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Eumelanin, a versatile biomaterial found throughout the animal kingdom, performs essential functions like
photoprotection and radical scavenging. The diverse properties of eumelanin are attributed to its elusive
and heterogenous structure with DHI (5,6-dihydroxyindole) and DHICA (5,6-dihydroxyindole-2-
carboxylic acid) precursors as the main constituents. Despite DHICA being recognized as the key
eumelanin precursor, its crystal structure and functional role in the assembled state remain unknown.
Herein, we employ a synthesis-driven, bottom-up approach to elucidate the structure and assembly-
specifics of DHICA, a critical building block of eumelanin. We introduce an interdisciplinary methodology
to analyse the nanocrystalline assembly of DHICA, employing three-dimensional electron diffraction (3D
ED), solid-state NMR and density functional theory (DFT), while correlating the structural aspects with

the electronic spectroscopic features. The results underscore charge-transfer exciton delocalization as
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Accepted 13th September 2024 the predominant energy transfer mechanism within the m-m stacked and hydrogen-bonded crystal

network of DHICA. Additionally, extending the investigation to the 13C-labelled DHICA-based polymer

DOI: 10.1039/d4sc05453a improves our understanding of the chemical heterogeneity across the eumelanin pigment, providing
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Introduction

Eumelanin, a natural biomaterial, is instrumental in protecting
the skin from harmful radiation and environmental toxins.'"
Eumelanin is recognized for its broadband UV-visible absorp-
tion and efficiency in dissipating excitation energy, thereby
preventing cellular damage.* The structure of eumelanin is
highly heterogeneous and ambiguous.® It is believed to consist
of a three-dimensional network of interconnected aromatic
units, derived from the oxidative polymerization of 5,6-dihy-
droxyindole-2-carboxylic acid (DHICA) and 5,6-dihydroxyindole
(DHI). Chemical and spectral evidence from eumelanin identi-
fied so far points to different levels of chemical, structural and
supramolecular disorder within eumelanin.»*»**° Character-
izing eumelanin proves challenging due to its disordered,
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crucial insights into the structure of eumelanin.

amorphous nature and insolubility in most common solvents,
rendering conventional characterization techniques imprac-
tical (Table S17).***> The challenges associated with the struc-
ture elucidation of eumelanin have evaded the exact
mechanism of energy dissipation and photoprotection in the
biomaterial. Considering the complexities associated with
understanding eumelanin chemistry, a bottom-up approach by
elucidating the structure and supramolecular assembly of the
monomeric units is crucial (Scheme 1).”**” Detailed knowledge
of the interchromophoric interactions between monomers and
their higher-order assemblies can reveal how non-covalent
interactions influence the macroscopic properties, providing
critical insights into the foundational elements of the bio-
pigment.*® Structure elucidation is also a key factor for deter-
mining the electronic coupling within the interacting units,
allowing further insights into the exciton dynamics of the
eumelanin constituents.” Understanding the inter/intra-
molecular non-covalent interactions in eumelanin monomers
could also reveal hints about the oxidative polymerization
mechanism, especially given their susceptibility to excited state
reactions.'”*

Among the two eumelanin precursors, previous experi-
mental and theoretical research has focused mostly on DHI
while DHICA remains less explored.”*?*° Using single-crystal
XRD (SC-XRD), the assembly pattern of DHI was previously
established where DHI forms hydrogen-bonded enantiomeric
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Scheme 1 Schematic diagram representing the spontaneous polymerization of DHICA, the monomeric unit of eumelanin into the black

polymeric DHICA-melanin.

helical stacks with Frenkel exciton delocalisation within the
helix.”> However, the requirement of suitably large and well-
diffracting single crystals is a substantial drawback of structure
elucidation with SC-XRD. Unlike DHI, obtaining larger dif-
fracting crystals for DHICA is difficult owing to the superior
polymerization tendency of the eumelanin precursor due to
which DHICA can only be crystallized as crystals of nanometre
size with limited diffraction ability.*® Furthermore, conven-
tional crystallographic techniques encounter challenges in the
case of DHICA due to the inherent disorder, warranting the
employment of 3D ED and solid-state NMR.

In our prior research, we employed 3D ED and NMR
crystallography”**=* to elucidate the structure of a disordered
microcrystalline nitroperylenediimide system.* Our continued
interest in inspecting the structure-property relationship in
eumelanin counterparts motivated us to implement 3D ED,?¢-*°
magnetic resonance®**” and electronic spectroscopy along with
DFT calculations to understand the intricate structure and
photophysical properties of DHICA.>»*** By utilizing the
extensive capabilities of solid-state NMR,****> we further extend
our investigations to the synthesised **C-labelled polymer of
DHICA, i.e., DHICA-melanin. The applied multi-level approach
attempts to unravel the complexities inherent in a disordered
material such as eumelanin, opening avenues for advance-
ments in eumelanin chemistry.

