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Triplet Formation and Triplet-Triplet Annihilation

Upconversion in lodine Substituted Non-Orthogonal

BODIPY-Perylene Dyads

+ [a, b

Keshav Kumar Jha',

BODIPY-perylene dyads have emerged as useful metal free
sensitizers for triplet-triplet annihilation upconversion (TTAUC),
these dyads are capable of efficient triplet generation via spin-
orbit charge transfer intersystem crossing (SOCT-ISC). This
important route to triplet formation requires dyads in which
two moieties are oriented perpendicular to each other. In this
contribution, we give a deeper insight on the behavior of
recently reported BODIPY-perylene dyads, where BODIPY-per-
ylene dihedral exhibits a non-orthogonal dyad geometry. The
intersystem crossing of BODIPY-perylene dyads with and with-
out iodine are investigated using femtosecond transient
absorption (fs-TA) and nanosecond transient absorption (ns-TA)

Introduction

The 4,4-difluoro-4-bora-3a,4a-diaza-s-indacene (BODIPY) fluoro-
phore and its derivatives have attracted a lot of attention due
to their high extinction coefficient and tunable photophysical
properties."™ It has found applications in biological imaging,®®
photodynamic therapy,”® photocatalysis,’® dye-sensitized solar
cells®® and triplet-triplet annihilation upconversion (TTAUC).'”
The BODIPY chromophore fosters very high fluorescence
quantum vyields but low triplet yields"* which limits its
application in a number of processes including photodynamic
therapy and TTAUC.**3'" The triplet yield can be promoted in
BODIPY molecules by introducing heavy atoms such as iodine
or bromine substituents.®>'>"¥ The substitution of iodine offers
higher efficiency than the incorporation of bromine atom.
The heavy atom enhances spin orbit (SO) coupling of S,—T,,
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spectroscopy. The concurrent decay of the singlet charge
transfer state ('CT) and rise of triplet states in both the
iodinated and non-iodinated dyads confirms the SOCT-ISC as
the main intersystem crossing pathway despite the altered
geometry of the dyads. The presence of an iodine atom on the
BODIPY-moiety enables intersystem crossing 2.6-times faster
and provides a higher triplet yield with respect to dyad without
iodine. The upconversion quantum yield (¢Y°) is 8.4-times
higher in the sample containing iodinated dyad as sensitizer
and perylene as annihilator. The triplet-triplet energy transfer
rate (kg is ~8x108M™'s™' for both iodinated and non-
iodinated sensitizer containing TTAUC systems in 1,4-dioxane.

therefore enhancing the intersystem crossing efficiency by the
heavy atom effect.

The excited triplet formation in donor-acceptor dyads can
be facilitated by spin-orbit charge transfer intersystem crossing
(SOCT-ISC).”) Molecular donor-acceptor dyads with BODIPY as
an acceptor have been synthesized, e.g., with pyrene,
anthracene and perylene as donors.**'"'>?% The triplet lifetime
of the species formed by charge recombination in a BODIPY-
perylene dyad has been determined to be 436 us which is
much higher than the triplet lifetime of 62 pus of the 2,6-iodo
BODIPY derivative, i.e., without charge transfer and
recombination.™ For efficient SOCT-ISC, molecular donor-
acceptor configurations need to be nearly orthogonal.*” There-
fore, typically the donor moiety is linked to the meso-position
of the acceptor-moiety making the donor-acceptor configura-
tion nearly orthogonal.?”’ However, we have recently reported
efficient TTAUC using BODIPY-perylene dyad, where perylene is
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linked to the 2-position of the BODIPY-moiety (see Scheme 1),
i.e. leading to a non-orthogonal configuration.”**” In this
TTAUC experiment, additional perylene in solution served as
the annihilator in the overall upconversion process. In this
contribution, we investigate, in detail, the photophysical
processes behind the TTAUC (charge separation, charge
recombination, triplet formation and energy transfer) and the
effect of iodination (B2P vs. B2PI, see Scheme 1) on the ISC for
the BODIPY-perylene dyad using computational simulations,
femtosecond and nanosecond transient absorption spectro-
scopy.

