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ABSTRACT: Eumelanin is the black biopolymer responsible for photoprotection in living
organisms. Lack of knowledge of the atomic-level structure limits understanding of its
function and exploitation of its potential in material science. To overcome these
limitations, we present a systematic density functional theory study of the stability and
optical properties of a library of 830 dimers of 5,6-dihydroxyindole (DHI), which are
minimal models of eumelanin oligomers. Our aim is to understand the principles that
govern the formation of DHI oligomers, relate the optical properties of the dimers with
their stability, and establish their possible role in the photophysics of the biopolymer.
From the structural point of view, we find a preference for oxidized over reduced and
cyclic over linear structures, which speaks in favor of polycyclic graphite-like structures
for the larger oligomers. We present an electrocyclization mechanism leading to the
cyclic structures. We also find that besides the widely considered quinone and quinone
methide oxidation patterns where two heteroatoms per DHI fragment are oxidized,
dimers with one or three oxidized sites per fragment and an interfragment double bond
are also stable and may be present in eumelanin. As far as the optical properties are
concerned, some oxidized dimers combine relative stability with absorption energies as
low as 1.3 eV. Such fragments may be present as substructures in the naturally found
oligomers and might have a relevant contribution to the absorption spectrum of the
biopolymer. In addition to these insights into the struc-tural and optical properties of
the oligomers, we introduce a new classification scheme and a representative set of 53
dimers combining thermodynamic stability with chemical diversity.



Introduction

Eumelanin is the black pigment found in skin, hair and eyes of living organisms,
responsible for photoprotection against harmful light action.’? It is one of the three
main melanin variants together with pheomelanin and neuromelanin, and it is an
insoluble and heterogeneous biopolymer. Eumelanin's photoprotective function is
based on a broad absorption spectrum that enables it to absorb all UV and visible light
of the environment.* It may also have a pathogenic role as generator of reactive oxygen
species® and has raised interest in material science because its synthetic analogues,
specially polydopamine, are versatile surface functionalization and coating materials
combining attractive physical and chemical properties such as robustness, adhesivity,
UV absorption, or antioxidant and free radical scavenger activity.®”’

Melanin is composed of oligomers made of two basic units, 5-6-dihydroxyindole (DHI)
and 5,6-dihydroxyindole-2-carboxylic acid (DHICA). Its biological precursor is tyrosine. In
the currently accepted biosynthetic path, tyrosine is transformed to DHI/DHICA in a
sequence of enzymatic steps.® The route of eumelanin formation from DHI and DHICA is
less well known, and it may involve oxidation by tyrosinase,® a redox reaction with
dopaquinone or oxidation by O,. In its turn, synthetic melanin analogues can be
produced starting from tyrosine or dopa or directly from DHI or DHICA, using tyrosinase,
peroxidase/hydrogen peroxide or oxygen as oxidants.*°

Melanin oligomers contain 4 to 8 DHI/DHICA units.**2 DHI and DHICA are prone to
oxidation, je elimination of the pyrrolic or phenolic hydrogen atoms. Therefore, the
DHI/DHICA fragments can also be present in quinone or quinone methide form, where
two sites are oxidized on the same fragment (see Figure 1a). Further, assembly of two
fragments with a single oxidized site results in structures with an interfragment double
CC bond (Figure 1b). The fragments can assemble in linear arrangements (Figure 1b),
but other conformations have been proposed such as 16-atom macrocycles®? (Figure 1c)
or polycyclic, graphite-like structures!* (Figure 1d). According to the widely accepted
hierarchical structural model,®>% the oligomers aggregate at different levels, yielding
nanoparticles of > 100 nm size called melanosomes. However, the structural details are
still largely unknown due to the heterogeneous and granular nature of eumelanin and
its synthetic analogues, which prevents crystallographic characterization. Issues like the
preferred connectivity between DHI/DHICA fragments, the preferred oxidation patterns,
the presence of linear and cyclic structures or the relationship between optical
properties and oligomer structure are largely unresolved. Clearly, lack of knowledge of
the atomic-level structure limits our understanding of melanin function and our options
of exploiting its potential in material science. To overcome these limitations, we use a
bottom-up approach based on computational chemistry to understand the principles
that govern the formation of DHI oligomers and the optical properties of the basic
components.
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Figure 1. Chemical structures of eumelanin components and representative oligomers.
(a) DHI/DHICA (with atom numbering and ring labeling) and oxidized indolequinone (1Q),
guinone methide (MQ), and quinone imine (NQ) forms; (b) linear trimer with two singly
oxidized fragments and an interfragment double bond; (c) macrocyclic tetramer; (d)
polycyclic pentamer.