Results and discussion
Synthesis and optical properties

DHICA was synthesized non-enzymatically using L.-DOPA as the
starting material, following previous literature with minor
modifications to improve the yield (yield = 76%; Scheme S1 and
Fig. S1-S57).° '*C-labelled DHICA was synthesized with selec-
tively **C-labelled L-DOPA (yield = 71%j; Scheme S27). The off-
white powder of DHICA upon solubilizing in milliQ water,
resulted in a brown-black solution over time. The black powder
was collected and centrifuged to obtain DHICA-melanin
(Scheme S3 and Fig. S51). The UV-visible absorption spectrum
of DHICA in the solution state ranges in the near UV region
peaking at A3%* = 315 nm and 2%° = 200 nm pertaining to the
So—S; and Sp—S, electronic absorption bands respectively
(Fig. S6at).”” The solid-state Kubelka-Munk diffuse reflectance
transformed absorption spectra of DHICA and DHICA-melanin

16016 | Chem. Sci., 2024, 15, 16015-16024

are presented in Fig. 1. The absorption spectrum of DHICA in
the solid state is broader with respect to that of the monomer

and ranges from 2208t — 200-400 nm, while revealing an addi-

tional shoulder band at 1222 = 400-550 nm which was absent
in the monomeric solution. In extended systems such as
molecular crystals, aggregates or polymers, exciton interactions
may occur between molecular sites depending on the strength
of the electronic coupling, causing differences in the photo-
physics of the aggregate with respect to the isolated molecule.>®
The substantial differences in the solid-state UV-visible spectra
of DHICA compared to the monomeric state are suggestive of
the intermolecular interactions between the DHICA units in
a tightly packed molecular environment. The electronic
coupling between the DHICA molecules is intrinsic to the
spatial orientation of the chromophores, and to examine the
nature of exciton interactions in DHICA, the aggregate archi-
tecture has to be considered.

The concentration-dependent UV-visible absorption of
DHICA in milliQ water shows visible differences at high
(aggregate) concentrations of DHICA compared to low (mono-
mer) concentrations. The emergence of a broad UV-visible
absorption band from 400-600 nm is observed with the increase
in concentration from 0.01-1.0 mM (Fig. S6b¥). The broad red-
shifted absorption band for higher concentrated solutions of
DHICA resembles the shoulder band in the absorption spec-
trum in the solid state, pointing to aggregate formation in the
high concentrated solutions. The effect of aggregation is also
evident in the fluorescence emission where the emission red-
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Fig. 1 UV-visible-NIR diffuse-reflectance transformed absorption
spectra of DHICA and DHICA-melanin in the solid state.
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shifts from ASML = 385 nm in the monomer to A$%! = 397 nm in
the aggregate (A2 = 12 nm; Fig. S6c and df). Temperature-
dependent fluorescence measurements show a breakdown of
the aggregates at higher temperatures as demonstrated by the
blue-shift in the fluorescence emission as temperature
increases from 10-90 °C (Fig. S77). The formation of larger-sized
aggregates was also evident from TEM and DLS measurements in
higher concentrations of DHICA (Fig. S8 and S9t). The electronic
absorption spectrum of the synthesized polymer of DHICA
(DHICA-melanin) exhibits differences from previously estab-
lished synthetic melanins.>*” The UV-visible-NIR absorption
band of DHICA-melanin shows a peak maximum at 2%, = 310
nm and a broad absorption band covering the entire visible
region and tailing towards the NIR region (Fig. 1). The monotonic
increase in absorption towards higher energy in DHICA-melanin
is reminiscent of the excitonic model proposed for the broad-
band absorption of natural eumelanin.® The synthesized DHICA-
melanin is distinguished by the absorption in the 1000-1400 nm
range while the previously reported DHICA-melanins have an
absorption maximum at 320 nm, tailing towards 700 nm. The
differences in the absorption spectra between the synthesized
DHICA-melanins could be due to the formation of higher-order
oligomers that co-exist with the monomer-like units. There could
also be extensive m-delocalization within the DHICA substruc-
tures, leading to stabilization of energy levels in the synthesized
DHICA-melanin, compared to other synthesized eumelanins.”**
Similar to the non-emissive nature of naturally derived eumela-
nin, DHICA-melanin did not display an attributable fluorescence
emission (Fig. S107).

