHY-BODIPY-SER 10 58300 + 900 65000 + 700
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Fig. 2 (A) 2P excitation spectra of the molecules in DMSO obtained by the
2P induced fluorescence method. (B) Power squared dependence of the
2P induced fluorescence.

In addition to the one-photon absorption properties, the 2P
excitation spectra for all four molecules (see Fig. 2A) were
recorded using 2-photon induced fluorescence in order to verify
the improved 2P excitability of BODIPY within the dyads. All
molecules show power squared dependence (see Fig. 2B) within
the measured power range (see the ESIt for details of the
experimental settings). In accordance with the literature,®
BODIPY shows low 2PA over the whole measured wavelength
range. The highest obtained value for BODIPY is 5 GM at 960
and 1030 nm. BASHY on the other hand is known to be a better
2P absorber and shows 2PA cross-sections of 25 GM at 920 nm
and 20 GM at 970 nm, which are assigned to a vibrational
feature and the maximum of the S; transition. Notably, this
vibrational feature aligns well with the one observed in the
steady-state absorption spectrum with toluene (see Fig. S17,
ESIT). In general, these values are in the range expected for the
basic BASHY chromophore.** BASHY-BODIPY-OH shows 2PA
cross-sections of 37 GM at 910 nm and 32 GM at 960 nm, while
BASHY-BODIPY-SER exhibits slightly lower values of 35 GM at
910 nm and 30 GM at 960 nm. Thereby, they not only compen-
sate the low 2PA cross-sections of BODIPY but even enhance the
2P excitability of BASHY. Small contributions of BODIPY to the
2PA of the dyads are noticeable at 960 and 1050 nm.

For a more detailed insight into the excited state properties,
electronic structure calculations employing density functional
theory (DFT) and its time-dependent extension (TD-DFT) as
implemented in the Gaussian16 package were performed for
the dyads and their molecular components BODIPY and
BASHY.*' The ground state equilibrium structures of the single
chromophores BASHY and BODIPY as well as of both dyads
were obtained using the long-range corrected CAM-B3LYP
functional®” and Ahlrich’s def2-SVP double-zeta basis set.****
These geometries were confirmed to be minima via a subse-
quent harmonic vibrational analysis. Excited state properties,
i.e., vertical excitation energies, oscillator strengths f, transition
dipole moments and density differences were obtained within
the adiabatic approximation employing the same functional
and basis set combination. Solvent effects of DMSO were
accounted for using the polarizable continuum model
(PCM).*>” Analysis of the state character was obtained via
the TheoDORE tool where electron-hole maps are constructed
from fragment-based transition densities.**™*

This journal is © the Owner Societies 2025
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Excited states of the isolated moieties BODIPY and BASHY are depicted for

specific fragment is indicated.

The excited state analysis of BASHY-BODIPY-OH and
BASHY-BODIPY-SER is reported in Fig. 3 and Table 2. The
state ordering is very similar between the two dyads with
BASHY-BODIPY-OH displaying two one-photon bright states
with excitation energies of 2.85 eV (435 nm) and 3.17 eV
(391 nm), followed by two spectroscopically dark states at
3.81 eV (325 nm) and 3.84 eV (323 nm), while BASHY-BOD-
IPY-SER features two bright states at 2.83 eV (438 nm) and
3.17 eV (391 nm), followed by four dark states at 3.19 eV
(389 nm), 3.65 eV (340 nm), 3.80 eV (327 nm) and 3.84 eV
(323 nm). Corresponding to the spectroscopic indications, the

Table 2 Excited state energies, oscillator strengths, two-photon cross-
sections as well as an indication of the character for the relevant states of
BASHY-BODIPY-OH and BASHY-BODIPY-SER, respectively, using the
CAM-B3LYP functional and def2-SVP basis. ICT numbers are obtained via
TheoDORE and defined in the ESI. States marked in italics play no
important role in an initial excitation via either one- or two-photon
absorption and in the case of BASHY—BODIPY-SER refer to intermediate
ICT states localized on the BODIPY moiety that might be involved in later
uncaging processes. In the case of BASHY—BODIPY—-OH they describe
higher-lying states

System BASHY-BODIPY-OH BASHY-BODIPY-SER
S; Excitation energy (eV) 2.85 2.85

Oscillator strength f 0.58 0.53

o0 (GM) 3 3

Character (ICT number)

LEgoprpy (0.035)

LEgopipy (0.038)

S, Excitation energy (eV) 3.17 3.17
Oscillator strength f 1.27 1.24
o2p (GM) 40 33

Character (ICT number)

ICTgsmy (0.462)

ICTpasmy (0.469)

S; Excitation energy (eV) 3.81 3.19

Oscillator strength f 0.003 0.003

020 (GM) 6 0.06

Character (ICT number) LEgoppy (0.033) ICTgopipy (0.994)
S, Excitation energy (eV) 3.84 3.65

Oscillator strength f 0.09 0.0004

o2p (GM) 57 0.4

Character (ICT number) ICTgasuy (0.530) ICTgopipy (0.996)
Ss Excitation energy (eV) 4.08 3.80

Oscillator strength f 0.08 0.003

o0 (GM) 23 6

Character (ICT number) ICTg4spy (0.244) LEgopipy (0.036)
Se Excitation energy (eV) 4.11 3.84

Oscillator strength f 0.05 0.004

020 (GM) 4 54

Character (ICT number)

LEgopipy (0.045)

This journal is © the Owner Societies 2025
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of both the dyad with and without the additional leaving group serotonin.
comparison. Localization of an excited state within the molecular dyads on a

excited states are mostly localized on either of the two moieties,
with the S; state being localized on the BODIPY fragment and
the S, state on the donor BASHY moiety. While both excited
states are localized on either moiety of the dyad, the first
BASHY excitation is known to exhibit an ICT character on the
BASHY fragment as previously observed by experimental and
computational analyses.”' ™ This ICT character is reflected in a
shift of the density from the outer part of the big n-system and
the diethylamine-substituent to the center of the BASHY scaf-
fold, which is facilitated by the planarization of the benzyl-
substituent with regard to the rest of the m-system upon
photoexcitation (see Fig. S5, ESIt). A detailed partitioning for
the ICT analysis based on the TheoDORE tool can be found in
Fig. S7 in the ESL.

