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Achieving intersystem crossing (ISC) through structural tuning in biological systems is an evolving area for
therapeutic and materials research. Eumelanin, a natural pigment, offers huge potential for bio-inspired
material design, yet remains underexplored in this regard. Herein, we report the ultrafast intersystem
crossing in di-brominated (DMICE-Br;) and tri-brominated (DMICE-Brs) eumelanin model monomers
through transient absorption spectroscopy and surface hopping dynamics. Femtosecond and nano-
second transient absorption experiments suggest triplet excited state populations in DMICE-Br, and
DMICE-Brs with triplet quantum yields and rates of ISC as ¢2M<EBr2 — 30,29, kKRMEB2 — 4,37 « 101051
and gPMCEES — 4219, KRMCEBS — 1,09 x 10 s respectively. Theoretical insights into ISC were
obtained with nonadiabatic dynamics simulations using the surface hopping including arbitrary couplings
method coupled to potential energy surfaces, modelled by linear vibronic coupling (SHARC/LVC). The
results show that for both DMICE-Br, and DMICE-Brs, the initial S; population decays to the T, and T3
states in the picosecond timescale to further undergo internal conversion to T; within sub-ns for
DMICE-Br, and sub-ps for DMICE-Brs. The simulated kae'“t5% =473 x 100571 and ke <EBrs —
4.13 x 10" s~! corroborate to the assignment of the ultrafast triplet excited state population observed in
the experiments. The increased triplet yields and ISC rates in DMICE-Br, and DMICE-Br3 are attributed to
the enhanced heavy atom effect from additional bromine atoms. This work presents the experimental and
computational evidence for ultrafast ISC in multi-brominated eumelanin monomers, with promising
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Introduction

Intersystem crossing (ISC) is the non-radiative, spin-forbidden
transition between two electronic states of different
multiplicities."”” Recently, ISC in biological molecules and the
resultant photochemistry have drawn increased attention due
to their potential use in clinical research.>* In photoactive bio-
inspired molecules, ISC can be involved in the generation of
reactive oxygen species (ROS) which contributes to photodam-
age in cells, enabling its use in photodynamic therapy.>® For
such applications, structural modifications of biomolecules
especially by heavy atom incorporation can induce ISC with
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good yields.”® Tracking the excited state dynamics of synthetic
bio-inspired photosensitizers is a necessity to guarantee their
efficiency, especially since numerous photophysical and photo-
chemical transformations may occur within ultrafast timescales
upon photoexcitation.’ The high degrees of freedom and the
large number of electronic excited states in these molecules
contribute to the availability of different decay pathways.'® In
this regard, a combination of ultrafast spectroscopy and theore-
tical simulations is ideal to investigate the excited state species
and the intricate decay modes in small bio-organic molecules.
The exploration of potential energy surfaces (PESs) of organic
molecules with stationary quantum chemistry is a well-estab-
lished research field,"*™* but transient absorption experiments
coupled with nonadiabatic dynamics simulations are relatively
rarer.”*® Recently, the ultrafast excited-state deactivation
mechanism of 6-selenoguanine in water was investigated using
femtosecond transient absorption and nonadiabatic trajectory
surface-hopping dynamics to conclude that ISC and internal
conversion (IC) channels are involved in the energy de-
activation of the selenium incorporated nucleobase.'”"*
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Eumelanin, a natural bio-pigment, has intrigued research-