Structure elucidation using 3D ED and solid-state NMR

To comprehend the distinct solid-state UV-visible absorption of
DHICA, realization of the molecular structure and packing of
DHICA is essential. As the polymerization tendency of 5,6-
DHICA prohibits traditional crystallization methods based on
slowly oversaturating a solution, crystal structure determination
needed to be performed with a powder sample. This precluded
SC-XRD, but the nanocrystalline powder was still suitable for 3D

Fig.2 Selected TEM images and electron diffraction patterns obtained
for DHICA.

© 2024 The Author(s). Published by the Royal Society of Chemistry
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ED (Fig. 2 and S11, Table S21). Data were recorded on an
ELDICO ED-1 electron diffractometer and analysed as further
detailed in the ESI.f DHICA crystallizes in the triclinic space
group P1 (a=7.49A, b =10.23 A, c = 10.81 A, « = 82.27°, § =
87.80°, and y = 70.10°) with two molecules in the asymmetric
unit (Table 1). Each of the independent molecules are inter-
connected as in chains through extensive hydrogen bonding.
Depending on the arrangement of the molecules, two types of
H-bonded chains, head-to-tail and head-to-head, are identified
(Fig. S12%). For DHICA, based on the electron diffraction data
alone, the position of the nitrogen atom is ambiguous due to
the low sensitivity of the scattering factors for neighbouring
elements. To address this challenge in the 3D ED measure-
ments, we employed solid-state NMR in conjunction with DFT
calculations. Three sets of information are obtained from the
solid-state NMR: (i) chemical shift information related to the
electron distribution around the nuclei, which is sensitive to
molecular packing, (ii) orientation related to the spin-spin
coupling interactions and (iii) quadrupolar interaction, which is
related to the coordination environment around the quad-
rupolar nuclei **N. "H NMR, "*C Cross Polarization (**C CP), 2D
CP Heteronuclear Correlation (2D "*C{'"H} CP HETCOR), 'H-'H
Double Quantum-Single Quantum (DQ-SQ), 2D CP Incredible
Natural Abundance Double Quantum Transfer Experiment
(INADEQUATE), 'H{"'N} Dipolar Heteronuclear Multiple-
Quantum Coherence (‘H{"'N} DHMQC) and 'H{''N} Reso-
nance-Echo Saturation-Pulse Double-Resonance (RESPDOR)
along with CASTEP calculations were performed to comprehend
the spatial arrangement of molecules with respect to each other.
The 2D "*C{"H} CP HETCOR spectra provide information about
the proton-carbon correlations, relying on the through-space
dipolar couplings. To identify the "H-'H spin pairs in close
proximity to each other in DHICA, two dimensional 'H-'H DQ-
SQ correlation magic angle spinning (DQ-SQ MAS) NMR
experiments were performed (Fig. 3). The 2D CP INADEQUATE
spectra rely on J-coupling between adjacent carbon atoms,
enabling the mapping of through-bond correlations. The pres-
ence of the -NH proton in DHICA enables the utilization of **N
solid-state NMR, offering insights into the coordination

Table 1 The crystallographic details of 3D ED kinematic refinement
against merged data from three crystals

Parameters DHICA

a, b, ¢ (A) 7.49(7), 10.23(9), 10.81(10)
a 8,7 () 82.27(3), 87.79(13), 70.09(13)
Space group P1

Formula CyH,NO,

Independent reflections 2729

Parameters 264

Restraints (non-H) 0

Constraints (non-H) 0

Resolution (A) 0.83

Completeness (%) 96.9

Rine (%) 14.88

Ry [1>20(1)] (%) 13.65

WR, [all data] (%) 36.04

Goodness of fit 1.09

Chem. Sci., 2024, 15, 16015-16024 | 16017
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Fig.3 (A) The 2D *C{*H} cross-polarization heteronuclear correlation
(CP HETCOR) NMR spectrum of 3C labelled DHICA obtained at
a spinning rate of 60 kHz and a magnetic field of B, = 14.1 T, utilizing
natural isotopic abundance with a contact time of 5 ms; (B) the 2D CP
INADEQUATE spectrum of »*C labelled DHICA obtained at 60 kHz
spinning speed; (C) the H-'H DQ-SQ spectrum of the sample
collected at 60 kHz with a recoupling time corresponding to two rotor
cycles; (D) the H{**N} DHMQC spectrum of the DHICA monomer
acquired at a spinning speed of 50 kHz; (E) the one-dimensional slice
extracted from the ¥*N dimension of the *H{**N} DHMQC spectrum.