The description of BASHY in the dyad setup is in accordance
with this established ICT character, indicated by an ICTgssny
label in Table 2. Corresponding to previous computational
investigations, the ICT BASHY state is mainly described via a
HOMO — LUMO transition,*"*> and further analysis of natural
transition orbitals (NTOs) for the BASHY localized states can be
found in Fig. S6 in the ESL ¥

Following the first two excited states BASHY-BODIPY-SER
exhibits two intermediate dark states at 3.19 eV (389 nm,
f=10.003) and 3.65 eV (340 nm, f = 0.0004) that are not present in
BASHY-BODIPY-OH. These are localized on BODIPY and SER
and display a strong ICT character. While they do not play any
role in the initial excitation due to the negligible accessibility at
the Franck-Condon (FC) geometry, they likely contribute to the
uncaging following the energy transfer as discussed by various
mechanistic studies.***> Accordingly, the S; state of BASHY-
BODIPY-OH corresponds to the S; state of BASHY-BODIPY-
SER which is again localized on the acceptor BODIPY fragment
and the S, state of BASHY-BODIPY-OH matches the Sq state of
BASHY-BODIPY-SER and is another BASHY-centered state for
both dyads. The respective excited states exhibit the same
contributions of orbital transitions and in general display
similar properties when compared to the molecular com-
pounds of BASHY and BODIPY as can be seen in Fig. 3 and
in the ESIT (Fig. S3 and S4). This is mainly a consequence of the
non-conjugated and rigid alkyne linker placed between the two
fragments that prevents strong electronic coupling or stacking
interactions. Moreover, the orbital transitions involved in the
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lowest-lying singlet excitations of BODIPY and BASHY confirm
the observed differences regarding the ICT character with
BODIPY displaying locally excited (LE) states and BASHY fea-
turing a stronger redistribution of electron density across the
scaffold upon photoexcitation (see Fig. S3-S6 in the ESIt).

Complementary to the measurements, the 2PA cross-
sections ag,p were computed employing a sum-over-states
expression within a quadratic response scheme as implemen-
ted in DALTON using the CAM-B3LYP functional and def2-SVP
basis set.*® The 2P activities of the respective states are indi-
cated in Fig. 3 and confirm the accessibility of the dyads via 2P
excitation. As demonstrated by the experimental measure-
ments, there is a significant difference in the 2PA cross-
sections of BODIPY and BASHY, which is reproduced by the
simulated 2PA cross-sections. BODIPY exhibits a o,p of 3 GM
for the S; state and 6 GM for the S, state while the cross-
sections of BASHY generally range from 40 GM to 60 GM. The
2P active states in the dyads correspond to the BASHY-centered
states and upon introduction of the LG the cross-sections are
slightly decreased. In general, the calculated and experimental
2PA values for the S; transitions of BASHY and BODIPY and
their corresponding match in the dyads (S; and S, state,
respectively) show good agreement. It should be noted that in
the 2PA experiments, we only measured within the range of the
S; transition of BASHY and BODIPY. However, our calculations
suggest that the S, transition of BASHY should exhibit higher 2-
photon activity and approximately lie around 800 nm. Indeed,
Pischel, Gois and their coworkers demonstrated in a previous
publication that BASHY is highly 2-photon active in this wave-
length region,® further validating our calculations.

Considering the assignments above, the following picture of
the photochemical response to the initial excitation emerges:
upon irradiation with a UV/vis pulse the target state of the
excitation is dependent on the wavelength as either the S, state
localized on the BASHY fragment or the S, state on the BODIPY
fragment is addressed. Upon irradiation with a NIR pump
pulse, the dyad is directly excited to one of the BASHY-
centered states, either the S, state or the higher lying S,/Se
state, which possibly leads to an initial excitation into a super-
position state. This excitation to higher lying singlet states is
followed by internal conversion to the S, state within the
BASHY fragment and a subsequent EET to the BODIPY-
centered S; state. In general, these steps are not necessarily
sequential and may exhibit temporal overlap, especially if the
initial excitation is not strictly limited to one state.

2.2 fs-time-resolved dynamics

To gain further insight into the dynamics of the respective
dyads, we performed ultrafast UV/vis transient absorption
measurements to investigate the EET in a time-resolved man-
ner. To ensure that we primarily address the energy-transfer
from BASHY to BODIPY, an excitation wavelength of 420 nm
was chosen, since the absorption of BODIPY for this wavelength
is negligible. The obtained time-resolved maps as well as the
lifetime density analyses of the dyads and the individual
chromophores are shown in Fig. 4. While BASHY was also
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Fig. 4 Transient absorption spectra (left) and the corresponding lifetime
density maps (right) for (A) BASHY, (B) BODIPY, (C) BASHY-BODIPY-OH
and (D) BASHY—-BODIPY-SER, measured in DMSO. BASHY and the two
dyads were excited at 420 nm, where basically no BODIPY absorption is
present. Thus, BODIPY itself was excited at 525 nm. The various transient
signals as well as the characteristic lifetimes are labeled with the corres-
ponding processes and will be further explained in the main text.

excited at 420 nm, the BODIPY map was measured with an
excitation wavelength of 525 nm. Starting with BASHY, the
single chromophore shows a negative band around 465 nm,
assigned to its ground state bleaching (GSB) from the S; state,
which decays with an approximate lifetime of 800 ps. Similar to
BASHY'’s GSB, the excited state around 370 nm (ESA,) is already
populated within the IRF of the experiment. This indicates that
ESA, originates from the locally excited S; state of BASHY.
Furthermore, the lack of any spectral shift in ESA; over time
suggests that it is associated with the more localized, initial
excited state rather than the charge-transfer state that forms
later due to solvent stabilization. The most recognizable signa-
tures of BASHY are ESA, around 510 nm and its broad stimu-
lated emission (SE) ranging from 500 nm to 650 nm and
beyond. The initial SE from the locally excited S, state is
centered at 510 nm. Within the first 20 ps the SE shows a
strong bathochromic shift, which can be described by two
lifetimes. The first lifetime describes the rise of the SE and
its initial shift within 500 fs, while the second lifetime around
3-4 ps describes the increase of the SE intensity in the red
region. The SE shift lasts till 20-30 ps, which is visible from the
extension of the second lifetime into a few tens of ps. These two
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lifetimes also contribute to the rise of ESA, which presumably
emerges due to the shift of the SE. The strong Stokes shift of the
SE is characteristic for molecules with a strong ICT character
like BASHY. It should be noted that the fluorescence maximum
of BASHY in DMSO is located around 555 nm. However, in the
transient maps, the strongest emission appears to be around
610 nm. This discrepancy is caused by the positive contribution
of ESA, on the short wavelength side of the SE which leads to
compensation of the negative SE signal.

In contrast to BASHY, BODIPY has only one negative band
(GSB/SE) around 525 nm which is most likely a combined
contribution of its GSB and SE due to its small Stokes shift.
The GSB/SE appears to have a blueshift from 530 nm to 523 nm
which can be attributed to a contribution of an underlying ESA
since GSBs cannot exhibit any shift, while SEs only shift into
the red. In the lifetime density map (LDM), this blueshift is
represented by broadly distributed lifetimes around 530 nm,
resulting in multi-exponential decay dynamics. Around 600 nm
a slight shift of GSB/SE into the red (Fig. 4B) occurs which is
likely a redshift of the SE component of GSB/SE. This shift is
described with a positive amplitude of a 20 ps lifetime in the
LDM. Within the observed time-frame, the ground state is not
fully recovered yet, but additional time-correlated single photon
counting (TCSPC) experiments revealed an excited-state life-
time of 2.1 ns (Fig. S20, ESIT). BODIPY also features two ESAs,
which are termed ESA; and ESA,. Both ESAs decay with the
same lifetime as GSB/SE.

Overall, BODIPY and BASHY both show pronounced excited
state features which are used in the following to distinguish
their contributions within the dyads.