due to its unique structural and optoelectronic
properties.'**° Two key monomers of eumelanin, 5,6-dihydrox-
yindole (DHI) and 5,6-dihydroxyindole-2-carboxylic acid
(DHICA), play a pivotal role in its structure.>’** Recent
research on eumelanin and eumelanin-inspired materials posi-
tions them as a novel and versatile class with potential appli-
cations in both medical and materials science.>***> The photo-
chemistry of biologically relevant molecules such as DNA
nucleobases upon heavy atom substitution enables their use in
photodynamic therapy due to the high triplet yields.'”*
Eumelanin monomers have been underexplored in this
context, though halogenation can improve their triplet
quantum yields, positioning them as potential candidates for
photodynamic therapy alongside DNA monomers and chloro-
phyll analogues.'”***” Our recent work on halogenated eume-
lanin model monomers revealed ultrafast ISC for mono-bromi-
nated (DMICE-Br) and mono-iodinated eumelanin monomers
in solution and room temperature phosphorescence in the
mono-iodinated monomer in the crystalline state.*® Our
ongoing efforts to monitor the photogenerated excitons>*%73°
and delve deeper into ISC in eumelanin monomers prompted
us to introduce multiple bromine atoms into the protected
eumelanin monomer, ethyl 5,6-dimethoxyindole-2-carboxylate
(DMICE), to yield DMICE-Br, and DMICE-Br;. The experi-
mental and theoretical results indicate that increasing the
number of bromine substitutions in DMICE leads to higher
rates of intersystem crossing (ISC) and greater triplet quantum
yields, thereby enhancing the overall ISC efficiency in the
order of DMICE-Br; > DMICE-Br, > DMICE-Br. The observed
photophysics of the multi-brominated eumelanin monomers
has broader implications in prospective photomedicine and
materials science research.

€rs

Results and discussion

The brominated derivatives of DMICE, that is, DMICE-Br, and
DMICE-Br;, were synthesized according to previously reported
procedures and characterized as per standard analytical tech-
niques.’’ Bromination of DMICE using N-bromosuccinimide
(NBS) at 65 °C in tetrahydrofuran for 2 hours and in acetonitrile
for 24 hours resulted in DMICE-Br, and DMICE-Br3;, respectively,
in good yields (Fig. 1 and Schemes S1, S27). Slow evaporation of
DMICE-Br, and DMICE-Br; solutions separately in an ethyl
acetate/hexane solvent mixture at room temperature yielded
good quality colourless single crystals for X-ray crystallography.
DMICE-Br, and DMICE-Br; crystallized in monoclinic crystal
systems with P2,/c and C2/c space groups respectively (Fig. S1-S3
and Table S17). On analysing the crystal packing of DMICE-Br,
and DMICE-Br;, hydrogen bonding, n-n interactions and
bromine interactions were identified. The Hirshfeld surface ana-
lyses performed on the crystal structures quantified the major
stabilizing non-covalent interactions to be H---H (35.6% in
DMICE-Br, and 29.7% in DMICE-Br;), Br---H (23.3% in
DMICE-Br, and 30.5% in DMICE-Br;), O--H (16.8% in
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Fig. 1 (a) Molecular structure of DMICE-Br,, (b) crystal structure of

DMICE-Br,, (c) molecular structure of DMICE-Brz and (d) crystal struc-
ture of DMICE-Brs.

DMICE-Br, and 15.5% in DMICE-Br3), C---C (4.9% in DMICE-Br,
and 7.6% in DMICE-Br3), Br---Br (4.5% in DMICE-Br;) and C---H
(7.9% in DMICE-Br,) (Fig. S4, S5 and Table S21).*>** Symmetry-
adapted perturbation theory (SAPT (0)) was performed on the
identified dimer orientations of DMICE-Br, and DMICE-Br; to
quantitatively elucidate the different non-covalent interactions
(electrostatic, exchange, induction, and dispersion) stabilizing
the crystal packing (Tables S3 and S4t).>* Co-facial orientations
of DMICE-Br, and DMICE-Br; were identified as the most stable
molecular orientations within the respective crystal packings due
to the prominent dispersion interactions within the assemblies.
Non-covalent interactions (NCI) index analysis also revealed that
the green iso-surfaces were prominent for the co-facial orien-
tations of DMICE-Br, and DMICE-Br;, signifying energy stabiliz-
ation within these orientations in the crystal packings (Fig. S6
and S77).>>?°