TTAUC is a bimolecular diffusion-controlled process, ini-
tiated by the absorption of a low energy (red-NIR) photon by a
sensitizer (or donor) molecule. Upon absorption, the molecule
transitions to its first singlet excited state ('S¥), followed by
intersystem crossing (ISC) to reach its first triplet excited state
(®S*). The triplet sensitizer molecule transfers its energy by
triplet-triplet energy transfer (TTET) to a nearby annihilator (or
acceptor) molecule, leading the ground state annihilator ('A) to
achieve its first triplet excited state (*A¥). Two of such triplet
annihilator molecules annihilate (triplet-triplet annihilation -
TTA) yielding one molecule in its first singlet excited state ('A%),

Scheme 1. (a) BODIPY-perylene dyad without iodine- B2P (b) BODIPY-
perylene dyad with iodine- B2PI (c) perylene.
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Figure 1. Schematic illustration of TTAUC mechanism. Upward green arrow
depicts absorption. The downward red arrow from S* depicts phosphor-
escence. The dashed line from *A* shows non-radiative decay. The bidirec-
tional dashed arrow depicts TTA. The downward blue arrow depicts
upconversion fluorescence.
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which is at higher energy than the 'S* state. Consequently,
fluorescence of 'A* emits photons of higher energy than the
initially absorbed photons.”=" The TTAUC mechanism is
schematically depicted in Figure 1. In case of a dyad molecule
as a sensitizer, first charge separation takes place followed by
charge recombination to form a triplet of the sensitizer, the
consequent processes are same as explained above.'**?

Experimental Methods

Samples

B2P and B2PI synthesis protocol and characterization of compounds
have been reported earlier.”® All spectroscopic experiments are
carried out in deoxygenated 1,4-dioxane, obtained from Sigma
Aldrich. The samples (solution mixture of sensitizer and annihilator)
are placed in 1 cm inert cuvettes to maintain the inert conditions
for all the steady state and nanosecond time-resolved measure-
ments, 1-mm inert cuvettes were used for femtosecond time-
resolved measurements. Sensitizer and annihilator of different
concentrations are used for the experiments, which are listed in the
Table 1.

Photophysical Steady State Studies

The absorption spectra of the samples are measured using a Jasco
V780 UV/Vis/NIR spectrophotometer in a quartz cuvette with 1 cm
path length. The fluorescence emission spectra are measured using
a FLS980 emission spectrophotometer (Edinburg Instrument) with a
Xenon lamp as a white light excitation source (ozone free 450 W).
The excitation wavelength for all the emission spectra is 532 nm,
emission is collected in 400-500 nm range.

Photophysical Time-Resolved Studies

Femtosecond time-resolved absorption (fs-TA) measurements were
performed using a home-built setup reported earlier.?** Samples
were placed in 1 mm pathlength quartz-made inert cuvettes for all
fs-TA measurements and absorbance for all the samples at
excitation wavelength is ~0.35. The pump pulse power was ~20 pJ.

Nanosecond time-resolved absorption (ns-TA) data were acquired
using a custom-built setup reported earlier.* The electronics and
programming to record the difference absorption signal (for both
fs-TA and ns-TA) are developed by Pascher Instruments (Lund,
Sweden). The samples were kept in 1 cm pathlength quartz-made

Table 1. The lifetimes given are obtained using nanosecond time-resolved
spectroscopy. The error margin for the lifetimes of all B2PI samples is
within 10% and for all B2P samples is within 20 %.

Constituent Constituent 2 Solvent T T, T3

1 (us) (us) (ns)

B2PI - 1 uM - dioxane 60 525 1500

B2PI - 5 uM - dioxane 66 155 560

B2P - 5 uM - dioxane 80 900 2500

B2PI - 5 uM perylene - dioxane 17 107 512
50 uM

B2P - 5 uM perylene - dioxane 18 812 2000
50 uM
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inert cuvettes for all ns-TA measurements. The pump pulse energy
was 0.124+0.01 mJ for all ns-TA measurements.