Similar to the steady state fluorescence measurements,
BASHY-BODIPY-OH shows mixed signatures of BASHY and
BODIPY. While the BODIPY GSB/SE rises in amplitude within a
few femtoseconds, the BASHY GSB decays with the same time
constant. This behavior can be attributed to an energy transfer
from the BASHY to the BODIPY chromophore. According to the
LDM (Fig. 4C, right), this energy transfer happens within 750 fs.
Beyond the energy transfer, BASHY-BODIPY-OH shows
complex dynamics around 522 nm, which is more visible when
a single transient at 522 nm (Fig. 5C) is compared with the
transient of ESA, (Fig. 5A) in BASHY. After the initial EET in
BASHY-BODIPY-OH, this transient shows a decay between 2
and 20 ps. On the same timescale a strong amplitude increase
of ESA, in BASHY occurs. Since ESA, has a positive amplitude,
it is assumed that an overlap with GSB/SE in BASHY-BODIPY-
OH leads to an overall decrease of the negative amplitude
causing the decay of the transient at this timescale. Then once
more, GSB/SE shows an increase in its intensity until 120 ps,
which is roughly described by a lifetime of 100 ps in the LDM
(Fig. 4C, right). On approximately the same timescale, ESA, in
BASHY (Fig. 5A) starts to decay which in turn leads to an
increase of the negative amplitude in BASHY-BODIPY-OH.
Around 600 ps, the decay of GSB/SE develops, but similar to
the BODIPY chromophore, the ground state is not fully recov-
ered within the time-frame of the measurement. Also here,
additional TCSPC experiments depicted an excited-state
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Fig. 5 On the left side the transients at 477 nm and 522 nm are presented
for (A) BASHY, (B) BODIPY, (C) BASHY-BODIPY-OH and (D) BASHY-
BODIPY-SER. The transients at 477 nm of BASHY and the two dyads
mainly resemble the GSB of the BASHY moiety, while BODIPY also shows
some residual GSB at this wavelength. The transient at 522 nm resembles
ESA, in BASHY and GSB/SE in BODIPY. In BASHY—-BODIPY-OH this
522 nm transient features signatures from both chromophores, while in
BASHY-BODIPY-SER only GSB/SE seems to be dominant. On the right
side, transients of the SE are presented at two distinct wavelengths (561 nm
and 619 nm) to visualize the shift of the SE. While (E) BASHY as well as
(G) BASHY-BODIPY-OH both show a strong amplitude increase of the
619 nm transient until 20—30 ps, (F) BODIPY only shows a slight increase
between 10-80 ps. Contrary to this, (H) BASHY—-BODIPY-SER shows no
pronounced shift at all. The raw data of the transients are marked as dots,
while the respective fits are presented by solid lines.

lifetime of 1.4 ns for BASHY-BODIPY-OH (Fig. S20, ESIT).
Conveniently, this excited-state lifetime lies exactly in between
the two parent chromophores BASHY (800 ps) and BODIPY
(2.1 ns), which further confirms the bisected behavior. ESA;3
and ESA;, closely resemble the ESAs of BODIPY while an
underlying ESA; contribution from the BASHY chromophore
is highly likely. The most noticeable difference of BASHY-
BODIPY-OH, compared to the parent chromophores, is a new
ESAicr, which is more apparent at later delay times around
420 nm. The LDM shows that this ESA;cr starts to shift at least
from 520 nm downwards, as can be seen from the diagonal
evolution of a positive amplitude trace starting at 520 nm. This
large blue-shift of ESAicr fits well with the intramolecular
charge-transfer stabilization of the BASHY chromophore, hence
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the name ESAjcr. The initial position of ESAicr strongly over-
laps with BODIPY’s GSB/SE and BASHY’s GSB, which is why it
seems that both signatures shift towards each other once the
underlying contribution of ESA;cr vanishes. On later delay
times, ESA;cr leads to a partial compensation of BASHY’s GSB
on the blue side. Further evidence for the strong ICT stabili-
zation of the BASHY chromophore within BASHY-BODIPY-OH
is the quite significant shift of BASHY’s SE with a lifetime of
10 ps. The shift of the SE is more apparent when transients of
the SE at two different wavelengths are plotted together
(Fig. 5G). Compared to the pure BASHY (Fig. 5E), BASHY-
BODIPY-OH shows a similar evolution of the transients as
can be seen by the amplitude increase of the 617 nm SE
transient up to 20-30 ps. The dyad and the parent BASHY
chromophore only differ in their excited state lifetimes and
their relative ratio of the SE transients. The shifts of ESA;cr and
SE indicate that despite the fast EET, a significant amount of
the population still dissipates within the BASHY chromophore.

Similar to BASHY-BODIPY-OH, BASHY-BODIPY-SER shows
both GSB of BASHY and GSB/SE of BODIPY. The BODIPY GSB/
SE signal increases until 2-3 ps, then remains constant until
10 ps, when it starts to decay (Fig. 5D). This constant regime
indicates an equilibrium where the rate of energy transfer is
equal to the decaying rate of the BODIPY moiety. The GSB
signal of BASHY in BASHY-BODIPY-SER (Fig. 5D) on the other
hand decays faster compared to the single BASHY chromo-
phore (Fig. 5A). This signal pattern can be attributed to an EET
as well. According to the LDM the energy transfer occurs mainly
with a lifetime of 1-2 ps, which appears to be slightly slower
than BASHY-BODIPY-OH (Fig. 4D right). After the energy
transfer, BODIPY’s GSB/SE appears to have a slight blue shift
in BASHY-BODIPY-SER as well, which is described by a life-
time of 5-20 ps, where a positive amplitude is followed by a red
shifted negative amplitude. At the end, both chromophore
parts decay with a lifetime of 700-800 ps. Therefore, BASHY-
BODIPY-SER has apparently a shorter excited state lifetime
than BASHY-BODIPY-OH. This behavior, additionally to the
fluorescence quantum yields, further supports the prior sug-
gested quenching effect of the leaving group. As seen from the
transients in Fig. 5H, BASHY-BODIPY-SER does not show any
significant SE shift and thus, the 10 ps lifetime for the SE shift
is missing in the LDM of BASHY-BODIPY-SER. As in the case of
BASHY-BODIPY-OH, ESA;; and ESA,, also resemble the ESAs
of BODIPY. But unlike BASHY-BODIPY-OH, there is no visible
ESAjct in BASHY-BODIPY-SER. The missing ESA;cr as well as
the absence of a SE shift indicate that the excitation energy
predominately remains within the BODIPY chromophore from
where the majority of the dynamics take place.