The primary photophysical properties of DMICE-Br, and
DMICE-Br; were investigated using steady-state UV-vis absorp-
tion and fluorescence emission spectroscopy in toluene at
room temperature (Fig. 2). The UV-vis absorption spectra of
DMICE-Br, and DMICE-Br; displayed minimal differences
with respect to each other with absorption maxima at 307 nm
and 308 nm respectively. The fluorescence emission maximum
of DMICE-Br, was observed at 378 nm and that for DMICE-Br;
at 390 nm, with a red-shift of A1 = 12 nm compared to
DMICE-Br,. The non-brominated eumelanin monomer DMICE
exhibited UV-vis absorption maximum at 325 nm and fluo-
rescence emission maximum at 365 nm as reported earlier
from our group.>® The fluorescence quantum yields estimated
through a relative method in toluene drastically decreased
with the increase in the number of bromine atoms from @&; =
49.3% in non-brominated DMICE to &; = 3.5% in DMICE-Br to
& < 1% in both DMICE-Br, and DMICE-Br;.>* The significant
reduction of the fluorescence emission with the incorporation
of a greater number of bromine atoms in the eumelanin
monomer indicates that upon multi-bromination, alternate
non-radiative decay pathways become more efficient rather
than fluorescence.”**7*%

This journal is © the Partner Organisations 2025
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Fig. 2 Normalized UV-vis absorption and fluorescence emission
spectra of DMICE-Br, and DMICE-Brsz in toluene.

To examine the excited-state relaxation mechanisms
leading to efficient non-radiative decay in multi-brominated
eumelanin monomers, femtosecond transient absorption
(fsTA) measurements were performed. A Spectra-Physics
Tsunami oscillator (80 MHz, 800 nm) served as the seed for a
Spectra-Physics Spitfire regenerative amplifier (1 kHz, 4 m]). A
portion of the amplified output was utilized to produce a
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400 nm pump pulse, while the remaining 800 nm pulse was
directed through a delay line within an ExciPro pump-probe
spectrometer. To generate the white light continuum from the
delayed 800 nm pulses, a rotating 2 mm thick CaF, plate was
used. Fig. 3 displays the fSTA spectra and the corresponding
deconvoluted spectra for DMICE-Br, and DMICE-Br; in
toluene. Following photoexcitation of DMICE-Br, at Aexe =
325 nm (O.D. at Aex = 0.3) with a 100 fs pump pulse, a broad
positive absorption feature appears between 470 and 770 nm,
similar to the broad singlet absorption previously observed in
DHICA as well as DMICE.>*° As the broad singlet excited state
decays, DMICE-Br, reveals a sharp additional peak around
~520 nm within a few tens of picoseconds (Fig. 3a). The new
spectral signature in DMICE-Br, at the later time delays
resembles that of the triplet excited species previously reported
for DMICE-Br.”> The evolution-associated spectra (EAS) for
DMICE-Br, and DMICE-Br; were generated using global fitting
of the fsTA data in a time versus wavelength framework, mod-
elled as an A - B — GS (GS = ground state) sequential process.
Selected kinetic traces with global analysis fitted curves at
different wavelengths are shown in Fig. S8 to illustrate the
quality of the fits.

Upon spectral deconvolution, two distinct components
emerge from the fsTA data for DMICE-Br,. The first com-
ponent (A) is attributed to the singlet state, with a decay time
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Fig. 3

(Top) Femtosecond transient absorption spectra of (a) DMICE-Br, and (b) DMICE-Brs in toluene; (middle) evolution-associated spectra (EAS)

obtained from the deconvolution of the total spectra through global analysis; (bottom) kinetic profiles of the deconvoluted plots fitted through