Computational Studies

The quantum chemical calculations were performed with the
programs Gaussian 1659 and Orca 5.0.*” Density functional theory
(DFT) was employed to calculate the geometry and the harmonic
vibrational frequencies of the ground state (S,), while time-depend-
ent DFT (TDDFT) was used to compute the singlet and triplet
excited states properties (i.e. energy, transition dipole moment,
geometry, vibrational frequencies). The DFT and TDDFT calculations
were done with the MN15P¥ exchange-correlation (XC) functional
in association with the def2-SVP basis set®™*” for the geometry
optimizations in Gaussian. The excited state energies were then re-
calculated with the larger basis set def2-TZVP in Orca. Density
functional dispersion corrections were included using the GD3
model™'“? using the parameter reported in Goerigk et al” for
MN15. The effects of the solvent (1,4-dioxane, £€=2.2099) were
considered by the polarizable continuum model*” (PCM) using the
SMD solvation model.*” The excited states geometries, and vibra-
tional frequencies were calculated with the equilibrium procedure
of solvation. The vibrational frequency calculations showed that all
obtained geometries were minima of the potential energy surface.
The optimization of the T, geometry was unsuccessful due to lack
of convergence.

Furthermore, scalar relativistic TDDFT calculations were performed
with Orca using the Douglas-Kroll-Hess (DKH) method in order to
estimate the spin-orbit couplings (SOCs) between the singlet state
S; and the triplet states T,, T, and T;. These calculations were
performed by using the previously optimized geometries of the S,,
S,, T, and T, states. The XC functional MN15 was employed together
with the basis sets DKH-def2-TZVP (for the atoms H, C, N, B, F) and
SARC-DKH-TZVP (for the | atom) as well as the auxiliary basis set
SARC/J. The effects of the solvent (1,4-dioxane) were considered by
CPCM using the SMD solvation model. The SOC between the S, and
T, states was calculated according to Equation (1):
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where (Hso) 1, s = (@7m, |Hso|¢s) is @ matrix element of the spin-orbit
Hamiltonian (Hso) between the triplet electronic state ¢, and the
singlet electronic state ¢s.

Results and Discussion
Steady State Absorption and Emission Spectroscopy

The details of absorption, fluorescence emission, fluorescence
quantum yield, upconversion emission and threshold power
density (/4) have been reported recently,”® a brief summary is
given here before describing time-resolved data. The absorp-
tion and emission spectra of B2P, B2PI and perylene in dioxane
are shown in Figure 2a and 2b, respectively. The absorption
peaks of B2P and B2PI are at 517 nm and 532 nm, respectively;
the bathochromic shift to the absorption spectrum of B2PI is
due to incorporation of an iodine atom to the BODIPY-
moiety.”*® Upon 400 nm, emission is observed at 635 nm and
655 nm for B2P and B2PI, respectively. The bathochromic shift
in emission spectra is also due to iodine and has been reported
before 2"

The sample containing B2PI (1 uM) and perylene (10 uM) is
denoted BPI1-P10, similarly B2P (1 uM) and perylene (10 uM) is
labelled BP1-P10 for convenience. The upconversion emission
of BPI1-P10 and BP1-P10 where B2P, B2PI are used as sensitizer
and perylene as annihilator is shown in Figure 2c. The peaks at
443 nm and 473 nm resemble the fluorescence signal of
perylene (see Figure 2b). The integrated upconversion emission
intensity of BPI11-P10 is 8.7 times higher than the intensity of
the BP1-P10 sample. The upconversion quantum yield () of
BPI1-P10 and BP1-P10 at 450 mWcm™2 are 22% and 2.6%,
respectively; similar to the upconversion emission intensity, ¢
is 8.4 times higher in the BPI1-P10 sample (see, Sl for details).
The threshold power density (/y,) for the BPI-P10 and BPI1-P10
were reported to be 51TmWcm™? and 126 mWcm™?
respectively.”® The higher upconversion intensity for BPI-P10
sample was attributable to the enhanced intersystem crossing