Computationally, the structural diversity of DHI oligomers has been recently studied
in depth in two publications that have considered a total of more than 45000 structures
(dimers up to tetramers) composed by the reduced DHIY” and the oxidized
indolequinone (IQ) and quinone methide (MQ) fragments.'® Some connectivity and
oxidation patterns were excluded a priori on the basis of stability arguments, and the
large number of compounds remaining even after these constraints are applied gives an
idea of the scale of the problem. These studies have yielded a set of representative
oligomer models and provided important insights into the relationship between
structure and stability, such as the preference for planar structures, the predominance
of 1Q fragments in the oxidized oligomers, and the favorable formation, from the
energetic point of view, of macrocyclic tetramers. However, optical properties were not
considered, and a large part of chemical space remained unexplored.

Turning to the optical properties, the main interest is understanding the origin of the
absorption spectrum, which has a characteristic long tail that extends up to 800 nm.*
Some computational studies have considered the radiationless decay mechanisms that
may be responsible for the photoprotecting function,'>?° but we center on absorption.
Most studies of the absorption spectrum have been carried out on small compounds
sets, and the results suggest that the low-energy absorption is due to the presence of
oxidized structures. Thus, a study on ten structures (monomers up to pentamers), all in
reduced form, gave absorption wave lengths lower than 490 nm,*! whereas several
studies on linear, macro- and polycyclic oligomers (see Figure 1) of up to 8 fragments
with two to eight oxidized positions gave absorptions in the range 600 - 800 nm.??23 The
effect of geometric disorder (ie aggregation) was shown to affect both the intensity and
the shape of the absorptions. In spite of this significant progress, a systematic study of
the optical properties of a larger library of compounds is still missing. Such a study is
particularly important to gain insight into the relationship between oligomer structure,
stability and absorption.



To address this issue, we have carried out a comprehensive study of the stability and
optical absorption of a library of 830 DHI dimers, optimizing the structures and
calculating the vertical absorption with density functional theory (DFT). The oligomers
present in melanin are composed of 4 to 8 DHI fragments, and the dimers will only be
present in small amounts, if any. However, our study of the dimers is fully justified
because the oligomer properties will necessarily depend on those of the underlying
substructures. In addition, the relatively small number of possible dimers compared to
trimers or tetramers, where tens of thousands of structures are possible, makes it
possible to consider all possible diversity. Therefore, we have considered all plausible
connectivity and oxidation patterns (ie those with non-radical character), and we include
cyclic structures that are possible constituents of graphitic-like polycycles.* We have
determined the relationship between structure and absorption and have also
considered the role of stability, which is crucial to understand the relevance of the
different fragments for the photoprotecting function. We show that there is a
thermodynamic preference for cyclic and oxidized structures, and the main optical
absorption features of the biopolymer are already obtained at the level of dimers. Based
on a new classification scheme that can be extended to larger oligomers we also propose
a representative set of dimers that combines stability and diversity.

Computational Details. Structures are optimized with DFT, using the CAM-B3LYP
functional and the 6-311G(d,p) basis set. Solvent effects (water) are included with the
SMD continuum solvation model.?* This approach was benchmarked against MP2/cc-
pVTZ calculations for the reduced dimers (see section 1.1.1 of the Supporting
Information, SI1.1.1). In addition to the 830 reported compounds, we considered six
more isomers that were discarded, two because the structure is not stable (optimization
led to a different dimer after tautomerization, see SI1.1.2), and four because the
restricted DFT wave function had an instability indicative of radical character (see
SI1.1.3). For every optimized structure, the vertical absorption energy and oscillator
strength of the three lowest excited states is calculated with linear-response time-
dependent DFT (TD-DFT), under the same conditions as the optimization. The suitability
of TD-CAM-B3LYP was assessed comparing the vertical excitations of the reduced and
oxidized monomers with MS-CASPT2 and EOM-EE-CCSD literature values.”® The
differences are approximately 0.2 eV, which lies in the expected precision range for TD-
CAM-B3LYP (see SI1.1.4). All calculations were carried out with Gaussian 16.2°