global analysis using the A - B — GS sequential model.
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constant of z,_p = 22.9 ps. The second component (B), which
is blue-shifted by 50 nm relative to component 4, is long-lived
and persists beyond the 3.5 ns experimental window. The fsTA
spectra for DMICE-Br; in toluene also revealed the initial
broad spectra upon photoexcitation, ranging from
420-750 nm. The initial broad species decay in a few pico-
seconds to populate another species with a spectral signature
of around 420-600 nm and blue-shifted by 69 nm with respect
to the initial spectral traces (Fig. 3b). The lack of an isosbestic
point in the fSTA spectral traces of DMICE-Br, and DMICE-Br;
may be attributed to the overlap between the singlet and
triplet signatures in the brominated eumelanin counterparts.
The deconvolution of the total spectra reveals that component
A (singlet species) decays within z,_g = 9.2 ps to populate com-
ponent B which is a long-lived species and persists across the
experimental delay line. The rate of formation of the non-
decaying species in DMICE-Br, and DMICE-Br; is different
suggesting the impact of the number of bromine atoms in
determining the rate of the singlet decay in the respective
molecule. In our previous work on the mono-brominated
eumelanin monomer (DMICE-Br), we reported the singlet state
decay followed by triplet excited state formation in DMICE-Br
within 0.13 ns.?® On the other hand, the non-brominated
DMICE revealed singlet decay within 3.62 ns with negligible
ISC.** The long-lived species observed in the multi-brominated
eumelanin monomers could be triplet manifolds formed from
intersystem crossing.

To investigate the nature of long-lived species observed in
the femtosecond transient absorption (fsTA) experiments of
DMICE-Br, and DMICE-Br;, we performed nanosecond tran-
sient absorption measurements (nsTA) in toluene. The
photoexcitation of DMICE-Br, and DMICE-Br; at 355 nm
(pulse width ~ 8 ns) produces a positive excited state absorp-
tion (ESA) band in the nitrogen-purged solution, ranging
from 440-550 nm in DMICE-Br, and 380-600 nm in
DMICE-Br; (Fig. S9 and S10t). To confirm and quantify the
formation of the triplet excited state, we performed triplet-
triplet energy transfer experiments from DMICE-Br, and
DMICE-Br; to beta-carotene as the triplet acceptor, using [Ru
(bpy)s]Cl, as the reference.”® The decay rates of the triplet
excited state in DMICE-Br,, DMICE-Br;, and [Ru(bpy);]Cl,
without the addition of beta-carotene were measured.
Subsequently, after the addition of beta-carotene, the triplet
excited state growth rates at 540 nm were monitored in
DMICE-Br, and DMICE-Br; relative to [Ru(bpy);]Cl, (Fig. S11
and S127). The triplet quantum yields measured in toluene
show the increase in triplet population from @ = 30.2% in
DMICE-Br, to @ = 42.1% in DMICE-Br;.>* Experimental
results show that DMICE-Br, exhibits a rate of ISC of kig¢ =
4.37 x 10'° s™' while DMICE-Br; shows an increase in the
rate of ISC with kjgc = 1.09 x 10" s™*. Previously, we reported
the triplet quantum yield and rate of ISC (k;sc) of DMICE-Br
to be @1 = 25.4% and kg = 1.95 x 10° s™*, respectively, while
for DMICE, @1 ~ 0.>®> This trend of ISC rates and triplet
quantum yields of DMICE « DMICE-Br < DMICE-Br, <
DMICE-Br; could be due to the enhanced heavy atom effect,
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caused by the increase in the number of bromine atoms
from DMICE to DMICE-Br;.

Having established the intersystem crossing channels for
DMICE-Br, and DMICE-Brz, we performed delayed emission
experiments for the multi-brominated compounds to examine
the non-radiative/radiative nature of the triplet excited states in
solution. Delayed emission experiments were performed at
room temperature as well as 77 K at a delay time of 0.05 ms
upon excitation at Ae. = 310 nm in toluene. At room tempera-
ture, delayed emission was not observed in either DMICE-Br,
or DMICE-Br;. On the other hand, at 77 K, vibronically
resolved delayed emission spectra were observed for both
DMICE-Br, and DMICE-Br; (Fig. S13at). The delayed emission
spectrum of DMICE-Br, ranges from 460-630 nm and that of
DMICE-Br; ranges from 477-650 nm. A red-shift of A1 =19 nm
in the gated emission spectra of DMICE-Br; with respect to
DMICE-Br, was observed. Also, the gated emission spectrum
of DMICE-Br, demonstrates a bathochromic shift of Al =
105 nm with respect to the prompt fluorescence. Similarly,
DMICE-Br; displays a bathochromic shift of A1 = 112 nm
between the gated emission and prompt fluorescence. The
difference in the emission maxima between the prompt and
delayed emission suggests that phosphorescence is activated
within the multi-brominated molecules at low temperatures.*’
The phosphorescence lifetimes of DMICE-Br, and DMICE-Br;
in de-aerated toluene at 77 K were estimated to be 7p = 16.27 +
0.30 ms and 7.65 + 0.12 ms respectively (Fig. S13b7). Generally,
non-radiative transitions are repressed at low temperatures,
thus rigidifying molecular conformations and reducing
vibrational energy dissipations.’’ Hence, phosphorescence is
activated within the multi-brominated chromophores at low
temperatures.