= ()
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0.0 T T T T
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Figure 2. (a, b) Absorption and emission spectra of Ph-2-BODIPY-perylene (B2P), Ph-2-BODIPY-perylene-iodine (B2PI) and perylene in 1,4-dioxane, upon
400 nm excitation. (c) Normalized TTA-UC emission from BPI1-P10 and BP1-P10 in deaerated 1,4-dioxane (at 532 nm excitation), the emission spectra are
normalized with respect to the maximum of emission peak (443 nm) from the BPI1-P10 sample.
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due to the presence of iodine (vide infra) under otherwise
identical experimental conditions.®#

Time-Resolved Absorption and Emission Spectroscopy

In order to understand the photophysical processes underlying
the TTAUC, we examined the fs-TA and ns-TA of B2P and B2PI
in the absence and presence of perylene to investigate the
processes occurring over sub-picosecond to microsecond time-
scale.

The fs-TA of B2P and B2PI are shown in Figure 3a and 3b,
respectively. In both data sets negative differential absorbance
from approximately 500 to 575 nm is attributed to the ground
state bleach (GSB) of the BODIPY unit and negative peaks below
450 nm are attributed to the GSB of perylene unit, evident from
its resemblance to absorbance shown in inverted green. In line
with literature reports, we associate the positive peak at 575 nm
with the absorption of the perylene-BODIPY cation-anion radical
pair.[”'15'24]

The formation of GSB of both the units (BODIPY and
perylene) and the subsequent appearance of positive Aabsorb-
ance of the BODIPY™* and perylene** radical pair (ca. 600 nm)
indicates the formation of a charge-transfer state (CT). The
concomitant decay of 'CT (BODIPY* and perylene**) absorp-
tion and the rise of ESA of triplet species reveal triplet formation
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by charge recombination (see kinetic traces at 480 nm and 580-
600 nm, Figure 3c—d). These observations indicate the formation
of triplet species by SOCT-ISC, which is in line with the previous
investigation by Wang et al. using time-resolved electron para-
magnetic resonance (TREPR) spectroscopy.” We observed
three contributions to the triplet state ESA, which may arise
from BODIPY-centered, perylene-centered and °CT states;
where, SOCT-ISC remains the major ISC pathway (vide supra).

The kinetics obtained from the experiments were analyzed
by global fitting with the program KiMoPack;®” kinetics from
GSB (485 nm) and absorption of 'CT (580-600 nm) regions are
shown in Figure 3c-d. The global analysis reveals four-time
constants along with an infinite component for the B2P sample:
1,=0.6 ps, T,=5ps, 13=273 ps, 1,=1785 ps and t,,; similarly,
four-time constants for B2PIl sample: t,=0.6 ps, 1,=4.5 ps, 1;=
288 ps, 1,=662 ps and T, T;, T, and 5 are the same within in
experimental error for each compounds, only 1, is significantly
affected by iodination.

In B2P and B2PI the BODIPY-perylene dihedral angle is
estimated to be 58° in the electronic ground state geometry
(So), while it decreases to 41° in the first excited state (S,),* see
Figure 4 and 5 for details. The relaxation from the Franck-
Condon geometry to the relaxed S, geometry takes place on a
sub-picosecond timescale;"” consequently, we associate the
shortest time constant, 1, with the geometrical relaxation. The
absorption of the 'CT near 600 nm of both the molecules grows
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Figure 3. Femtosecond transient absorption spectra of (a) B2P and (b) B2PI; both spectra are measured in 1,4-dioxane. In the bottom- inverted absorbance is
in green and inverted emission is in red of the respective samples. The excitation wavelength is 532 nm for both samples. Labels are identical for (a) and (b).
Per: perylene, BDP: BODIPY. *Per: perylene-centered triplet. Kinetic traces of (c) B2P, 1,=0.6 ps, T ;=5 ps, T3 =273 ps, 1;= 1785 ps and T, - infinite component
(d) B2PI, 1,=0.6 ps, T ,=4.5 ps, 13 =288 ps, 1; =662 ps and 1, — infinite component. Dashed black lines in B2P and B2PI depict fit to the respective kinetics,