environment of the nitrogen species of the molecule.®® The 'H
{"'N} DHMQC®** and 'H{'*N} RESPDOR®® experiments
provide information about the nitrogen environment using
proton detection. The assignment of "H and **C chemical shifts
were done using 2D "C{'H} CP HETCOR and 2D CP INADE-
QUATE spectra obtained on labelled and unlabelled samples of
DHICA. Additionally, the assignment of solid-state NMR
chemical shifts was facilitated by solution state NMR and
simulation of chemical shifts using the software package
CASTEP.”

The solid-state NMR measurements were performed on two
sets of DHICA samples; (i) the unlabelled DHICA and (ii)
selectively "*C-labelled DHICA (C2 and C3 carbons are unla-
belled). To gather information about the various carbons in
DHICA, solid-state "*C NMR is performed (Fig. $13, Table S3-
$107). The "*C{"H} CP HETCOR spectrum (Fig. 3A) of the *C
labelled DHICA monomer at short contact time has mainly two
peaks corresponding to C7 and C4 carbons, which appear at
99.25 ppm and 107.70 ppm respectively. Among the aromatic
carbons, C3 is challenging to observe in the *C{'CH} CP
HETCOR spectrum of the *C labelled sample (Fig. $147). Three
types of aromatic C-H cross peaks are observed in the 2D 'H
{"*C} CP HETCOR correlation spectrum at a short contact time
of 0.5 ms on the unlabelled sample. The C-H groups of C3, C4
and C7 appear at 115.39 ppm, 107.70 ppm and 99.25 ppm
respectively. In the CP INADEQUATE spectrum, a correlation of

16018 | Chem. Sci,, 2024, 15, 16015-16024
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C4 carbon with 139.68 ppm and 122.79 ppm is observed. For C7
carbon, a correlation with 144.50 ppm and 135.61 ppm is
observed in the CP INADEQUATE spectrum (Fig. 3B). Five sets of
new correlation peaks are observed in the "H{"*C} CP HETCOR
spectrum collected at a long contact time of 5 ms for the
unlabelled DHICA sample. The observed **C chemical shifts at
122.79 ppm, 135.61 ppm, 139.65 ppm and 144.51 ppm in the
long contact times correspond to carbon atoms without directly
attached protons. The peak corresponding to 135.61 ppm shows
a correlation with C7 carbon and a peak at 122.79 ppm. Simi-
larly, 122.79 ppm shows correlation with C4 carbon and a peak
at 135.61 ppm. In the 2D CP INADEQUATE spectrum (Fig. 3B),
the peak at 139.65 ppm shows a correlation with both C4 carbon
and a peak at 144.51 ppm. Similarly, the peak at 144.51 ppm
exhibits a correlation with both C7 carbon and a peak at 139.65
ppm. Thus, it can be concluded that 139.65 ppm corresponds to
the C5 carbon and 144.51 ppm corresponds to the C6 carbon.
The carbon on the -COOH group appears at 167.28 ppm and
165.32 ppm and correlation with any nearby carbon is not
observed in the CP INADEQUATE spectrum due to the absence
of nearby labelled carbons. In the proposed packing the -COOH
moiety exists in two different environments, in one asymmetric
unit it exists as a dimer whereas in the other the -COOH is in
proximity to the -OH group. The carboxylic acid group which is
closer to the protons will give an intense peak in the CP spec-
trum relative to the other (Fig. S14 and S157). To investigate the
-NH group, the "H{**N} DHMQC and "H{'*N} RESPDOR spectra
were acquired. The quadrupolar coupling constant (Cq) of the -
NH in DHICA is around 4 MHz. The "H{"*N} DHMQC spectrum
of the precursor .-DOPA and related compounds are also shown
in the ESI for reference.t * The computed **N NMR chemical
shifts of the NH protons using DFT in CASTEP, are slightly
different in the two independent DHICA molecules in the
crystal structure. The RESPDOR "H{"*N} curve of DHICA corre-
sponds to the direct N-H bond (Fig. 3B and C), in line with the
observations made in a standard sample of histidine hydro-
chloride monohydrate (Fig. S16t).”