The reported energies include the thermal free energy correction (see SI1.2). In our
discussion we use two energy scales: when we compare compounds of the same
stochiometric formula (ie linear or cyclic compounds of the same oxidation state), the
energies are provided relative to the lowest one of the set (Charts 1 and 2 and Figures
3, 4, and 6). However, to discuss the global stability (Figure 2) and compare structures
with different stoichiometry, the hydrogen elimination reaction that relates compounds
of different oxidation state is equalized with oxygen and water, mimicking some of the
oxidation conditions used for synthetic melanin (see details in SI1.3).2° Although this
thermodynamic scheme is approximate, it allows for a fair comparison of compounds
with different stoichiometry because the energy differences we discuss are > 10
kcal-mol™.

Library description and isomer classification. Our library contains all plausible linear
dimers with CC interfragment connectivity, and cyclic dimers forming 5- or 6-membered



interfragment rings containing up to two nitrogen or oxygen atoms. As plausible we
consider those dimers that have a total even number of oxidized sites. An odd number
of oxidation sites results in a radical dimer which is probably too unstable, although
radicals may become relevant for larger structures where the radical character can be
stabilized by delocalization. For the linear dimers we consider cis/trans stereochemistry
at the interfragment bond and include both stereoisomers in the set. The resulting set
has a total of 538 linear and 292 cyclic dimers, and the complete library including
structures and optical absorption data is available as Supporting Information.

To understand the relationship between structure, stability and optical properties it
is convenient to have a structural classification where similar isomers are grouped in
types. For this end we introduce a classification using three similarity criteria: oxidation
state, connectivity, and resonance/bonding pattern:

(1) Oxidation state. We consider all isomers that can be obtained by eliminating up
to three pairs of phenolic or pyrrolic hydrogen atoms. The compounds obtained by
eliminating 2, 4 or 6 hydrogen atoms are classified as oxidation state 1, 2 and 3 (Ox1,
Ox2 and Ox3).

(2) Connectivity. Linear isomers are classified according to the rings forming the
interfragment bond as AA, AB or BB (see ring labeling in Figure 1a), whereas cyclic dimers
are classified according to the structure of the interfragment ring as C6, C5
(interfragment ring formed by 6 or 5 carbon atoms) or CX (interfragment ring containing
one or two nitrogen or oxygen atoms).

(3) Resonance/bonding pattern. Classifying the oxidation pattern with the monomer-
based 1Q/MQ/NQ types provides a large number of different types which is not
convenient for analysis. Therefore we turn to a less detailed, more granular classification
based on the number of oxidized sites on each fragment and the resonance structure
describing the dimer, in particular the interfragment bond. When the dimer has an even
or zero number of oxidized sites on each fragment (ie 2 and 0 oxidized sites in Ox1 and
2 and 2 in Ox2), its resonance structure has a single bond between the two fragments.
This occurs with 50% of the dimers, which are classified as s. When the dimer has an odd
number of oxidized sites on each fragment (ie 1 oxidized site on each fragment in Ox1,
1 and 3 sitesin Ox2 and 3 sites on each fragment in Ox3), there are two more possibilities.
In 20% of the dimers there is a neutral resonance structure with a double interfragment
bond, and the dimer is classified as d. In the remaining 30% of the cases the resonance
structure has zwitterionic character (no neutral one is possible), and the dimer is
classified as z. The rules to classify the dimers as s, d or z can be derived from the
fragments that compose the dimer and are explained in SI2.1. As we show below, the
s/d/z classification is useful to analyze the optical absorption.
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Chart 1. Most stable dimer for the 26 linear types. Labelling code: isomer type and
free energy in kcal-mol? (relative to the most stable linear isomer of every oxidation
state); full name; S1 vertical absorption in eV and oscillator strength in brackets. Letters
A - F refer to the signals of Figure 6.