To further investigate the differences between the two dyads,
the possibility of a reverse energy transfer from BODIPY to
BASHY was investigated. Due to the short distance between the
two chromophores and the close proximity of the energetic
levels, a reverse energy transfer is conceivable. For this purpose,
additional transient absorption measurements of the two dyads
at two other excitation wavelengths were conducted (Fig. S20,
ESIt). Thereby, an excitation wavelength of 490 nm was used to

5070 | Phys. Chem. Chem. Phys., 2025, 27, 5064-5079

View Article Online

Paper

address both chromophores equally, whereas 525 nm was used
to mainly excite the BODIPY chromophore. As expected, by
shifting the excitation wavelength towards increasing BODIPY
absorption, the BODIPY dynamics are present with the initial
excitation, without the need of an EET. The overall signal
patterns are the same as for an excitation with 420 nm despite
the more pronounced BODIPY contribution. For an excitation
at 525 nm, the transient signatures in both BASHY-BODIPY-
OH and BASHY-BODIPY-SER are dominated by the BODIPY
chromophore. Yet a small BASHY population is present from
the start, noticeable from the GSB at 485 nm in both dyads and
the underlying ESA, contribution in BASHY-BODIPY-OH,
which is attributed to the residual BASHY absorbance at the
excitation wavelength. Overall, these results further emphasize
that the properties of the components are preserved and that
the excitation energy is transferred predominantly via a rela-
tively weak electronic coupling between the two chromophores.

2.3 Quantum dynamical EET analysis

The dyad systems under study bear strong analogies to the
rhodamine(RHO)-BODIPY dyad which was recently investigated
by some of us.”” Due to the spatial extension of the donor and
acceptor moieties and the ultrafast character of the EET dynamics,
a computational treatment beyond the standard Forster theory is
required.*® Therefore, our previous analysis combined the com-
putation of electronic couplings by a transition density analysis
with high-dimensional quantum dynamics in the full normal-
mode space.”” Importantly, we found that the EET step, on a time
scale around 100 fs, is of coherent character, and a superposition
of donor and acceptor states persists on a picosecond scale. For
the present BASHY-BODIPY systems, we choose a similar
approach while anticipating that the EET time scale will be longer.

Quantum dynamical simulations were performed for both
dyads employing the multi-layer multiconfiguration time-
dependent Hartree (ML-MCTDH) method**" in combination
with a linear vibronic coupling (LVC) Hamiltonian®* and
including the full set of normal modes (N = 264 for BASHY-
BODIPY-OH and N = 339 for BASHY-BODIPY-SER). We focus
on initial excitation to the BASHY-centered S, state; excitation
to higher-lying states would necessitate including internal
conversion dynamics. The Hamiltonian comprises two diabatic
fragment-based states i.e., the ICT state on the donor (BASHY)
moiety, labeled |ICT"), and the locally excited state on the
acceptor (BODIPY) moiety, labeled |LE®)

H = XN; (%(fhz +p?2) + K| ICTP)(ICTP|
+1; 1 pad;|LEA)(LE*|) 0
+joa ([LEA)Y(ICTP| + |ICTP)(LE*|)
+ AE[ICTP)(ICTP|
where §; is the position operator, p;, = —ihaiqi is the corres-

ponding momentum operator and mass and frequency
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weighted coordinates are used. Furthermore, x; denote the
vibronic couplings, jpa the electronic coupling constant and
AE the electronic offset between donor and acceptor state. Due
to the small electronic coupling between the fragments, the
diabatic energy gap is approximated by the adiabatic gap
between the S; and S, states from our supermolecular calcula-
tions. The strong localization of the excited states further
suggests the use of fragment-based normal modes. This
includes Np = 147 modes on the BASHY moiety and either
N, =117 (OH) or N, = 192 (SER) on the BODIPY fragment. The
vibronic coupling constants are obtained as the projection of
the gradient of the two excited states at the FC geometry onto
the respective ground state normal modes.”* With the excited
states showing strong localization, the vibronic couplings of a
given state only contribute significantly in combination
with the normal modes localized on the same fragment
(Fig. S10-S13, ESIt). From the vibronic couplings, the reorga-

nization energies i =" (k7 /2w;) are obtained, yielding A, =

0.26 eV for the ICT state on the BASHY moiety and 4, = 0.05 eV
for the LE state on the BODIPY moiety.

The electronic coupling jpa is obtained via the EET imple-
mentation in Gaussian16 including a solvent description.>*
Transition densities are used to obtain exchange and overlap
interaction terms alongside the Coulombic effect and solvent
effects are introduced via the integral equation formalism (IEF)
version of the PCM

|7d_Va|

P Exc [ pel]
dpl(ra)9pel(7y)

xel /= 1 -
+ Z <Jp§l(ra)mdra>q(sw t0, PR)
3 a !

) P (7)) dFydF,

_ wojpge‘(mpi&(mda @)

with the transition densities pf)l(i"d) = ¥p, (f‘d)‘l’;‘De (rq) and
pf{(?a) = W, (7a) P4 (7a), where EPDg, ¥p, ‘I’Ag and ¥, are the
donor and acceptor ground (g) and excited state (e) wavefunc-
tions, 7, and 74 are the electron coordinates on the respective
fragment, Exc[p®'] is the exchange correlation functional, s; is
the center of the discrete elements of the solvent cavity surface,
&, the respective dielectric constant of the chosen solvent and g
represents the point charges placed at the center of the solvent
cavity elements.

As the rotational potential around the linker axis is expected
to exhibit low barriers due to the restrictive geometry of the
bridged scaffold, a ground state relaxed potential energy sur-
face (PES) scan was conducted (see Fig. S1, ESIT) in both cases.
This revealed that the BASHY-BODIPY-OH dyad is freely rota-
table, while the BASHY-BODIPY-SER dyad exhibits a slight
preference for parallel-oriented structures. Since the different
rotational conformations in the case of BASHY-BODIPY-SER
can have some influence on the timescale of the EET, three
different rotamers (-SER1, -SER2, -SER3) are considered for
the subsequent quantum dynamical analysis (see Fig. S2, ESI).
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Fig. 6 (A) Schematic illustration of the electronic Hamiltonian of the two

dyads BASHY-BODIPY-OH and BASHY-BODIPY-SER as well as the
three considered conformations —SER1, —SER2 and —SER3. The time-
dependent diabatic population of the two included |[ICTP) (pink) and |LE?)
(orange) states for BASHY-BODIPY-OH (B) and the three different
BASHY-BODIPY-SER conformations (C) is depicted for a simulation time
of 5 ps. They are extracted from a full-dimensional ML-MCTDH
propagation.

The models for all different conformations were parameterized
based on the ground state equilibrium geometries and normal
mode analyses complemented by excited state gradients.
Fig. 6A displays a summary of the electronic Hamiltonian for
all four conformations highlighting the slight differences
between the two dyads and the conformations while Fig. 6B
and C show the time-evolving diabatic populations of the ICT"
and LE* states for BASHY-BODIPY-OH (B) and BASHY-BOD-
IPY-SER (C), respectively. In comparison to the very fast coher-
ent transfer of the previously investigated RHO-BODIPY
dyad,”” both systems, including BASHY as the donor moiety,
feature a much slower process leading up to a timescale of
1-3 ps for the decay to the acceptor state rather than the 300 fs
EET occurring in RHO-BODIPY-OH. The slight differences
between the ~OH and -SER based dyads can be reconciled with
the slightly smaller AE and slightly higher coupling jpa dis-
played by BASHY-BODIPY-OH. A similar line of reasoning can
be applied to -SER1. As the -SER2 and -SER3 conformations
do not display any differences in terms of their electronic
Hamiltonian, the small discrepancies between them can be
attributed primarily to the variation in their vibronic couplings.
Table 3 gives an overview of the electronic couplings jpa, the
energy difference AE for the considered orientations, the
respective torsional angle 6 describing the rotation around
the linker as well as the timescales of the population transfer
represented by an approximate exponential decay rate. In
contrast to the ultrafast, coherent EET step observed in ref.
47 for the RHO-BODIPY system, the BASHY-BODIPY dyads are
closer to a quasi-kinetic regime where coherence builds up and
decays transiently, while the overall decay appears irreversible
(see Fig. S15, ESIT).