In addition to C solid-state NMR, 'H solid-state NMR
chemical shifts are utilized to gain insights into the chemical
environments surrounding proton atoms (Fig. S17t). Chemical
shift data obtained from proton NMR are categorized into four
main categories based on the functional groups, -OH, -NH, -
CH and ~COOH. The "H NMR peaks observed at 9.2, 7.3, 9.8 and
9.5 ppm are arising from the hydroxyl protons of DHICA.
Additionally, the protons in the NH group are observed at 8.7
and 8.9 ppm. In the 'H-"H DQ-SQ spectrum (Fig. 3C), a broad
autocorrelation peak appears at around 8.7 ppm and 8.9 ppm
corresponding to the NH protons. Due to peak overlap, dis-
tinguishing the various protons in the "H-'H DQ-SQ spectrum
is challenging. The aromatic protons appear at around 7.0 ppm
in the 'H spectrum and corresponding autocorrelation peaks
are observed in the "H-'H DQ-SQ spectrum. The "H{**C} CP
HETCOR spectrum at short contact time facilitates the assign-
ment of aromatic protons (Table S3t). The protons on carbon
C3 were assigned using the "*C{'H} CP HETCOR spectrum of
the unlabelled sample, which corresponds to 7.1 ppm. The
protons on C4 and C7 correspond to 7.4 and 7.3 ppm

© 2024 The Author(s). Published by the Royal Society of Chemistry
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respectively. A "H NMR peak appearing at 14.5 ppm in the *C
{"H} CP HETCOR spectrum at a short contact time aligns with
the DFT calculated chemical shift of the carboxylic acid proton
(Fig. S147). In *C{*H} CP HETCOR at a long contact time of 5
ms (Fig. 3A), a proton chemical shift is observed at 13.4 ppm,
correlating with a carbon chemical shift of 167.28 ppm. The
root mean square deviation (RMSD) between the "H chemical
shifts observed in solution-state and solid-state NMR is calcu-
lated to be 1.4 ppm. The observed longitudinal relaxation time
(Ty) for carboxylic acid protons is 5 s and that of aromatic
protons is 7 s (Fig. S187). The peak appearing at around 1.0 ppm
is possibly due to the trace amounts of hexane residue retained
in the sample during purification.

The *C{'H} CP HETCOR spectrum obtained with long
contact time provide details regarding both intermolecular and
intramolecular correlations, pointing towards the distance
constraints (Fig. 3A and S19, S20%). Though the chemical shifts
are distinguishable, it is difficult to differentiate between inter
and intramolecular correlations in the case of DHICA. But the
chemical shift is sensitive to the packing, and it is a valuable
tool to understand the spatial arrangement of the molecules.
Four distinct model cases (A, B, C and D) were devised to
account for the uncertainties identified in the 3D ED
measurements (Fig. S211 and Table 2, S3-S10%). These cases
account for the possible orientations related to the flipping
around of the long axis of the two independent DHICA mole-
cules. Subsequently, DFT calculations, along with NMR chem-
ical shift predictions using CASTEP, were performed for each
model. Among the four cases, case A demonstrated the lowest
root mean square deviation (RMSD) of 1.58 ppm in the '*C
chemical shift (Table $S3-S11t). Similar to the *C chemical
shift, the "H chemical shift is also sensitive to packing and can
be compared with the simulated chemical shift. The obtained
"H RMSD for case A is 0.34 ppm. The calculated energies show
a minimum for case A in line with the RMSD of the *C chemical
shift (Table 2). Inspection of the structure reveals that this
orientation has the closest interchain N-H---O contacts for both
the DHICA units (Fig. S22t). Case A was thus used for the final
structure refinement which is presented further.

Insights into the molecular packing

DHICA crystallized in the P1 space group (Table 1). Hydrogen
bonding and m-m stacking are identified as the dominant
interactions in the DHICA crystal architecture (Fig. 4). Among
hydrogen bonding, both conventional and unconventional

Table 2 Comparison of the relative energies and **C RMSD values
derived from four different possible structures obtained through 3D
ED

Label Relative energy (kcal mol ™) 3C RMSD (ppm)
Case A 0.00 1.58
Case B 6.02 4.92
Case C 4.39 5.40
Case D 7.74 7.18

© 2024 The Author(s). Published by the Royal Society of Chemistry
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Ay =3.33 A {

Fig. 4 (A) The crystal packing of DHICA showing the near-perpen-
dicular orientation of the m—m stacks; (B) w—m stacked dimers con-
nected to the adjacent stack through hydrogen bonding.

