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Abstract

Eumelanins play a crucial role as photoprotective agents for living organisms, yet the nature of the

stationary and transient species involved in the light absorption and deactivation processes remains



controversial. Moreover, the critical sub-100-fs timescale, which is key to the characterization of
the primary excited species, has remained unexplored. Here we study the eumelanin analogue
polydopamine (PDA) and employ a combination of steady-state and transient optical spectroscopy
techniques to reveal the presence of spectrally broad coupled electronic transitions with, at least
partial, charge-transfer (CT) character. We monitor the CT state dynamics using tunable sub-20-
fs pulses. We find that high photon energy excitation results in accelerated (sub-20-fs) CT
formation rates, while activating pathways which lead to long-lived (>> 1 ns), possibly reactive
CT species. On the other hand, visible light excitation results in a slower (=45-fs) formation of

bound CT states, which however recombine on the ultrafast sub-2-ps timescale.
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Light absorption in biomimetic melanin nanoparticles involves both localized and
delocalized excited states. Charge transfer interactions play a major role in determining the
broad absorption spectrum typical of eumelanin-like nanomaterials.
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Main text

Melanins constitute a family of multifunctional bio-pigments with diverse structures and origins
that protect living species by displaying a variety of defense mechanisms.'*> Mammalian
eumelanin, in particular, plays a key role as photo-protection agent.* Despite its fundamental
importance, the structure and chemical composition of eumelanin and its analogues remain elusive,
and the origin of its spectrally broad and featureless absorption spectrum is still an open question.>
The models used to elucidate the optical properties of eumelanin range from considering subsets
of weakly interacting chromophores’!° to incorporating strong excitonic''-'* and/or charge transfer
(CT)!>17 couplings.

So far, the understanding of the nature of the transient species responsible for the ultrafast
deactivation processes in eumelanin has been hindered by the limited time resolution of
experimental techniques, particularly in the critical sub-100-fs range. Kohler et al. posited that
eumelanin functions as a biopolymer, wherein photoprotectant CT states emerge at timescales
possibly even faster than 100-fs.!3131° In contrast, Hodgkiss et al.!* suggested that neutral collective
excitations (excitons) promptly localize the absorbed photon energy to lower energy species on
the sub-100-fs timescale. Excited state deactivation, which takes place within mere picoseconds,
is explained by the CT state recombination in the former case and by localized excitons undergoing
partial excited-state proton transfer in the latter case.

Here we investigate polydopamine (PDA), the synthetic analogue of eumelanin, which has been
reported to possess the same photo-protective action as natural eumelanin and to be so similar in
structure that they can undergo the same biological pathways, being efficiently internalized by

human keratinocytes.»?*-22 By employing steady-state absorption and ultrafast transient absorption



(TA) spectroscopy, we provide additional support to the hypothesis that CT interactions within
eumelanin’s primary species can lead to broadband absorption, effectively reproducing the red-
near-infrared (NIR) spectrum of PDA. Thanks to our high temporal resolution, we observe in real
time the primary photophysical event of the formation of CT-states on the sub-100-fs timescale.
Interestingly, we find that UV light absorption with large excess energy promotes the nearly
instantaneous (sub-20-fs) formation of long-lived (>> 1 ns) CT species. In contrast, visible light
absorption results in a slower (45-fs) formation time of bound CT-states, which efficiently

recombine on the sub-2-ps timescale.
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Figure 1: Absorption spectrum of DA (0.7 mM) in the absence of oxygen blue line. In the presence
of atmospheric oxygen DA is oxidized to from Q (0.7 mM) to give the green line spectrum. Q
solution was hence de-oxygenated and DA 7 mM was added. The absorption spectrum (continuous
red line) is very different from the combination of the spectra of Q and DA revealing the formation
od a DA-Q adduct with new CT band clearly detectable in the 600-900 nm region. The spectrum

of the adduct is compared with the one of PDA (dashed red line).