Table 1. Number of dimers of each type

Linear isomers

AA-s AAd AA-z AB-s AB-d AB-z BB-s BB-d BB-z Total

0x0 6 - - 8 - - 6 - - 20
ox1 24 12 30 48 24 450 24 20 190 246
ox2 42 6 18 72 20 28 42 16 8 252
0x3 - 2 4 - 4 4 - 6 - 20
Total 72 20 52 128 48 80 72 42 30 538

Cyclic isomers
C6-s Cc6-d Cé6-z C5-s C5-d C5-z CX-s CX-d CX-z Total

Ox0 2 - - 2 - - 14 - - 18
Ox1 6 5 7 12 7 11 46 17 57 168
Ox2 12 4 2 18 7 5 34 9 11 102
Ox3 - 2 - - 2 - - - - 4
Total 20 11 9 32 16 16 94 26 68 292

aSix other possible Ox1-AB-z and Ox1-BB-z isomers were discarded because of tautomerization or wave function
instability (see SI1.1.2 and SI1.1.3).
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Chart 2. Most stable dimer for the 23 cyclic types. Labelling code: isomer type and
free energy in kcal-mol™? (relative to the most stable cyclic isomer of every oxidation
state); full name; S1 vertical absorption in eV and oscillator strength in brackets. Letters
J - N refer to the signals of Figure 6.

Using the three criteria, we obtain 26 different linear isomer types and 23 cyclic ones.
The number of isomers for each type is presented in Table 1, and the most stable
isomers of each type are presented in Charts 1 and 2. These compounds form a
representative set of the dimers that combines chemical diversity with stability. The
nomenclature used to refer to individual isomers is explained in SI2.2.

Results and Discussion

Thermodynamics and stability. To assess thermodynamic preference for linear vs
cyclic and oxidized vs reduced dimers, the relative energy distribution of the linear and
cyclic dimers is plotted in Figure 2 (panels a and b, respectively). Oxidation states are
coded by color. The number of Ox1 and Ox2 isomers in the library is much larger than
that of Ox0 and Ox3 ones (see Table 1), which is reflected in the size of the histogram
bars. Overall, oxidation is a thermodynamically favorable process for the dimers. Thus,



the bars shift progressively towards lower energies passing from fully reduced (Ox0, blue
bars) to partially oxidized (Ox1 and Ox2, brown and red bars) and fully oxidized (Ox3,
green bars) structures. The most stable linear and cyclic dimers are fully oxidized
structures (d.lin.t.33.3.111-111 and d.cyc.34.43.3.111-111 in Charts 1 and 2). However,
the preference for higher oxidation states depends on the connectivity (see Table SI2).
In all linear dimers where one of the fragments is connected at C,, the most stable
isomer has oxidation state 2 because the Ox3 dimers with that connectivity all have a z
resonance structure (eg the Ox3-AA-z compound in Chart 1), which is less stable than
the neutral resonance structure found for Ox2 fragments. The preference for Ox2 over
0x3 in these fragments is 19 - 31 kcal-mol™. The situation is reversed for fragments
connected at Cs (except for 23 connectivity), where Ox3 is preferred by 12 - 21 kcal-mol
1. Finally, for 44, 47 and 77 dimers there is no clear preference because the difference
between the most stable Ox2 and Ox3 isomer is 1.5 - 7.5 kcal-mol?, which probably falls
within the error margin of our calculated thermodynamics. As for the cyclic dimers, the
highest oxidation state, Ox3, is preferred for the C6 isomers, and Ox2 for the C5 ones.
For the CX isomers, the highest possible oxidation state is Ox2 because the heteroatom
that is part of the interfragment ring cannot be oxidized, and this is also the preferred
state.

The plot also shows that cyclization is thermodynamically favorable. The difference
between the most stable cyclic and linear dimers with the same oxidation state is 50-70
kcal-mol™ (bars of the same color in Fig. 2), whereas that between the most stable cyclic
and linear dimers with the same stoichiometry (eg most stable linear Ox1 vs cyclic Ox0)
is 20-50 kcal-mol ™.
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Figure 2. Free energy distribution of (a) linear and (b) cyclic dimers as a function of
their oxidation state, relative to the most stable library dimer (y-axis cut at 50 and 25
isomers for clarity, see Figure SI3 for full plots).