hydrogen bonds are recognized in the crystal packing. Each of
the DHICA stacks are linked by C---C contacts along the a-axis
while inter-stacks are connected by O---H and C---H contacts.
The crystalline assembly is propagated through co-linear stacks
(6 = 0.00°) directed by O---H contacts as well as near-orthogonal
stacks (# = 83.91°) led by C---H contacts (Fig. 4 and S237). Six
dimers (D1-D6, Fig. S2471) are identified within the crystal
packing where D1, D2, and D3 are m-m stacked while D4, D5,
and D6 are H-bonded. Hirshfeld surface analysis”™ enumerates
the H---H (29.3%), O--H (19.5%), C--C (10.1%) and C---H
(7.3%) contacts which majorly contribute to the crystal packing
in DHICA (Fig. S257). The crystal assembly of DHICA exhibits
extensive - stacking, which is not found in the packing of the
other eumelanin monomer, DHI.>?> DHI exhibited extended
hydrogen bonding between its hydroxyl substituents resulting
in a helical assembly. A herringbone packing motif was
observed in DHI whereas the -7 stacking influences DHICA to
pack in the beta motif.

Efficient molecular self-assembly relies on the recognition
among intermolecular functionalities, typically resulting in the
creation of smaller repeating units or supramolecular synthons.
The supramolecular synthons in the DHICA crystals were ana-
lysed by using Bader's quantum theory of atoms in molecules
(QTAIM) analysis.” The (3 + 1) ring critical points were identi-
fied in each of the hydrogen bonded dimers (Fig. S26 and S277).
The synthons in D1-D3 dimers are facilitated by C---C-H, C---
N-H, C---O-H and O---C-C contacts while in D4-D6 dimers,
synthon formation is orchestrated by the hydrogen bonds
between the -COOH and -OH groups. Notably, the D6 dimer
demonstrated resonance assisted hydrogen bonding (RAHB)

Chem. Sci., 2024, 15, 16015-16024 | 16019
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with greater energetic stability (Fig. S287). Resonance assisted
hydrogen bonds (RAHBs) are particularly strong hydrogen
bonds present in uncharged molecules, where the conjugated
bonds display an equalization of lengths through a pseudo-
ring.”” Along with RAHB, bifurcated hydrogen bonding, previ-
ously discovered in DHI crystals are also observed in the D6
dimer of DHICA (Fig. S287).

Truncated symmetry adapted perturbation theory (SAPT(0))
analysis” of DHICA dimers reveals a notable increase in stabi-
lization for the D6 dimer (ESA™"® = —25.75 kcal mol !, Table
S127). This enhancement may be attributed to the presence of
an eight-membered supramolecular synthon within the dimer,
as outlined in Fig. S27.f The overall stabilization of the D6
orientation results from a more substantial contribution of
electrostatic (Eec>*""® = -36.46 kcal mol™') and induction
(Eina®"® = -17.83 kcal mol ') energies to the total SAPT
energy. The prominent role of RAHB and bifurcated hydrogen
bonding in forming the D6 synthon clarifies the energy stability
observed for the D6 dimer in the SAPT(0) analysis with respect
to other dimer orientations. The conventionally hydrogen
bonded dimers D1 and D2 are mostly stabilized by electrostatic
energies while dispersion energies contribute the most to the
total stabilization energies of the - stacked dimers (D1-D3).

Exciton interactions within the molecular assembly

The molecular architecture of the eumelanin precursor herein
presents a valuable framework for understanding the under-
lying mechanisms of energy dissipation responsible for the
characteristic photo-functionality of eumelanin. Previous
experimental and theoretical studies have implied the presence
of excitation energy transfer phenomena within eumelanin.”””®
The efficiency of energy transfer between assembled chromo-
phores is dictated by the intrinsic electronic coupling over both
short and long distances.?” The long-range coulombic coupling
stems from the relative orientation of transition dipoles of
individual monomers (Eqn S17). At lower interchromophoric
separations, additional contributions due to charge transfer
coupling (Jcr) are also instrumental to the overall electronic
coupling (Eqn S2%).** The calculated coulombic and charge
transfer coupling constants are given in Table 3. While
coulombic coupling is prominent in all of the dimers (D1-D6),
charge transfer coupling contributes the most in the case of the
stacked dimers D1, D2 and D3. Among the m— stacked dimers,

Table 3 Calculated coulombic (Jcoy) and charge transfer coupling
(JcT), along with the hole (t,,) and electron (t.) transfer integrals for the
7— stacked (D1-D3) and the hydrogen-bonded (D4-D6) dimers of
DHICA