In the limit of non-interacting chromophores, bottom-up synthetic methodologies have aimed at
producing 5,6-dihydroxyindole (DHI) and/or 5,6-dihydroxyindole-2-carboxylic acid (DHICA)

based oligomeric eumelanin analogues under anaerobic conditions.?*?* However, these approaches



fall short in replicating the red-NIR absorption signatures (i.e., A > 600 nm), highlighting the
involvement of their oxidized counterparts in determining the optical properties of eumelanin-like
materials.!? To demonstrate that low energy absorption of PDA can be the result of CT transitions
involving the PDA precursor, dopamine (DA), as electron donor (eD) moiety and its oxidized
quinonic unit (Q) as electron acceptor (eA), we conducted a simple experiment.!® We stress that
indeed oxidized forms of DA are known to occur in the PDA formation, since this process involves
the oxidation/polymerization of DA by environmental oxygen. As depicted in Figure 1, in an
oxygen-free solution, DA remains unoxidized and absorbs only in the UV region (A<350 nm).
However, under low concentration (0.7 mM) in the presence of oxygen, the oxidized form Q is
produced, with an absorption peak at approximately 460 nm. The spectrum of Q remains
unchanged even after the removal of oxygen. Neither DA nor Q exhibit any significant absorption
at A > 600 nm. In contrast, when the two components are mixed in the absence of oxygen, a
completely different spectrum emerges, displaying a broad absorption band that encompasses
additional oscillator strengths across the UV to visible-NIR wavelength ranges (DA-Q, red solid
line). This result leads to the conclusion that the ground state CT interaction between eD and eA
units found in PDA is capable of generating broad absorption bands, possessing transitions in the

visible/NIR region that match the absorption of PDA.
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Figure 2: Simplified scheme of the electronic states and transitions involved in PDA. The eD and
eA are represented by a ladder of states stemming from PDAs chemical disorder. The coupled
complexes result in substantial CT character (red) while excitonically coupled or uncoupled
chromophores result in neutral excitonic contributions (grey). The overall couplings enhance the
absorption oscillator strengths from UV to NIR regions. Highlighted in boxes are the deactivation

channels following (i) UV and (ii) visible excitations respectively.

Considering the well-known chemical heterogeneity of eumelanin-like materials,'*!!!8 we can
extend our dimeric model's energy level scheme (Figure S3 in the Supporting Information (SI)) to
incorporate different donor-acceptor species with substantial CT couplings. As shown in Figure 2,
in practice the energy levels of DA and Q are replaced by a ladder of states stemming from the
different donor and acceptor species respectively. Nevertheless, it is crucial to acknowledge that
the copresence of uncoupled and excitonically coupled chromophores cannot be ruled out,
resulting in excited states characterized by localized and delocalized excitons, respectively.

In light of our proposed energy level scheme, we aim to examine the dominant excited state
species in PDA and their deactivation mechanisms using tunable 100-fs excitation pulses.
Excitation of PDA at 266 nm results in a broad and structureless excited state absorption (ESA)
spanning from the visible to the NIR , peaking at 650 nm, and reaching its maximum amplitude
within our temporal resolution (Figures 3a,b). Closely matching ESA responses have been reported
for other eumelanin-like materials.!*'¥2627 Visible excitation at 500 nm yields a similar ESA
response, with a slightly red-shifted peak at 700 nm due to the competing ground state bleaching
(GSB) signal that decreases ESA’s amplitude at the spectral region close to the pump wavelength
(Figures 3d.e). This GSB signal appears as a hole burned around the excitation wavelength in the

TA spectrum and is attributed to eumelanin's chemical disorder (Figures S7 and S8).!18



Throughout our 1-ns pump-probe delay window, the spectral shape of the ESA signal remains
unchanged, indicating the absence of intermediates after its sub-100 fs formation (Figures 3a,d and
Figures S4-S8). However, the main deactivation channel seems to be favored under visible (<t>=2
ps; process shown as a faded dotted green arrow in Figure 2ii) excitation compared to UV (<t>=9
ps; process shown as a faded dotted violet arrow in Figure 21).