error margin of the time constant can be within 10% of the given value.
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Figure 4. The energies (eV) of the states and SOCs (cm™') between the S,
and T, states in B2P at four different geometries. The colors indicate the
main orbital character of the states: Red: 'CT state, Green: *CT state, Blue:
perylene-centered state, Yellow: BODIPY-centered state.
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Figure 5. The energies (eV) of the states and SOCs (cm™') between the S,
and T, states in B2PI at four different geometries. The colors indicate the
main orbital character of the states: Red: 'CT state, Green: *CT state, Blue:
perylene-centered state, Yellow: BODIPY-centered state.

up to ca. 30ps (see Figure3c—d), which indicates the
population growth of species BODIPY™* and perylene**; hence,

Perylene-centred state

BODIPY-centred state

the 1, time-constant is assigned to build up of charge transfer
state ('CT),"”” these time constants match with the literature
reports on BODIPY-dyads.®?

The absorption of the radical pair at ca. 580-600 nm starts
decaying at delay times longer than ca. 20 ps for both B2P and
B2P1. Simultaneously, the GSB decays and a new photoinduced
absorption band forms at 485 nm, which is associated with the
triplet state of the molecules. The simultaneous decay of the
'CT band (kinetics 580-600 nm) and rise of the triplet
absorption (kinetics 485 nm) indicate the formation of (local-
ized) triplet states by the charge recombination."” The kinetics
at 485 nm becomes positive (i.e. GSB of radical pair turns to
ESA of triplet species) at ca. 5 ns for the B2P; whereas, at ca.
1 ns for B2PI. This observation confirms faster formation of
triplet in B2PI; in turn, the time constant t;, which shows the
same value for both B2P and B2PI is most likely not associated
with ISC but rather with charge recombination to ground state
(CRy). Instead ISC is associated with 1, which reflects the time
taken to form a triplet by charge recombination (CR;). It is
apparent that the ISC is 2.6 times faster in the iodine-containing
B2PI, which highlights the role of the heavy atom in ISC. The
B2PI kinetics are fitted up to 5ns only since its triplet state
starts decaying beyond 5 ns but the decay time-constant (of
the ftriplet state) cannot be observed accurately using the
dynamic range available in the fs-TA experiments. However, the
triplet state of B2P continues to evolve up to 9 ns, hence, in the
range of accessible delay times.'>%+3%

The SOCs between the S, ('CT) state and the three lowest
triplet states (T;, T, and T;) were calculated with scalar-
relativistic TDDFT at the geometries of the ground state (S,), 'CT
state (S,), 3CT state (T;) and the perylene-centered state (T,) (see
Figures 4 and 5). The charge density difference for the three
lowest triplet states of B2PI is shown in Figure 6. At the 'CT
geometry, the SOC for the BODIPY-centered state (T,) is
significantly increased in the iodinated dyad: SOC for B2P and
B2Pl are 0.11 cm™' and 2.32 cm™', respectively; whereas the SOC
for the perylene-centered state (T,) presents a much smaller
variation, i.e.,, B2P (0.33 cm™") vs B2PI (0.59 cm™'). Comparable
changes in SOCs are obtained at the other geometries. There-
fore, the calculations corroborate that more efficient triplet
formation occurs in B2PI, and that iodination favors ISC towards
the BODIPY-centered state.