The discrepancy between the dyads including RHO and
BASHY can be attributed to the greater energy separation
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Table 3 Total number of normal modes, orientation of 0, electronic
coupling jpa, AE as well as an indication for the EET timescale for all
considered geometries. The decay rate tger was obtained from an approx-

imate exponential fit of the donor populations of Fig. 6 ie.,
t
Pp(t) = Aexp <f—>
TEET

Molecule Nup 0(°)  Jjoa(eV) AE(eV) tger (ps)
BASHY-BODIPY-OH 264 17.5 0.008 0.33 1.2
BASHY-BODIPY-SER1 339 —10.4 0.007 0.34 1.7
BASHY-BODIPY-SER2 339 169.2 —0.005 0.34 3.1
BASHY-BODIPY-SER3 339 266.7 —0.005 0.34 3.1

between the two states and the magnitude of the electronic
coupling. Typical ratios for the BASHY-BODIPY system are
Joa/AE ~ 1072, i.e. an order of magnitude smaller than in the
RHO-BODIPY system, resulting in correspondingly larger
transfer times. Despite the differences between the RHO and
BASHY based dyads, the observed time scales extracted from
the LVC description align well with the experimental results for
the BASHY-BODIPY systems, as the timescales observed in the
time-resolved spectroscopic measurements for BASHY-BOD-
IPY-OH and BASHY-BODIPY-SER lie in the ps range as well.

2.4 Beyond the LVC description: potential energy surface
scans

Despite the fact that the time scales of the energy transfer are
adequately described by LVC dynamics, this description pre-
dicts a nearly complete EET for all BASHY-BODIPY dyads,
contrary to the experimental observations where the transfer
appears incomplete in the case of the -OH substituted dyad.
The reason for the discrepancy most likely lies in the LVC
approximation, which represents the potential energy surfaces
within a shifted harmonic oscillator model, constructed around
the FC geometry. This becomes manifested in a comparison of
the theoretical reorganization energies obtained from the LVC
parametrization with the experimental Stokes shift of the
system. The reorganization energy of the BASHY fragment is
obtained from the LVC model as Ap = 0.25 eV, while 4, is much
smaller (see Section 2.3), such that the energy gap AE > 1
throughout. In contrast, in the experimental steady-state spec-
trum of BASHY, the Stokes shift in DMSO measures approxi-
mately 0.4 eV. As the Stokes shift exceeds the initial energetic
offset of around 0.3 eV between the S; and S, state, an
interchange of the two states seems to occur during the
measurement. The lower reorganization energy from the LVC
parametrization cannot capture this so that the BASHY-
centered state remains the higher lying state throughout. This
may be one of the reasons why the LVC dynamics do not predict
any difference between the dyad without and with LG, whereas
the experimental steady-state and time-resolved experiments
demonstrate a clear difference. The aforementioned disparity
in the fluorescence properties of the dyad with and without the
LG are evidenced in the previously investigated RHO based
dyad as well. The markedly elevated fluorescence observed
upon the cleavage of the leaving group enables its utilization,
e.g., in 2P fluorescence microscopy.”’
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To further analyze the difference from a theoretical view-
point, rigid scans between the FC geometry and the optimized
state geometries on the BASHY and BODIPY fragments were
conducted. The scan coordinates X; and X, in Fig. 7 follow the
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Fig. 7 Potential pathways within the BASHY—-BODIPY dyads after initial
photoexcitation. The PESs of the BASHY-centered state as well as the
BODIPY-centered state are indicated via the pink and orange solid lines.
Investigated pathways are flagged with the respective number in the
schematic depiction of harmonic potentials above. Pathway 1 refers to
the relaxation within the BASHY -centered ICT state that is initially excited.
Potentials are obtained via a rigid scan following the gradient from the FC
point to the S, state minimum geometry. This is referred to as scanning
coordinate X;. The evolution of the ICT character of the adiabatic S; and S,
states is indicated in red and blue, respectively. For this analysis the
BASHY-BODIPY dyads are divided into three sub-fragments of BASHY,
the bridge and the BODIPY fragment. A more detailed definition of the ICT
character as well as the exact partitioning of the BASHY fragment
employed in the TheoDORE analysis can be found in the ESI.{ Pathway
2 displays the relaxation to the S; state minimum along the scanning
coordinate X,. As the scanning coordinates of each panel correspond to
the motion on the respective dyad moiety, these motions are included in
the schematic depiction of potentials.
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gradient between the FC point and the respective LE* or ICT"
state minimum, where one increment is normalized to the total
displacement of atoms. Under the assumption that the step size
between the scan points is reasonably small, following the
gradient approximates the minimum energy pathway (MEP).
The starting geometry (X = 0) is referring to the FC geometry,
while the final geometries (X = 1) represent the optimized
excited state geometries of the ICT” and LE* state, respectively
(corresponding to pathway 1 vs. pathway 2). The scan reveals a
reorganization energy for the ICT® state, as the difference
between the energies at X; = 0 and X; = 1, of approximately
0.5 eV, which is in reasonable agreement with the experimental
Stokes shift. The elevated reorganization energy may facilitate
pathway 1, as illustrated in Fig. 7. However, one should keep in
mind that the actual dynamics does not follow the MEP since
vibrational relaxation is not expected to be immediate.

A comparison of pathway 1 for the two dyads in Fig. 7 reveals
that the crossing for BASHY-BODIPY-SER is situated closer to
the FC point than that for BASHY-BODIPY-OH. Additionally,
the slope of the PES for the dyad without leaving group (right
hand side in Fig. 7) suggests a smooth transition towards the
ICT” geometry. The PES for the dyad with leaving group (left
hand side in Fig. 7), on the other hand, displays a shallower
slope enabling a redirection to the BODIPY-centered state. Both
are in agreement with experimental findings.