To inspect the role of bromine atoms in populating the
triplet excited states in the eumelanin monomers, S-T energy
gaps and spin-orbit coupling matrix elements were computed,
providing critical insights into the ISC mechanism observed
experimentally in DMICE-Br, and DMICE-Br; (Table S5t). The
S; — T, transition appears to be more favorable, attributed to
the relatively smaller S-T energy gap (AEs_t, = 0.68 eV for
DMICE-Br, and AEg 1, = 0.38 €V for DMICE-Br;). In contrast,
the larger energy gap between the S; and T, states (AEs_r, ~ 1
eV) likely diminishes the probability of a direct S; — T, tran-
sition. This conclusion is further corroborated by a detailed
investigation of the NTOs and electron density difference plots
for the S; and T, states, which validates the ISC mechanism in
both compounds (Fig. S14-S17%). In the S; state, the Br-cen-
tered transition densities exhibit moderate rotational displace-
ment from the indole plane, while the T, state predominantly
features an indole-centered n-n* character, which likely facili-
tates the necessary orbital angular momentum change for
efficient ISC.

With the aim of further elucidating the origin of the experi-
mental time constants associated with ISC and definitively
identifying the dominant relaxation pathways in DMICE-Br,
and DMICE-Br;, we performed surface hopping dynamics on
DMICE-Br, and DMICE-Br; using the SHARC/LVC method as

This journal is © the Partner Organisations 2025


http://creativecommons.org/licenses/by-nc/3.0/
http://creativecommons.org/licenses/by-nc/3.0/
https://doi.org/10.1039/d4qo01832j

Open Access Article. Published on 08 2024. Downloaded on 01.11.2025 16:56:31.

Thisarticleislicensed under a Creative Commons Attribution-NonCommercial 3.0 Unported Licence.

(cc)

Organic Chemistry Frontiers

View Article Online

Research Article

a) b)

1.0 e Sq ¢ T4 ¢ T23 1.0 e Singlet e Triplet
c c
2 0.81 2 0.81
T ©
> >
806 5§06
o o
€04 €04
o o)
=z z

0.2 0.24

0.0 - r r - 0.0 v r r r

0 20 40 60 80 100 0 20 40 60 80 100
Propagation time (ps) d) Propagation time (ps)
c

) 1.0 °© 81 ¢ T ¢ T23 1.0 e Singlet ¢ Triplet
c =
2 0.81 £ 0.84
© «
= =
8 0.61 8064
o o
E 041 E 0.4
] ]
z =z

0.24 0.24

0.04 J 0.0 — . v -

0 10 20 30 40 50 60 0 10 20 30 40 50 60
Propagation time (ps) Propagation time (ps)
Fig. 4 (a) Time evolution of the excited-state populations of DMICE-Br, from an ensemble of 234 trajectories, (b) total singlet and triplet popu-

lations in DMICE-Br,, (c) time evolution of the excited-state populations of DMICE-Brs from an ensemble of 300 trajectories, (d) total singlet and
triplet populations in DMICE-Brs, (€) number of net hops in DMICE-Br,, and (f) number of net hops in DMICE-Brsz. Few trajectory hops were also
observed from the S, state to the higher triplet excited states, which then underwent internal conversion to the T, 3 states (note: Init = initial; Norm.