If the ESA signature originated solely from the population of optically bright neutral excitonic
species, it would be challenging to explain the absence of radiative decay in such long-lived
residual excitonic transitions," as testified by the extremely low (< 0.1%) fluorescence quantum
yields of eumelanin's excited state?®2°. Cascaded excitation energy transfer (EET) pathways’#® or
internal conversion to intermediate dark states'* on picosecond timescales, involving lower energy
species with similar spectroscopic ESA signatures, could explain the lack of fluorescence.
However, such processes should lead to changes in the transition dipole moment of the excited
state, manifesting as an ultrafast depolarization of the ESA signal.**3! The absence of such a
depolarization, indicated by the time-independent TA anisotropy dynamics (Figures 3c,f), speaks
against such excitonic quenching mechanisms.

Thus, the most plausible explanation is that the ESA signal arises from dark states forming on
sub-100-fs timescales. Low energy neutral excitonic dark states could emerge from dipole-dipole
interactions within aggregates.?> However, this configuration has a tendency to enhance the
absorption oscillator strength at high photon energies, and has proven ineffective to experimentally
account for the broad vis-NIR absorption tail observed in eumelanin-like materials.>* Alternatively,
the mixing between Frenkel excitons and CT states might yield red-shifted absorption bands with
pronounced CT character.>?3 This phenomenon could effectively reproduce the broadband

absorption spectrum of PDA, as we demonstrated earlier in this paper. Importantly, the broad and



featureless ESA band suggests the presence of bound CT species,** aligning with the observed low

fluorescence quantum yields.*> Taken together, these findings

strongly

indicate that

photoprotective CT states, forming on sub-100 fs timescales, are the dominant excited state species

of eumelanin-like materials.
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Figure 3: (a, d) TA maps of PDA, as a function of wavelength and time, (b, €) kinetic traces

and (¢, f) anisotropy dynamics at 650 nm detection wavelength obtained upon (a, b, ¢) 266 nm and

(d, e, f) 500 nm excitation, using sub-100-fs pulses.

To uncover the sub-100-fs excited state dynamics of PDA, we carried out ultrafast TA

experiments using sub-20-fs excitation pulses centered at 285 nm (Figure 4a) and 520 nm (Figure

4e), respectively, while detecting the response at visible wavelengths. Figures 4b and 4f show the

dynamics of the ESA signals probed at 645 nm under both UV and visible excitations, respectively,



superimposed with their corresponding fits extracted by global analysis (Figures S10-S13).3¢
Notably, pumping at 520 nm results in a time-resolved formation of the ESA signal attributed to
CT states, occurring with a time constant of #40 fs. To eliminate the possibility of overlapping
GSB signal, possibly produced by our broadband excitation with spectrum spanning 500-670 nm
(see the ‘Materials and Methods’ section in SI), affecting the ESA dynamics at 645 nm, we took
the additional step of adjusting our probe window to the 860-1000 nm range in the NIR (Figure
4c), where any possible contribution of GSB becomes negligible. Interestingly, the ESA signal is
observed to rise with a similar #45-fs time constant for longer probed wavelengths (Figure 4d;
process shown as dashed green non-radiative transitions in Figure 2ii). Conversely, upon UV
excitation at 285 nm, the ESA signal of the CT states forms instantaneously within the instrumental
response function (IRF) of the system (process shown as dashed violet lines in Figure 2i). This
finding suggests the presence of additional ultrafast CT formation channels activated upon UV
excitation in contrast to visible light absorption, as previously suggested by Kohler et al."®.
According to the recently proposed excitonic model of eumelanin,'* sub-100 fs cascaded internal
conversion to lower energy species should manifest as a dynamic red-shift of the forming GSB
and ESA bands in ultrafast TA experiments. However, our experimental findings present a
contrasting behavior, with a broad ESA band spanning 550-1000 nm, peaking around the 660 nm,
that builds up synchronously with a 40-45 fs time constant upon visible excitation and does not
display any further spectral evolution. On a similar timescale, the observation of an isosbestic point
at 531 nm (Figure 4e and Figure S14), that aligns with the delayed formation of an excited state
population characterized by broad ESA band, indicates a dynamic equilibrium between the CT
and ground state populations (see the section ‘Isosbestic point in transient absorption signals’ in