The SOC for the 3CT state has a comparable magnitude as
the SOC for the BODIPY-centered state. Moreover, the SOC for
the 3CT state is also increased upon iodination, e.g., SOCs of

Charge transfer state

Figure 6. Iso-surfaces of charge density difference for the three lowest triplet states of B2PI. Positive (electron) and negative (hole) values are indicated in red

and blue colors, respectively.
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0.40 cm™' and 3.38 cm™ are calculated at the 'CT geometry for
B2P and B2PI, respectively. This indicates a possible formation
of the CT species by ISC from the 'CT state. The ns-TA analysis
described later in the text (see Figure 8) also confirms the
presence of *CT species. The formation of BODIPY-centered
triplet and perylene-centered triplet occurs through the
recombination of charge by SOCT-ISC (see SI, Equation S4 and
S5).""'% |n general, the formation of the CT state in donor-
acceptor dyads can occur through radical pair intersystem
crossing (RP-ISC),*? which involves a hyperfine coupling and
requires a very small singlet-triplet energy gap (2J<
0.1 cm™").®? This latter condition can be achieved by using well
separated donor and acceptor moieties, which has the effect of
reducing the electronic exchange interaction between the
donor and acceptor, consequently leading to a small 'CT-*CT
energy gap. The TDDFT calculations for B2P and B2PI predict a
singlet-triplet energy gap larger than 70 cm™' (see SI, computa-
tion section), indicating a significant coupling between the
donor and acceptor. Because this energy gap is noticeably
larger than 0.1 cm™', RP-ISC is unlikely to occur in these two
compact dyads, in which the perylene and BODIPY moieties are
only separated by a single bond."®*? However, due to the
overlap of the donor and acceptor orbitals, a non-zero SOC is
obtained between the 'CT and *CT states. Therefore, it is
concluded that the population of the *CT state in B2P and B2PI
occurs through 'CT—3CT ISC induced by this SOC. A similar
observation was made by Wang etal. where electron spin
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polarization obtained by time-resolved electron paramagnetic
resonance spectroscopy (TREPR) indicated SOCT-ISC was the
main intersystem crossing channel with a minor contribution of
3CT was observed."™®

Nanosecond time-resolved studies were performed on B2P,
B2PI in the presence and in the absence of addition perylene in
1,4-dioxane solution to investigate the kinetics of TTAUC. The
measurements were attempted with 1 uM concentration of
both the molecules, as used in the steady state upconversion
emission measurements, but the signal-to-noise-ratio turned
out to be rather poor for the B2P containing sample (see SI,
Figure S9). Consequently, a 5 uM concentration of B2P and B2PI
was chosen with 50 uM perylene for the ns time-resolved
upconversion studies.

Nanosecond transient absorption spectra of B2P with and
without the addition of perylene are shown in Figure 7a and
Figure 7b, respectively. In both datasets, GSB dominates the
spectra between 515 and 560 nm. The ESA is very broad and
can be observed everywhere in the visible region except for the
dominant GSB region. The dominant ESA in B2P (Figure 7a and
7b) from 460 to 515 nm matches with the perylene triplet
absorption (see S, Figure S3 and S4)."” The ESA band in the
range between 560 and 800 nm arises from contributions of
both BODIPY and perylene triplet states.” Upon addition of
50 uM perylene to B2P (5 uM), the differential absorption
signatures at 425 and 455 nm increase in intensity (see
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Figure 7. Nanosecond transient absorption spectra of (a) B2P - 5 uM, (b) B2P - 5 uM and perylene 50 uM, (c) B2PI - 5 uM, (d) B2PI - 5 uM and perylene 50 pM.
In the bottom- inverted absorbance of photosensitizer is in green and inverted emission of photosensitizer is in red, inverted absorbance of perylene is in
violet of the respective sample. Labels are consistent for all subfigures. Arrows in (b) and (d) show changes in the spectra with respect to (a) and (c),
respectively, upon addition of 50 uM perylene. The excitation wavelength is 532 nm.
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Figure 7b). We associate this with triplet-triplet energy transfer
from BODIPY-dyads to the external perylene.!**"

Similarly, nanosecond transient absorption spectra of B2PI
with and without the addition of perylene are shown in
Figure 7c and 7d respectively. In B2PI (Figure 7c), GSB domi-
nates between 500-570 nm. Outside this range, ESA dominates
everywhere between 350 and 800 nm. Two ESA peaks are
observed at 425 nm and 490 nm. Whereas, the addition of
50 uM of perylene (Figure 7d) increases the ESA at 425 nm and
from 490 nm to 520 nm (see arrows). The GSB region shrinks
and decreases in the 520-570 nm range due to the rise of ESA
(superimposition) in 490-520 nm.