A projection of the effective X; scanning coordinate onto
molecular coordinates reveals two primary molecular move-
ments, ie., the dihedral rotations around the respective benzyl
substituents, denoted « and f in Fig. 7. Here, o corresponds to
the rotation of the o-keto acid benzyl substituent relative to the
extended n-system, while 5 corresponds to the dihedral rotation
around the benzyl-linker forming the connection to the BOD-
IPY moiety. In BASHY-BODIPY-SER, these two rotations act in
an almost strictly sequential way, where the planarization of o
is dominant before reaching the crossing, and the f rotation
dominates after passage of the crossing. In contrast, the o
rotation is significantly slower in BASHY-BODIPY-OH and
continues to evolve after the crossing, together with the f
rotation. Additional details can be found in Fig. S9 of the ESL ¥

While both states are termed localized states in the sense
that they are strictly localized on either fragment, the intra-
fragment ICT character of the BASHY-centered state can be
analyzed as shown in Fig. 7. The S, state (localized on BASHY)
clearly shows an ICT character in the beginning, whereas the S;
state (localized on BODIPY) exhibits no ICT character. Along
the scan, the ICT character of the two states gradually shifts
and swaps in the vicinity of the crossing.

In addition to the LVC dynamics and the investigation of the
excited state PESs, absorption and emission spectra are simu-
lated to model the emission of the equilibrium formed in
BASHY-BODIPY-OH. The vibronic absorption and emission
spectra can be obtained via the corresponding autocorrelation
function.*®%>” The cross-section in the case of the absorption
is computed employing the initial condition ,(0) of the ground
state, while for the emission cross-section, the initial condition
V¢(0) is obtained via relaxation in the excited states. y.(0) can
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involve a superposition of |[LE*) and |ICT") depending on the
respective energy difference AE and the coupling strength jpa.
The emission spectrum is then obtained as®®

20
~ 3mhc3

Oem (W)

| dtpoppene e mrse)
where 7., acts as the damping time yielding a Lorentzian
spectral envelope. The vibronic absorption spectra of BASHY
as well as BODIPY can be found in Fig. S16 in the ESIf and
display a fine structure matching the experimental ones given
in Fig. 1. The phenomenological damping time ., is set to be
7 fs for the emission spectra shown in Fig. 8. All simulated
spectra are shifted in order to match their experimental coun-
terpart. In view of the importance of the ICT character of the
BASHY-centered state |ICT") in the case of BASHY-BODIPY-
OH the offset between the two involved singlet states is chosen
as either 0.2 eV or 0.1 eV yielding coherent superpositions with
an occupation of either 60% or 90% for the initially populated
BASHY-centered |ICTP) state. This results in an emission
spectrum displaying intensities at both, the BASHY as well as
the BODIPY wavelength (see Fig. 8B). The experimental steady-
state emission of BASHY-BODIPY-OH seems to resemble a
mean of the ratios of 10:90 and 40: 60 for the state population
of |LE*): |ICTP), thus attesting to the incomplete EET in the
case of an absent LG. As the ICT character of the BASHY
fragment, as previously discussed, is less important in the case
of BASHY-BODIPY-SER no relaxation of the |ICT") state is
assumed, yielding an emission spectrum resembling the iso-
lated BODIPY fragment (see Fig. 8A). The obtained emission
spectra in both cases are in good agreement with the experi-
mental steady-state spectra, thus further corroborating the
importance of the ICT character for BASHY-BODIPY-OH in
comparison to BASHY-BODIPY-SER.

To further look into the behavior of BASHY-BODIPY-OH
temperature-dependent fluorescence experiments were con-
ducted for both dyads to examine whether the equilibrium
between |[ICT®) and |LE*) can be manipulated in favor of a

. A BASHY B BASHY A
s 1t ) BODIPY ) sopipy 11 3
© ©
g = 100:0 10:90 g
c = 40:60 c
2 S
8 4
€ 1S
) o

0 1 N L N 0
400 600 800 400 600 800

wavelength / nm wavelength / nm

Fig. 8 Panel (A) shows the modeled emission spectra of BASHY, BODIPY
and BASHY-BODIPY-SER, normalized and shifted in accordance to the
experimental steady-state fluorescence spectra. AE is chosen according
to the calculated energy offset of 0.34 eV, while the electronic coupling jpa
is 0.007 eV. The state population of ILEA> and IICTD) is indicated as a ratio.
Panel (B) displays the modeled emission spectra of BASHY, BODIPY and
BASHY-BODIPY-OH accordingly. Here, two different scenarios are
investigated, with a AE of either 0.1 eV or 0.2 eV and a coupling jpa of
0.01 eV resulting in different ratios of state populations indicated in light
blue and dark blue, respectively.
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Fig. 9 Temperature-dependent fluorescence experiment of BASHY-
BODIPY—-OH. (A) The differential change of the fluorescence shape from
25 to 90 °C in 5 °C steps. (B) The same and additionally the reverse
experiment from 90 back to 25 °C. Thereby, the ratio of the BODIPY peak
at 535 nm and the BASHY peak at 557 nm are plotted against the
temperature. The reverse experiment proofs that the temperature-
induced changes are reversible.

transfer towards the BODIPY-centered state. In fact, for BASHY-
BODIPY-OH, we clearly see that an increase in temperature
leads to a shift towards a BODIPY-like fluorescence (Fig. 9A).
This temperature-induced fluorescence change is reversible,
when the temperature is decreased again (Fig. 9B), further
validating the existence of an equilibrium between the |LE*)
and |ICT®) state. The same experiment was repeated for
BASHY-BODIPY-SER, however, the fluorescence shape did
not show any significant change.

In contrast, BASHY-BODIPY-SER appears to decompose at
elevated temperatures, resulting in an irreversible alteration of its
photophysical properties, particularly its fluorescence (Fig. S22,
ESIt). Thus, a comparison of the absorption spectra before and
after the temperature excursion experiment revealed the decom-
position of the caging dyad in the course of the experiment.

2.5 Effective Forster resonance energy transfer rates

As previously shown the transient absorption measurements
and subsequent lifetime density analysis reveal EET timescales
of a few picoseconds for both dyads, aligning well with the
calculated values from the quantum dynamical simulations.
Due to the slow timescale of the quasi-kinetic EET (see Section
2.3), we will explore a more approximate, effective Forster
resonance energy transfer (FRET) description in this section.
Given the spatial extension of the chromophores and the
center-of-mass separation between the chromophores of
1.19 nm, the accuracy of the FRET model and its parameters
may be compromised as previously discussed in the
literature.*®°° Due to these limitations, we will adopt a more
phenomenological treatment of FRET to mainly evaluate
whether the FRET model can account for the observed differ-
ences between the two dyads.