Dimer te (eV) th (eV) Jer (eV) Jcou (€V)
D1 0.146 —0.164 0.157 —0.123
D2 0.181 —0.096 0.081 —0.488
D3 0.043 0.149 —0.017 —0.009
D4 0.025 —0.022 0.000 —0.097
D5 0.024 0.010 0.000 0.066
D6 0.017 0.081 —0.002 0.115
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the D1 dimer with an intermolecular distance of d._. = 3.33 A
exhibits the highest values of electron (¢, = 0.146 eV) and hole
transfer integrals (t;, = —0.164 eV), facilitating a higher quotient
of CT coupling (Jor = 0.157 eV). Fragment-based excited-state
analysis by Plasser was employed to investigate the exciton
delocalization within DHICA units in the crystalline structure
using the TheoDORE package (Tables S13-S187).%2 The degree
of exciton delocalization among the fragment units is assessed
through the participation ratio (PR). The level of involvement of
fragments in exciton delocalization is represented by the mean
position, denoted as the POS value, which signifies the extent of
participation of one or more units. The classification of excited
states into charge transfer or Frenkel is determined by the CT
number, which tends towards one for pure charge transfer
states and towards zero for pure Frenkel states. In dimers D1,
D2, and D3, exhibiting significant orbital overlap, the higher
excited states show high CT character (CTp; = 0.86, PRp; =
2.00; CTp, = 0.91, PRp, = 2.00; CTp; = 0.88, PRp; = 1.99)
suggesting the excitation energy transfer of the charge transfer
excitons within the m-m stacked units in the crystalline
assembly. Conversely, hydrogen-bonded dimers D3, D5, and D6
display minimal CT character in the excited states, indicating
their limited contribution to CT exciton generation and subse-
quent delocalization within the crystalline structure. The strong
exciton coupling in the - stacks promotes the delocalization
of excitons, ultimately leading to efficient charge transfer by
channelling the excitation energy within the stack. The charge-
density difference plots for the excited states also depict the
delocalised excitons within the D1-D3 dimers (Fig. S29%). The
remarkable topology and significant charge transfer character-
istics of DHICA signify the uniquely efficient energy transfer
mechanism adopted by the DHICA monomer architecture
compared to that of DHI, reminiscent of the diverse energy
funnelling  mechanisms in eumelanin/eumelanin-like
materials.?*-*

Probing DHICA-melanin with solid-state NMR

Having established the molecular assembly and spectroscopic
features of the key eumelanin monomer, DHICA, we analyse the
structure of the polymer of DHICA, that is, DHICA-melanin.
DHICA-melanin exhibits an amorphous nature, and is insoluble
in most common solvents, posing challenges for conventional
characterization techniques. The amorphous nature of DHICA-
melanin is evident from the broad peak observed in the PXRD
pattern (Fig. S301) as well as the absence of diffraction patterns
in 3D ED experiments. However, by extending the solid-state
NMR experiments previously discussed for DHICA, we can gain
insights into the molecular structure of DHICA-melanin (Table
$19 and S207). The "*C{"H} CP HETCOR experiments along with
CP INADEQUATE (Fig. 5A) experiments were performed on '*C
labelled samples to fully assign the chemical shifts in DHICA-
melanin (Fig. S31-S347).

A comparison of the solid-state "H NMR spectra of DHICA
and DHICA-melanin is shown in Fig. S17.1 The two dimen-
sional "*C{"H} CP HETCOR spectrum of DHICA-melanin at
short contact time shows the CH carbons (Fig. 5). As expected,

© 2024 The Author(s). Published by the Royal Society of Chemistry
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Fig. 5 (A) The 2D CP INADEQUATE spectrum of =C selectively labelled DHICA-melanin showing the correlation between the adjacent carbon
atoms. (B) The 2D *C{*H} CP HETCOR NMR spectrum of DHICA-melanin at a spinning speed of 60 kHz and a magnetic field strength of B, = 14.1

T; (C) the *H{**N} DHMQC spectrum of DHICA-melanin collected at 50

the "*C{"H} CP HETCOR spectrum of DHICA-melanin exhibits
broader features relative to the monomer, reflecting the
amorphous nature of DHICA-melanin. The "*C{'H} CP HET-
COR spectrum acquired with long contact time, assists in
identifying all the individual carbon atoms within DHICA-
melanin. To resolve the individual carbon peaks, CP INADE-
QUATE spectrum was collected for **C labelled DHICA-
melanin. While most correlations observed in DHICA are also
present in DHICA-melanin, there is a noticeable distribution
of chemical shifts for C7 in DHICA-melanin. The localized
broadening observed at around C7 may reflect variations in
the packing of melanin units or the presence of multiple
conformational states. A similar broadening is seen for C4,
which could also be attributed to disorder. To further eluci-
date the potential heterogeneities in the structure and packing
of DHICA-melanin, advanced theoretical calculations are
necessary.