As a possible route for formation of the cyclic structures we have investigated a two-
step path that involves an electrocyclization, a variant of the hexatriene to
cyclohexadiene rearrangement (see Scheme 1). This route is possible when the dimer
has the cis-like triene arrangement highlighted in red. The cyclization step leads to an
intermediate, followed by oxidation (H; elimination) to the cyclic isomers. This route
was suggested by optimizations of some linear structures that lead spontaneously to the
cyclized intermediates. It has been studied in detail for three representative examples,



one with an all-carbon hexatriene skeleton and two where a nitrogen or an oxygen atom
replace one of the six carbon atoms. The reactions lead to an Ox1-C6 and two Ox1-CX
products. The electrocyclization steps have low barriers of 12 - 22 kcal-mol* and are
thermodynamically favorable by 13 - 50 kcal-mol®. The hydrogen elimination step,
whose energy has been estimated in the same fashion as the oxidation steps, is also
highly favorable due to aromaticity gain in the final products. These examples show that
an alternative route to radical reaction is possible for the formation of the cyclic
structures.?’

d.lin.c.44.1.100-100 (168.9) Int1 (119.3) d.cyc.34.34.1.100-100 (61.6)
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OH
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Scheme 1. Reaction scheme for formation of cyclic isomers via electrocyclization.
Free energies in kcal-mol™ relative to the most stable dimer (ie energy scale of Figure 2)
provided in brackets.

To identify which are the thermodynamically most favorable types in each oxidation
state, we present free energy distribution plots of the linear and cyclic isomer types in
Figures 3 and 4. In the histogram bars, the isomers of each type are grouped according
to their energy relative to the most stable isomer of every oxidation state, and we plot
the most stable energy range of 0-20 kcal-mol™?. Histograms for the complete sets
covering ranges of up to 70 kcal-mol™ are provided in the SI (Figures SI4, SI5).
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Figure 3. Free energy distribution of linear isomers as a function of their type (0 - 20
kcal-mol™* energy range, see Figure SI4 for the full range). Panels (a) - (d) display OxO0 -
Ox3 dimers, and energies are relative to the most stable dimer of each group.

For the linear isomers (Figure 3), all Ox0 compounds fall into a narrow energy range
of < 10 kcal-mol ™. For the other oxidation states the energy spread is higher, up to 70
kcal-mol™ (see Figure Sl4), and some trends regarding the stability are visible. First, for
all oxidation states there is a preference for AA ring connectivity and, to a lesser extent,
AB, over BB. In the three oxidation states the most stable isomer has AA connectivity,
and the most stable BB structures lie 8-10 kcal-mol? higher. This is related with the
coplanarity of the DHI fragments. Coplanarity is favored in the AA case because the
connection involves five-membered rings and there is less steric contact between the
rings than in the BB case, where the connection involves two six-membered rings. More
coplanarity results in an energetic stabilization thanks to an increase in electronic
delocalization, and therefore the AA compounds are more stable. This preference for

coplanar structures was also observed in previous studies of linear oligomer libraries.'”
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The preference for AA and AB connectivity is also consistent with experimental
studies on dimers isolated from oxidative DHI oligomerization, where the preferred
connectivity was 22, 24 and 27.22 However there are some differences. First, according



to our studies 22 is the thermodynamically most stable connectivity for Ox0 and Ox1,
but these dimers where only identified experimentally when the polymerization was
carried out in the presence of transition metal ions. In addition, some of our most stable
dimers have connectivity at C3, which was not found experimentally. This suggests that
other factors than the product stability, such as the thermodynamics of the radical
precursors or the dimerization kinetics, are also important.
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Figure 4. Free energy distribution of cyclic isomers as a function of their type (0 - 20
kcal-mol™* energy range, see Figure SI5 for the full range). Panels (a) - (d) display OxO0 -
Ox3 dimers, and energies are relative to the most stable dimer of each group.

Turning to the oxidation and bonding pattern, the d pattern is somewhat preferred
over s for AA and AB compounds of Ox1 and Ox2 (s isomers: dark blue bars in Figure
3b,c; d isomers: light blue and orange bars; see also Chart 1, where the Ox1-AA-d dimer
is more stable than the Ox1-AA-s one, and the same happens for Ox1-AB, Ox2-AA, Ox2-
AB). The preference for an interfragment double bond may be due to a favorable
electronic delocalization among the two fragments. occurs in the AA and AB compounds
because the fragments are connected at the smaller rings, which allows them to be
coplanar, as required by the double bond. In contrast to this, the Ox1-BB and Ox2-BB
compounds prefer s connectivity (dark vs light green bars). Among the s compounds,
those with 1Q fragments are preferred, in line with previous studies.'® Finally, the z
compounds (grey and red bars in Figure 3b,c) are less stable than their s and d
counterparts.