FRET depends on many characteristic parameters such as
chromophore distance, dipole orientation and spectral overlap.
In the following, these parameters and their contributions to
the FRET efficiencies will be briefly discussed. A more detailed
explanation of the FRET theory and its parameters is given in
the ESL.¥ The major difficulty in these calculations is how to
distinguish between the two dyads, given that they are structu-
rally almost identical despite the LG. For example, due to the
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similarity of the systems, the chromophore distance (1.19 nm)
is identical and can be excluded as a reason for the divergent
FRET efficiencies. Also, the quite rigid geometry, owing to the
alkyne linker between the chromophore units, is similar in
both dyads. The rigidity of the dyads makes a dynamic aver-
aging of the orientation factor x?, usually done for many
biomolecular systems, unreasonable. Thus, for an accurate
determination of x?, the different rotamer conformations and
their Boltzmann distribution (see the ESIt for more details)
were examined, resulting in an average x” value of 0.48 for both
dyads. Thus, the chromophore orientation is seemingly not
responsible for the different energy transfer efficiencies. The
overlap integral J, based on the overlap between the donor
emission and the acceptor absorbance, would theoretically be
the same for both dyads as well due to the identical chromo-
phore units. However, the previously discussed steady state and
transient absorption measurements showed significant differ-
ences in their emission behavior, which can in turn impact the
EET. Specifically, BASHY-BODIPY-OH exhibits a pronounced
ICT stabilization of its BASHY chromophore, while BASHY-
BODIPY-SER shows no significant ICT relaxation. To consider
these differences for the calculation of J, the fluorescence of
BASHY in DMSO serves as a good approximation for BASHY-
BODIPY-OH, while the fluorescence of BASHY in toluene is
more appropriate for BASHY-BODIPY-SER, as it reflects
BASHY'’s initial fluorescence without any ICT stabilization. As
illustrated in the upper panel of Fig. 10, the presence or
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Fig. 10 Spectra used for the calculation of the overlap integral in different
cases. The upper panel shows the overlap between BASHY's fluorescence
and BODIPY's absorbance, indicating the forward-EET (A) without and (B)
with CT evolution in BASHY. For this purpose, the fluorescence of BASHY
in toluene was used for (A), representative for the initial BASHY fluores-
cence without any CT characteristic. On the other hand, for (B) the actual
BASHY fluorescence in DMSO was used. The lower panel shows the
overlap between BODIPY's fluorescence and BASHY's absorbance to
account for the possibility of a back-EET. While for (C) the actual
steady-state absorption spectrum of BASHY was used, the same spectrum
was shifted by 40 nm in (D) to account for the relaxed potential energy
surface of BASHY during charge transfer stabilization.
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Table 4 Calculated FRET parameters and efficiencies for the different
cases illustrated in Fig. 10

Case | Ry (nm)  Egger (%)  1p (nS)  kr (s’l) terer (PS)
A 1.38"°  4.65 99.9 2.4 1.5'2 0.7

B 2.49"  2.77 99.3 0.7 2.3" 4.3

C 9.45%  2.36 98.4 2.1 2.9%° 34

D 3.21°  4.24 99.9 2.1 9.7" 1.0

Further details on the calculation of FRET rates are provided in the ESI.
The transfer rates kp were determined using the donor lifetimes tp,
which were all taken from TCSPC measurements, expect for case B,
where the lifetime was within the timescale of our transient absorption
setup.

absence of the ICT relaxation significantly impacts the overlap
integral. In the absence of an ICT stabilization of the BASHY
chromophore (Fig. 10A), the overlap with BODIPY’s absorbance
is larger by almost one order of magnitude compared to the
case with an ICT fluorescence of BASHY (Fig. 10B), as can be
seen by the calculated values in Table 4. Even though the
overlap integrals differ significantly, both cases result in nearly
100% FRET efficiencies, Epggr. This is due to the short distance
(1.19 nm) between the centers of mass of the chromophores,
which is way smaller than the calculated Forster radii R, in
Table 4. Since these results do not explain the observed
difference between the two dyads, the possibility of a back-
EET from BODIPY to BASHY was considered as well (see lower
panel of Fig. 10C), as the short distance and significant overlap
between the spectra makes it nearly as efficient as the forward-
EET (compare Table 4). However, in contrast to the FRET
efficiencies, the energy transfer rates kr differ significantly in
their magnitudes and thus the equilibrium constant between
forward- and back-EET will determine the directional prefer-
ence of the EET, which will be discussed in the following for
different scenarios. For BASHY-BODIPY-SER, using the ratio of
the forward rate A and backward rate C, where no ICT stabili-
zation of BASHY is involved, results in an equilibrium constant
of 52, indicating a clear preference for the forward-EET in
BASHY-BODIPY-SER. For BASHY-BODIPY-OH, considering
the ICT stabilization by using the transfer rate of B for the
forward-EET and the transfer rate of C for the backward-EET,
leads to a significant drop of the equilibrium constant to 8.
Comparing both scenarios, the equilibrium constant decreases
as the ICT character of BASHY strengthens, meaning the
forward-EET slows down. However, it does not fully align with
the experimental data, which suggest at least a 50: 50 distribu-
tion, corresponding to an equilibrium constant of 1.

This discrepancy arises because steady-state spectra alone
cannot fully account for the excited-state dynamics in the
dyads. For instance, the reverse energy transfer is calculated
using BASHY’s steady state absorption without considering the
relaxed potential energy surface, which would cause a stronger
redshift in its absorption and likely a greater overlap integral
with BODIPY’s fluorescence. Therefore, the reverse energy
transfer rate might be higher than anticipated. For this
instance, a forth case (Fig. 10D) was introduced, where the
steady-state absorption spectrum of BASHY (shown in Fig. 10C)
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was shifted by 40 nm to mimic the relaxed potential of BASHY.
Indeed, this leads to a greater overlap integral of BODIPY’s
fluorescence and BASHY'’s absorption (see Table 4). Calculating
the equilibrium constant now using the case (Fig. 10B) for the
forward-EET and case (Fig. 10D) for the back-EET, leads to a
value of 0.25, a clear preference for the back-EET by four times.
These scenarios explain how the stronger ICT stabilization of
the BASHY chromophore in BASHY-BODIPY-OH leads to an
incomplete forward-EET. Furthermore, these results imply that
the back-EET is preferred in the case of a relaxed BASHY
potential, meaning that a direct BODIPY excitation will not
lead to any significant population of BASHY. This additionally
explains why a back-EET is not directly observable in a transient
absorption measurement with a direct excitation of the BODIPY
chromophore. A comparison of the calculated FRET lifetimes in
Table 4 with the experimental results from the transient
absorption measurements and the calculated values from the
quantum dynamical analysis in Table 3 reveals that the FRET
calculations fall within a reasonable range. In particular, the
FRET calculations of the forward-EET lifetimes tggrgr, Which
range from 0.7-4.3 ps, depending on the extent of the ICT
stabilization, align well with the experimental and theoretical
results of a few picoseconds. In contrast, the back-EET lifetime
from BODIPY to an ICT-stabilized BASHY is calculated to be
1 ps, placing it into the same timescale as the forward-EET.
This estimated temporal overlap of forward- and backward-EET
makes a clear assignment of a reverse EET in the transient
absorption spectra difficult. Despite using several approxima-
tions for the calculation of the FRET rates and lifetimes, these
calculations are reasonable and in good agreement with the
previous results. Additionally, the kinetic nature of the EET
process within the dyads and its strong dependence on the ICT
stabilization of the BASHY chromophore could be further
confirmed.