SI). Neutral excitons and CT states might be formed concurrently after light absorption, however



our experimental data strongly indicate that the nature of the excited state shifts towards the CT
character on the sub-50-fs timescale.

Recently, the formation of CT states between oxidized and reduced indolic units of eumelanin
on the sub-100-fs timescale has been suggested.'>*” The formation of CT-states in PDA takes place
on the =40-fs timescale upon visible excitation and becomes faster than our IRF under UV
excitation. Such formation of photoprotective CT-states is one order of magnitude faster with
respect to the previously assigned creation of zwitterionic forms in non-interacting oligomeric
analogues of eumelanin,* highlighting the importance of the CT couplings on the excited state

pathways.
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Figure 4: Formation dynamics of the CT-states. (a, ¢, e) TA maps as a function of wavelength and
time upon excitation (a) at 285 nm and (c, e) at 520 nm. The colored rectangles show the chosen
probed wavelength at 645 nm for (a, e) and at 870 nm, 970 nm for (c¢), used for monitoring the
formation of the CT-states respectively. (b, d, f) Tracking the ESA kinetics stemming from the
CT-states following excitation (b) at 285 nm and (d, f) at 520 nm, superimposed with their fits

(black dotted line) extracted by global analysis. The grey Gaussian represents our IRF (sub-30 fs).
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When tuning the pump from the UV to the visible, a faster CT recombination dynamics on the
sub-10-ps timescale accompanied by a lower amplitude of the long-lived CT population residuals
(> 1 ns) was observed (Figure 3b,e; Figure S9 and Tables S2,S3). UV excitation results in faster
formation of the CT states but with subsequent slower recombination times compared to visible
excitation. From a quantitative perspective, the ratio of the CT formation rate over the charge
recombination rate provides a better estimation of the long-lived character of the CT states.®
Importantly, we observed a 10-fold increase in this ratio upon UV excitation compared to visible
excitation, indicating the presence of a long-lived CT population, which can be associated with the
higher photo-reactivity of melanins under high photon energy excitation.’**° Qur data strengthen
observations of excitation wavelength-dependent responses in emission®%, free radical
production*!, and heat dissipation*? in both natural and synthetic eumelanins.

In conclusion, our work addresses the ongoing controversy surrounding the identification of
ground and excited state species in eumelanin-like materials. We support the hypothesis that
eumelanin acts as a biopolymer and find that CT states can explain the broadband and structureless
absorption spectrum, while serving as the predominant excited state deactivation channel on sub-
50-fs timescales. Upon UV excitation, the system acquires a large excess energy, enabling excitons
to explore numerous decay channels into closely lying CT states, thereby increasing the rate of CT
state formation (<20-fs time constant).””#} Consequently, high photon energies can activate
channels of separated charges, explaining the presence of long-lived CT species (>> 1 ns).* On
the other hand, visible excitation provides less excess energy, creating localized bound charges
that may be trapped by energetic barriers.* This leads to a slower (45-fs time constant) formation
of CT states but to faster (sub-2-ps) recombination dynamics, promoting the ultrafast deactivation

of the excited state. Our findings represent a significant advance in the understanding of the

12



chromophoric interactions and excited state decay pathways of eumelanin, and of the
photoprotection mechanism at play when they are subjected to tunable photoexcitation ranging

from UV to NIR.
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