In the cyclic isomers (Figure 4), there is a clear preference for the C6 isomers (light
and dark blue and grey bars) in all oxidation states, with the most stable CX and C5
isomers lying 10-15 and 30-35 kcal-mol? higher in energy, respectively (see Figure SI5
for the higher-energy range). In the CX isomers, the presence of a nitrogen atom in the
ring is more favorable energetically than that of an oxygen. The most stable O-



containing CX isomer is about 10 kcal-mol? less stable that its N counterpart in Ox1
compounds, and 27 kcal-mol™? in the Ox2 set.

Looking at the oxidation and bonding pattern, the d and z patterns, ie odd number of
oxidized sites on every fragment, are also favorable for the cyclic compounds. For the
Ox1-C6 compounds, the most stable group includes one isomer of each
resonance/bonding (Figure 4b, see also Chart 2), and the same happens with the Ox1-
C5 compounds. For Ox2 (Figure 4c) all Ox1-C6 isomers lie within 15 kcal-mol?, and the
most favored connectivity is d. The fact that the z connectivity is comparatively more
favored in the cyclic isomers may imply that the zwitterionic charges can be stabilized
better than in the linear ones, presumably because delocalization is larger.

Optical properties. The relationship between structure and vertical S; absorption
energy is illustrated in Figure 5. In this plot, every stick represents the absorption range
of a group of compounds; the filled boxes represent the 50% of compounds in the group
that absorb closest to the median absorption (second and third quartile), and the
whiskers cover the full range of absorption for that group. The median is shown as a
black line, and the label identifies the group and the number of compounds in it. The
vertical dashed lines give the S; absorptions of the DHI, IQ, MQ and NQ monomers for
reference, calculated at the same level of theory. Several trends can be recognized. For
the fully reduced dimers, the linear ones (Ox0.lin.s, stick in the upper right part of the
panel) absorb between 3.9 and 4.7 eV, which is in line with previous calculations giving
3.7 - 4.3 eV for the dimers.?! Compared to the DHI excitation of 4.8 eV, the effect of
dimerization is lowering the excitation energy by up to 0.9 eV. In turn, the absorption of
the cyclic reduced dimers (Ox0.cyc.s) is 3.4 - 4.0 eV, implying that cyclization shifts the
excitation energy down by another 0.5 eV.

In line with previous studies,???3 the oxidized dimers absorb at lower energies: the
Ox1 dimers between 0.7 and 2.7 eV, and the Ox2 ones between 0.5 and 2.5 eV. The
0Ox3.lin.d and Ox3.cyc.d dimers absorb between 2.3 and 2.8 eV, substantially higher than
the Ox1 and Ox2 compounds. Therefore, the trend is that the partially oxidized dimers
absorb in the lower energy region, with small differences between oxidation states 1
and 2, whereas complete oxidation (with the exception of z resonance, see below) leads
to an increase in the absorption energy. This is probably due to the fact that the fully
oxidized structures with d resonance/bonding character recover aromaticity compared
to the Ox1 and Ox2 ones, which increases the HOMO-LUMO gap and the excitation
energy (see compound structures in Charts 1, 2). Turning to the relationship with
bonding and resonance, if one compares the Ox1.lin.s, Ox1.lin.d and Ox1.lin.z sticks
(upper half of the panel), it appears that the median absorption of the Ox1.lin.s and
Ox1.lin.d compounds is similar, but the Ox1.lin.d compounds cover a broader range (0.7
- 2.7 eV) compared to Ox1.lin.s (1.4 - 2.2 eV). In turn, the Ox1.lin.z compounds absorb
at lower energies, 0.7 - 1.7 eV. This trend is maintained for Ox2 and the cyclic
compounds, and it suggests that compounds with d or z resonance/bond pattern may
contribute to the lower energy absorption.
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Figure 5. Distribution of S; excitation energy for the dimers grouped by oxidation
state and resonance/bonding, separating linear from cyclic. The filled boxes cover the
second and third quartile of each group, and the whiskers the full range from the lowest
to the highest absorption. The label includes the number of compounds from each type.
The vertical dashed lines are, for reference, the absorption of the DHI monomer and the
oxidized 1Q, NQ and MQ monomers.