= normalized).

developed by Plasser, Gonzalez and co-workers (Fig. 4).*>*® An
analytical LVC model was applied to depict the excited-state
potential energy surfaces (PESs) of DMICE-Br, and DMICE-Br;.
LVC models utilized in SHARC were parametrized as per litera-
ture reports.””> The structures of the multi-brominated com-
pounds were optimized in the singlet ground state, and the
subsequent frequency calculations confirmed that all
vibrational frequencies were positive. The calculations were
performed at the B3LYP/def2-TZVP level of theory and dis-
persion was incorporated via the D3 Becke-Johnson scheme.*”
The impact of solvent was approximately treated with the con-
ductor-like polarizable continuum model (CPCM) with toluene
(e = 2.4, n = 1.497), and all initial calculations were performed
using ORCA 5.0.4.*®*° The normal mode information for both
the compounds was extracted from the frequency calculations
and transformed into mass-weighted normal modes. To
prevent the spurious coupling between the states, the normal
modes with @; < 300 cm™ were excluded.’® Among the 93
normal modes, 73 normal modes were considered in order to
parametrize the LVC model.”®

For DMICE-Br, and DMICE-Br;, vertical excitation time-
dependent density functional theory (TDDFT) calculations
with the TDA-B3LYP functional and def2-TZVP basis set were
performed through the SHARC-ORCA interface at the refer-
ence geometry and along the selected normal mode coordi-
nates. Dispersion correction was applied using the D3 Becke-
Johnson scheme and solvent effects were approximately

This journal is © the Partner Organisations 2025

treated with the CPCM method (toluene, ¢ = 2.4 and n =
1.497).>" 10 singlet states (ground state plus 9 excited states)
and 10 triplet states were computed. The computed vertical
excitation energies in eV and the respective oscillator strengths
are given in the ESI (Tables S6 and S7t). For the SHARC/LVC
simulations of DMICE-Br, and DMICE-Br;, 3000 initial con-
ditions were derived from the Wigner distribution of the har-
monic oscillator of the ground state, based on normal modes
and frequencies obtained at the B3LYP/def2-TZVP level of
theory.***32>3 At each of these initial conditions, single-point
vertical excitation calculations were carried out using the
SHARC/LVC interface. The optical UV-vis absorption spectra of
DMICE-Br, and DMICE-Br; were computed from 3000 initial
conditions (Fig. S187).

The nonadiabatic dynamics simulations of DMICE-Br, and
DMICE-Br; were carried out in the framework of the surface
hopping method using the SHARC 3.0 suite of programs,
which can include both nonadiabatic coupling and spin-orbit
coupling (SOC) simultaneously.*>**>>**¢ DMICE-Br, and
DMICE-Br; were excited in the range of 3.50-3.70 eV where the
dynamics predominantly started from the S; state. For
DMICE-Br,, a total of 234 trajectories were propagated for
100 ps with a time step length of 0.5 fs, and the wavefunctions
were propagated by the locally diabatic method.***”™>° The
simulated excited-state dynamics for DMICE-Br, are shown in
Fig. 4a, which indicates that the S; state is mainly populated at
the initial stage. Fig. 4a further shows that the ultrafast decay
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of the singlet excited state population leads to the population
of the triplet excited state on a picosecond timescale. The
relaxation time of the singlet to the triplet for DMICE-Br, was
derived by fitting a sequential first-order kinetics model to the
population data, resulting in a decay time of 21.14 ps, in good
agreement with the experimental result.*> Fig. 4e illustrates
that out of the 234 trajectories of DMICE-Br,, a majority of 223
net hops originate from the S; state to the T,; states.
Subsequently, only one net hop occurs from the S; state
directly to the T, state while 221 net hops occur from the T, 3
states to the T, state. This strongly suggests that DMICE-Br,
follows S; — T, 3 — T, relaxation as the major energy decay
pathway (Table S8T).