2.6 Schematic models of excited-state pathways

Based on the experimental and theoretical results, two possible
models (see Fig. 11) are outlined in order to visualize the
special characteristics of the two dyads. After excitation of
the BASHY chromophore, there are two possible pathways for
the distribution of the excitation energy. It either remains

g N
A)BAsHY-BoDIPY-SER | [ B)

!NE ET YET i] v'\/;‘;T

So

N J

Fig. 11 Schematic models featuring all possible photophysical pathways
within (A) BASHY—BODIPY—-SER and (B) BASHY—BODIPY—OH. Arrows in
two directions indicate the existence of equilibria for certain processes,
whereby the bold arrows mark the dominant direction.
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within the excited BASHY chromophore and enables the solvent-
guided relaxation due to the ICT character or an energy transfer to
the BODIPY chromophore can take place. The latter is the domi-
nant pathway in BASHY-BODIPY-SER, while in BASHY-BODIPY-
OH both pathways are accessible to a certain degree.

In BASHY-BODIPY-SER the EET (~1-2 ps) from BASHY to
BODIPY is the dominant pathway to an extent, in that no
relaxation in the BASHY-centered state is noticeable. Since
there is no significant lowering of the BASHY state, the back-
EET (bEET) from BODIPY to BASHY is less likely as discussed
within the perspective of a rate process. Thus, the main
dynamics take place from BODIPY, where various relaxation
processes are involved. Besides the fluorescence from BODIPY,
PET to SER seems to be a dominant deactivation channel as
noticeable by the reduced fluorescence quantum yield (~10%)
and the shortened excited state lifetime (~ 750 ps). Uncaging as
the most important process in a photocage will be discussed in
the upcoming section.

In BASHY-BODIPY-OH on the other hand, the EET
(~750 fs) from BASHY to BODIPY strongly competes with the
relaxation process within the BASHY chromophore. As the state
ordering changes in the process of the relaxation of the ICT
BASHY state, the transfer at some point will change direction as
well. Coincidentally with the ICT relaxation, the bEET from
BODIPY to the relaxed BASHY PES takes over, which also
increases the BASHY population. Hence, the excitation energy
is more likely to remain within the BASHY chromophore as the
ICT relaxation plays a significant role. Since both chromophore
states are possibly populated, the BASHY-BODIPY-OH dyad
shows mixed dynamics, resulting in combined spectroscopic
properties from both chromophore units. Hence, the excited-
state lifetime (~1.4 ns) lies in between the individual
chromophores.

The equilibrium of the EET can be influenced by tempera-
ture as we have shown for BASHY-BODIPY-OH (Fig. 9). In
addition to the temperature dependence, the PES landscape
could also be influenced by solvent molecules as their proticity,
polarity and viscosity cannot only affect the amount of ICT
relaxation, but also its timescale and in turn the equilibrium
directly. Indeed, steady-state spectra suggest a high solvent
dependency even for BASHY-BODIPY-SER, where the EET
efficiency is slightly reduced in a more polar solvent (MECN/
water mixture) as notable from the significant increase in
BASHY fluorescence (Fig. S18, ESIt).

2.7 Uncaging experiments

Finally, after extensive analysis of the energy transfer, the
uncaging ability of the BASHY-BODIPY-SER dyad was investi-
gated. Since for most photocages, it is assumed that the
uncaging proceeds via formation of a cation followed by
hydroxylation through a protic solvent,** a DMSO/water (9:1)
mixture was used. The hydroxylation of the cation would result
in BASHY-BODIPY-OH as the main photoproduct. As both
dyads exhibit such distinct fluorescence spectra, it was
assumed that the uncaging progress could be tracked by the
changes in fluorescence. Therefore, fluorescence spectra were
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Fig. 12 Ilumination experiment of BASHY-BODIPY-SER to investigate
the uncaging progress by changes in the (A) absorption and (B)
fluorescence.

recorded after a certain time of illumination. As seen in
(Fig. 12), BASHY-BODIPY-SER changes both in its absorption
and fluorescence. The absorption changes (Fig. 12A) mainly
result from the bleaching of the BODIPY photoproduct which is
common for BODIPY photocages.** However, there are no
further photoproducts distinguishable from the absorption
spectra.

As expected, the fluorescence spectra (Fig. 12B) show more
significant changes during the illumination experiment. While
the fluorescence of BODIPY at 532 nm decreases, the fluores-
cence of BASHY at 554 nm starts to increase and extends
further into the red. To further validate these changes, the
fluorescence quantum yields were recorded before and after the
experiment since BASHY-BODIPY-SER has a lower fluores-
cence quantum yield than BASHY-BODIPY-OH. Indeed, the
fluorescence efficiency also increases from 2.2% to 5.8%. It
should be noted that the fluorescence quantum yields are
significantly reduced in the DMSO/water mixture due to the
stabilization of the ICT state. But the overall tendency of the
lower fluorescence efficiency of BASHY-BODIPY-SER seems to
be preserved in more polar solvents as well. Overall, the
changes in fluorescence are useful to follow the uncaging
progress, but they cannot be used to determine the uncaging
quantum yield quantitatively. Therefore, illumination experi-
ments were conducted in the IR to track the CO, release from
BASHY-BODIPY-SER. CO, should be formed due to decarbox-
ylation of the carbamate linker during the uncaging process. An
uncaging quantum yield of 0.03% was determined from the
CO, release (Fig. S23, ESIT). Small changes of two peaks in the
carbamate region were observed as well, but these peaks are
covered by the strong solvent interactions nearby. These inter-
actions led to a strong rise of solvent associated bands which in
turn presumably masked many of the molecule’s vibrations.
Overall, the uncaging efficiency of the dyad certainly leaves
space for further optimization by better photocage chromo-
phores. For example a better BODIPY photocage with more
rigid'* and/or halogenated substituents** can lead to improved
uncaging efficiencies as seen in our recent publication.”

3 Conclusion

In conclusion, we designed an intramolecular dyad based on a
BASHY fluorophore and BODIPY photocage as an EET system
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that features greatly superior 2-photon excitability as compared
with the BODIPY photocage by itself. Interestingly, it turned out
that the leaving group is an active player in the EET process.
Notably, we showed that the excited state PES landscape is
sensitive to the addition of a LG, which highly boosts the EET
compared to the dyad without LG. Thus, the leaving group can
be used to control the energy transfer and in turn the fluores-
cence output.

Since other leaving groups lead to a similar preference of the
EET pathway, the present observations could lead to a new
design concept. This concept allows a significant fluorescence
read-out upon uncaging, which should make it attractive for
microscopic applications, which usually rely on fluorescence
quenchers as LGs to restore the fluorescence upon uncaging.
Furthermore, we showed that an antenna with a strong ICT
character can be exploited to control the EET efficiency by
external factors such as temperature or solvent. This kind of
system could be useful for dynamical applications where
environment sensitivity is crucial.

At the molecular level, we have shown that the changes of
the potential energy surface in the presence of the LG are subtle
and non-local. These changes translate to differences in the
approach towards the non-adiabatic crossing, along with differ-
ences in the participation of two dihedral angles in the mini-
mum energy path. Both aspects shift the balance between the
EET pathway and relaxation in the donor ICT state. Certain key
vibrations likely have to be active to induce efficient vibrational
relaxation in the donor state. These issues will be fully explored
in follow-up work where the dynamics at the non-adiabatic
crossing will be investigated.
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