The carboxylic acid proton which appeared at around 13.4
ppm in DHICA is not present in DHICA-melanin. The “C{"H}
CP HETCOR correlation peak at 160 ppm indicates that the
carbonyl group is in proximity to protons on the hydroxyl group.
The peak observed at 145.2 ppm in the HETCOR correlation
spectrum of DHICA-melanin is in line with the observation of
a peak at 145.60 ppm in DHICA, which belongs to C6 carbon. In
the case of C8 and C9 carbons in the monomer, peaks appear at
135.61 ppm and 122.79 ppm, respectively, whereas in DHICA-
melanin, these peaks shift to 132.92 ppm and 121.65 ppm. To
understand about the nitrogen environments, 'H{"*N} DHMQC
spectrum were acquired at various recoupling times. The broad
"H{**N} DHMQC spectrum suggests the presence of more than
one nitrogen species in the system, primarily attached to
protons, as indicated by the experiments conducted with a short
recoupling time of 80 us (Fig. 5C). The NH peaks shift from 9.0
ppm to 10.0 ppm and 10.7 ppm clearly showing the formation of
new nitrogen species in DHICA-melanin. Compared to the 'H
{"*N} DHMQC spectrum of histidine hydrochloride mono-
hydrate and 1-DOPA, the broad peak is possibly a combination
of different nitrogen environments (Fig. S35 and S367).

© 2024 The Author(s). Published by the Royal Society of Chemistry

kHz spinning speed.

The FT-IR spectrum of DHICA has a prominent N-H
stretching band at 3435 cm™', a broad O-H and COO-H
stretching band at 3265 cm ™" and aromatic sp>-hybridized C-H
stretching peaks.® In the case of DHICA-melanin, in addition to
the N-H and O-H stretching bands, a sp*-hybridized C-H
stretching peak is observed at 2980 cm ™. The sp*-hybridized C-
H bending, which is not found in DHICA is another prominent
vibrational mode in the FT-IR spectrum of DHICA-melanin
(Fig. S51), corroborating the presence of saturated indoline
products along with indole moieties.*”*® Additionally, the
scanning electron microscope (SEM) images of DHICA-melanin
exhibited a lamellar morphology with superficial attachment of
globular particles on the surface (Fig. S371). Comprehensive
insights into the structure of DHICA-melanin will necessitate
the application of advanced NMR and theoretical methods,
which could be a potential direction for future research.

Conclusions

To conclude, the detailed structure and excitonic properties of
DHICA, a critical yet underexplored constituent of eumelanin
are elucidated in this work. DHICA crystallizes in an antiparallel
stacking arrangement within a hydrogen-bonded network and
exhibits the P1 space group with unit cell parameters of a = 7.49
A, b=10.23A,c=10.81 A, « = 82.27°, 8 = 87.80°, and y = 70.10
A. One of the challenges in correlating the photophysics of
DHICA with its structure lies in the difficulty in crystallizing
DHICA, which is hindered by its inherent disorder and nano-
crystalline nature. Hence, we employed an interdisciplinary
approach integrating 3D ED, solid-state NMR and DFT calcu-
lations to solve the crystal structure of DHICA. The ambiguity in
the orientation of the N-H group of DHICA in 3D ED experi-
ments was addressed by generating a library of structures with
solid-state NMR and DFT calculations. The broad absorption
spectrum of DHICA in the solid state is due to the significant
charge transfer and coulombic coupling within the crystal
architecture of DHICA. Charge transfer exciton delocalization
within the m-m stacks of DHICA serves as the major energy
dissipation channel within the crystalline assembly of the
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eumelanin precursor, as suggested by fragment based excited
state analysis. A series of solid-state NMR experiments was
performed to get an insight into the structure of the insoluble
polymer of "’C labelled DHICA, i.e., DHICA-melanin. Distribu-
tion of chemical shifts at the C7 carbon and multiple nitrogen
species has been recognized from the solid-state NMR spectra
of C-labelled DHICA-melanin. Advanced solid-state NMR
experiments, coupled with theoretical modelling, will be
required to enhance our understanding of the intricate struc-
ture of eumelanin. Extending our methodology to other
members of the melanin family could be intriguing and holds
promise for advancing melanin-centred biomedical research.
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