The excited state dynamics for DMICE-Br; depicted in
Fig. 4c also show that the S; state is predominantly populated
at the initial stage. The ultrafast decay of the singlet excited
state results in the rapid growth of the triplet excited states in
DMICE-Br;, when compared to DMICE-Br,. The faster growth
kinetics of the triplet excited state of DMICE-Br; is attributed
to the enhanced heavy atom effect caused by the higher
number of bromine atoms in DMICE-Br; as compared to
DMICE-Br,. A total of 300 trajectories were propagated for
DMICE-Br; with 60 ps duration and 0.5 fs time step length,
and the wavefunctions were propagated by the locally diabatic
method. The decay time of the singlet to the triplet for
DMICE-Br; was obtained by fitting a sequential first-order
kinetics model to the population data, yielding a value of
2.42 ps, in agreement with the experimental decay time. In the
case of DMICE-Br;, Fig. 4f reveals that out of the hopping
dynamics across all 300 trajectories, 295 net hops occur from
the S; state to the T, ; states, and 2 net hops occur from the S;
state directly to the T, state. Thus DMICE-Br; also follows S; —
T,3; — T; deactivation as the major energy relaxation channel
(Table S8t1). In DMICE-Br3, the S,-T, crossing geometry exhi-
bits a pronounced non-planar distortion compared to
DMICE-Br,, which may facilitate a more rapid radiationless
decay toward the nearest minimum energy conical inter-
section, which is the T,-T; crossing geometry (Fig. S19 and
$20%).°® The computed ke for DMICE-Br, and DMICE-Br;
follows the increasing trend of kgsc = 4.73 x 10 s7' in
DMICE-Br, to kigc = 4.13 x 10" s™' in DMICE-Br; and these
values are in good agreement with the experimental results. A
difference of nearly one order of magnitude is observed
between the kigc of DMICE-Br, and DMICE-Br; both experi-
mentally and theoretically. This is due to the additional
bromine atom in DMICE-Br; compared to DMICE-Br, causing
an increased heavy atom effect.®’

Conclusions

In this work, we examine the ultrafast intersystem crossing
dynamics of DMICE-Br, and DMICE-Br; by employing transi-
ent absorption spectroscopy and surface hopping simulations.
The formation of long-lived species in both DMICE-Br, and
DMICE-Br; was monitored through femtosecond transient
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absorption experiments. Nanosecond transient absorption
measurements further confirmed the long-lived species to be
triplet excited states. The increase in the number of bromine
atoms from DMICE-Br, to DMICE-Br; induces a stronger heavy
atom effect in DMICE-Br; as compared with DMICE-Br,, which
significantly enhances the intersystem crossing (ISC) rate by
nearly one order of magnitude from kg = 4.37 x 10" 5" in
DMICE-Br, to kgc = 1.09 x 10" s™' in DMICE-Br;.
Consequently, the singlet state lifetime reduces from 73 =
22.9 ps in DMICE-Br, to 7 = 9.2 ps in DMICE-Br;. The increase
in kisc is also accompanied by an increase in triplet quantum
yields as the number of bromine atoms increases
(PPMFBR = 30.2% and $MOFPS = 42.1%). The experimental
results align with the heavy-atom effect previously observed for
DMICE-Br and are now also evident in the current molecules
of interest, DMICE-Br, and DMICE-Br;. Surface hopping
dynamics simulations using the SHARC/LVC method further
reveal the ultrafast ISC in both DMICE-Br, and DMICE-Br3, in
agreement with the experimental data. The SHARC/LVC
method successfully reproduces the observed trend in the
reduction of singlet lifetimes from 74 = 21.14 ps in DMICE-Br,
to 7 = 2.42 ps in DMICE-Br;. The calculated rates of ISC reflect
a similar trend as obtained in experiments, with theoretical
fisc = 4.73 x 10'° s™' in DMICE-Br, and 4.13 x 10' s in
DMICE-Br;. Trajectory analysis from surface hopping simu-
lations also reveals that the population follows the S; — T, ; —
T, pathway for DMICE-Br, as well as DMICE-Br;. In con-
clusion, this work highlights the pivotal role of the number of
bromine atoms in tuning the intersystem crossing dynamics in
multi-brominated eumelanin derivatives, potentially paving
the way for eumelanin-inspired photosensitizers for practical
applications.
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