To understand how the different dimers may contribute to the absorption spectrum,
it is necessary to consider their relative stability. This is illustrated in Figure 6. The eight
panels correspond to the linear and cyclic isomers of Ox0 - Ox3, and every signal on the
plot arises from one or more compounds that absorb at the energy indicated on the x
axis and have the relative free energy (Gre) given on the y axis. The plot includes
absorption of the three lowest states, S1-S3 (see SI5 for details). The absorption intensity
is coded by the color bars on the right and is proportional to the calculated oscillator
strength. The lower parts of the plots show how the most stable compounds of each
group may contribute to the spectrum of a hypothetical compound mixture. The most
relevant absorption features are highlighted with a white circle and labeled with the
letters A-T.
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Figure 6. S1-S3 absorption properties (excitation energy, x axis, and oscillator strength,
color bars) vs stability (energy relative to the most stable compound of every group) of
(a)-(d) linear and (e)-(h) cyclic library compounds grouped by oxidation state. The letters
A-T identify the most relevant features of stable compounds (low Gye)).

The upper part of Figure 6 (panels a and e) shows the absorption of the reduced (Ox0)
linear and cyclic dimers. The absorption starts at 3.8 and 3.4 eV, respectively, which is
consistent with the distribution of Figure 5. The linear dimers show higher absorption
intensity than the cyclic ones, specially for the stable compounds (compare features A-
D with N and P). Some of the cyclic Ox0 dimers have more intense absorption, but their
Greris high, so they will probably be less relevant. Turning to the Ox1 and Ox2 compounds,
the linear dimers with low G (bottom of panels b and ¢, signals E-H and I-L) absorb
between 1.5 and 3 eV. The dimers absorbing at lower energies in these groups (1 - 1.5
eV) are relatively unstable, with Gre > 15 kcal-mol™. For the cyclic Ox1 and Ox2 dimers
(panels f and g), the absorptions of the stable compounds (signals Q, R and S) are less
intense than those found for their linear counterparts, but they appear at somewhat
lower energy (1.3 - 1.4 eV, signals Q and S). As in the Ox0 case, the cyclic dimers with
more intense absorption are relatively unstable. Finally, the fully oxidized Ox3
compounds absorb at significantly higher energy than the Ox1 and Ox2 analogues
(panels d and h, signals M and T). This may partly be due to a gain in aromaticity, as
discussed above, and it is reinforced by the fact that the lowest states have n,mt*
character, so that the signals correspond to higher-energy states (S, and Sz for M and T,



respectively). Some Ox3 compounds absorb between 1 and 2 eV, but they are unstable
(Gres > 40 kcal-mol™) and probably not relevant.

The characterization of the compounds responsible for the highlighted signals in
Figure 6 is provided in Table SI3. For each signal we present the most significant
contributions (absorptions with higher oscillator strength), and the corresponding
compounds are displayed in Charts 1, 2 and SI3. It is interesting to analyze the
resonance/bonding pattern of these compounds to find how the different types may
contribute to the spectrum. We center on the Ox1 and Ox2 groups because in the Ox0
case all dimers have s resonance/bonding, and in the Ox3 case all stable dimers are d
type. In the Ox1-lin group, the two low-energy signals (E and F) arise from S; absorption
of a z and a d compound, whereas the higher-energy ones (G and H) correspond to S
and Sz absorptions from a larger group of compounds including s, d and z contributions.
In contrast to this, the lowest-energy absorptions in the Ox2-lin group (I and J) arise from
s compounds formed by two 1Q fragments, whereas the higher-energy ones (K and L)
come from d compounds (Sz absorptions in the L case). Turning to the cyclic dimers, the
Q and R signals come from a zcompound and a group of s and d compounds, respectively,
and signal S from an s compound formed by two 1Q fragments.