When comparing B2P and B2PI in Figure 7 (a and c), the
negative GSB feature is red-shifted in B2Pl which reflects the
spectral shift already seen in the steady-state absorption
spectra. The ESA (associated to triplet species) is much more
intense in B2Pl compared to B2P (under otherwise identical
experimental conditions) due to the formation of a higher
number of triplet species promoted by the presence of iodine
(vide supra); for instance, ESA at 480 nm and 1 ps is 14 mOD
and 58 mOD for B2P and B2PI, respectively. Furthermore, for
B2P upon the addition of perylene, there is no rise in the ESA
between 490-520 nm (see Figure 7a and b); however, for the
B2PI sample, the ESA rise (490-520 nm) is significant upon the
addition of perylene (see arrows in Figure 7c and d). This
feature is attributed to TTET from triplet sensitizer to the
external perylene, which increases the population of triplet
perylene thus enhances ESA.

Due to the lack of complete orthogonality between the
dyad pair (see Figure 4 and 5),*® there will be a significant
overlap of orbitals of the BODIPY and perylene moieties. Hence,
the triplet states are expected to have common features of
BODIPY and perylene. By the global fitting®® of the kinetics of
B2PI (1 uM and 5 puM), we observed three different species with
three different characteristic lifetimes, as shown in Figure 8.
Since, the BODIPY triplet ESA feature appears below 460 nm
(see SI, Figure S3 and S4),"” the decay associated spectra (DAS)
associated with t, is assigned to the decay of a BODIPY-
centered state (T,), the ESA of this spectra is also until ca.
460 nm (see Figure 8). The DAS associated with 1, is assigned to
the decay of a perylene-centered state (T,), the ESA of this

Y
[&)]
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8 3
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spectra is until ca. 540 nm matching with ESA of triplet perylene
(see SI, Figure S3 and 54)."” The DAS with time constant 1, is
assigned to the decay of the CT state.

When the B2PI concentration (Figure 8) is increased from
1 uM to 5 uM, the BODIPY-centered triplet state lifetime reduces
from 525ps to 155 ps, the perylene-centered triplet state
lifetime reduces from 1.5 ms to 560 ps, the reduction in lifetime
occurs due to triplet-triplet annihilation. In further reducing the
concentration of B2PI to 0.25 uM, the signal-to-noise ratio was
very poor and a good fit could not be obtained. Hence, the
lifetimes 60 ps, 525 ps, 1.5 ms obtained from 1uM concen-
tration are considered to be the intrinsic lifetimes of the three
3CT, BODIPY-centered and perylene-centered states with negli-
gible contribution from lifetime-reduction due to intermolecular
annihilation, see Sl Figure S6 for kinetics and fits.

The global fit of the B2P kinetics also shows three
components with time-constants of 80 ps, 900 us, and 2.5 ms
assigned to the decay time-constants of *CT, BODIPY-centered,
perylene-centered states (see SI, Figure S7); however, due to the
lower triplet ESA the signal-to-noise is poor and lifetime values
have a large margin of error of 20%. These lifetimes are still
much higher than in case of the iodo-BODIPY triplet lifetime
(t=62 ps).">*¥ The B2P molecule at 12 uM is measured, which
shows a fair signal (see SI, Figure S8).

Upon addition of external perylene to B2P and B2PI
solution, TTET occurs, which lowers the triplet lifetime of the
sensitizer.”® For instance, when 50 uM of perylene is added to
5 uM of B2PI, the lifetimes of the sample are 11 ps, 107 ps and
512 us (see Sl, Figure S5 and S6). The three lifetimes are
quenched lifetimes of the decay of *CT (11 ps), BODIPY-centered
triplet (107 us) and perylene-centered triplet (512 ps). Similar
observations are made for B2P (5 uM; see Figure S7 and S10).
The bimolecular energy transfer rate (kg) is obtained using the
Stern-Volmer plot depicted in Figure S12, kyer values for TTAUC
systems containing B2P and B2PI are (7.640.6)-10° M~'s™' and
(8.340.5)-10° M™'s™", respectively. Both systems have kg
values within the error range of each other; therefore, the rate-
constant is considered equal (~8-10° M~'s™) for both systems,
see Sl for details. The time-resolved emission for B2P and B2PI
with perylene at 470 nm is shown in Sl Figure S11, the growing
part of the emission reflects population of perylene triplet state

80
a

o 0

E

Q

2 -80-

8

S

§-160- -V/\c’\?‘-—
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Figure 8. DAS of the global fit of the kinetics of (a) B2PI 1 uM, >CT- triplet charge transfer state (T), T;= 60+ 6 us; BODIPY-centered state (T,), T, =526+ 50 us;
perylene-centered state (T,), T,=1500+ 150 ps (b) B2PI 5 uM, 1;=66 + 7 ps, 1,= 155+ 15 ps, 1, =560 £ 50 ps. In the bottom- two DAS components of the
BODIPY 20 uM with perylene 50 uM (see SI, Figure S3 and S4). Labels are same for both sub figures.
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Figure 9. Model indicating processes from absorption of a 532 nm photon to emission of an anti-Stoke shifted blue photon. The SOCT-ISC time-constants for
B2PI and B2P 662 ps, 1785 ps respectively. T; — triplet charge transfer state, T, - BODIPY-centered triplet, T, — perylene-centered triplet. The details of decay
time-constants are given in Table 1. 'S*: locally excited state and 'S™: locally relaxed excited state, CRs: charge recombination to ground state.

by TTET and the decay part of the curve reflects decay of
perylene triplets by TTA.['82%

Conclusions

In summary, the photophysical properties of BODIPY-perylene
dyads with and without an iodine substituent, in dioxane are
studied using steady state, scalar-relativistic TDDFT simulations,
femtosecond and nanosecond time-resolved studies. The TTA-
UC is performed using perylene as annihilator with an anti-
Stokes emission evident associated with perylene on excitation
into the sensitizer. The femtosecond study reveals both the B2P
and B2PI follow same pathways build-up of locally excited state
and geometrical relaxation (~0.6 ps), charge separation and
formation of charge transfer state (~4.5 ps), charge recombina-
tion to ground state (~280 ps) and charge recombination to
triplet (685 ps for B2Pl and 1785 ps for B2P), this confirms the
triplet formation by charge recombination i.e. spin-orbit charge
transfer intersystem crossing (SOCT-ISC), see Figure9. We
observe that iodine substitution enhances the SOCT-ISC as the
triplet formation is visible by charge recombination. A signifi-
cant contribution of 'CT—>CT population transfer by spin-orbit
coupling is also observed. Nanosecond time-scale studies were
performed to investigate the triplet lifetimes. For B2PI three
distinct lifetimes were observed, associated with triplet charge
transfer state- *CT (60 ps), BODIPY-centered triplet (525 us) and
perylene-centered triplet (1500 ps). Similarly, for B2P molecule,
3CT (80 us), BODIPY-centered triplet (900 ps) and perylene-
centered triplet (2500 ps) states were observed. Upon addition
of external perylene to the sensitizer solution, the triplet
lifetimes are reduced which confirms quenching by triplet-
triplet energy transfer and triplet-triplet annihilation processes.
This study provides detailed new insights into photophysical
properties of the triplet species when dyad molecules are non-
orthogonal that should support further design and develop-

ChemPhotoChem 2023, 7, €202300073 (8 of 9)

ment of metal free dyad sensitizers for TTAUC and indeed other
triplet state sensitizers.
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