To summarize, the absorption vs stability plots show that some of the
thermodynamically stable Ox1 and Ox2 dimers have absorptions as low as 1.3 eV, with
the absorptions of the cyclic compounds being weaker and lower in energy than the
linear ones. Compounds with the three possible resonance/patterns, s, d and z, are
responsible for the different signals. In particular, linear and cyclic dimers formed by two
IQ fragments have an important contribution to the low energy absorptions (signals I, J,
and S). We also find that some of the dimers have strong S; and Ss absorptions below 3
eV. Population of these states may have implications for the excited-state dynamics and
the non-radiative decay of the polymer.

Conclusions

Our work is the first exhaustive study of the stability and optical properties of a group
of melanin components, the dimers, and their relationship with structure. With our
classification in terms of oxidation state, connectivity and resonance/bonding, we have
generated a representative set of the most stable 53 structures covering the chemical
diversity of the dimers. Previous works have introduced representative sets of dimers
up to the tetramers based solely on stability,!”'® but these are found to be quite
repetitive from the structural point of view. Our approach is complementary and
compensates this by combining stability with diversity criteria.

From the structural point of view, our results show a preference for oxidized
structures (Ox2 or Ox3, depending on the connectivity) which is consistent with the fact
that DHI undergoes oxidative polymerization under mild conditions. The more reduced
structures are less favorable, thermodynamically. Moreover cyclic structures, in
particular those involving six-membered interfragment rings, are favored compared to
linear ones. This speaks in favor of the polycyclic graphite-like structures,'* which have
been also favored by a recent Raman spectroscopic study of dopa melanin.?° While our
calculated C6 structures may be present as substructures in melanin oligomers, the C5
structures are probably not relevant because they are too high in energy. We have also



found an energetically accessible electrocyclic path for the formation of cyclic dimers
which may complement the usually assumed radical oligomerization mechanism.

Turning to optical absorption, strongly red shifted absorptions down to about 1.3 eV
(/>900 nm) can already be seen for some dimers that are among the most stable ones.
These fragments may have a relevant contribution, as substructures of larger oligomers,
to the absorption of melanin samples. Our stability vs absorption analysis shows which
dimers of the different oxidation states combine the necessary features of stability and
absorption to contribute to the spectrum. Importantly, the compounds that contribute
to the relevant low energy absorptions have s, d and z resonance/bonding pattern. This
shows that theoretical melanin models should not be limited to indolequinone or
guinone methide fragments with two oxidized heteroatoms per fragment. Instead, also
structures with one or three oxidized heteroatoms per fragment and a CC double bond
between the fragments can be thermodynamically stable and have relevant optical
properties. In fact, even compounds whose resonance structure seems unfavorable,
such as the ones we have termed as z, can be stable and relevant.

As an outlook, we plan to extend our approach to the DHICA dimers. In this case the
preference for AA and AB connectivity found for the DHI dimers is likely to be reversed
in favor of BB (jie connectivity at the C4 and C7 positions).?8 Since this is related with the
preferred resonance/bonding character and the optical absorption, it will be interesting
to see how the absorption of the DHICA dimers differs from the DHI ones, and also
whether the preference for oxidized and cyclic structures is maintained. OQur approach
will also be extended to larger oligomers. One question here is whether the optical
properties of the linear oligomers are dominated by those of the smaller fragments, or
whether extended conjugation effects are dominant. It will also be interesting to
determine whether cyclic and oxidized structures are also preferred for the larger
oligomers, and in the case of the cyclic compounds we will include structures with seven-
membered interfragment rings in our sets that cannot be formed at the dimer level.
Given the complexity of the oligomerization scheme, it will probably also be necessary
to go beyond thermodynamics and include kinetic aspects in the construction of
representative theoretical melanin models.

Supporting Information

Supporting Information files include a document in PDF format containing
computational details, details on the classification scheme and nomenclature, full
histograms of energy distribution, a table with the most stable linear isomers of each
connectivity, explanation of the construction of the absorption vs stability plots, list and
structures of compounds responsible for the relevant signals, and complete Reference
26.
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SI1. Computational details

SI1.1 Choice of electronic structure method

The calculations were carried out with density functional theory (DFT). We chose the
CAM-B3LYP functional with the 6-311G(d,p) basis set, which gives good performance for
the excited-state calculations.'? In particular, this approach avoids spurious charge
transfer stabilization effects® that can occur in the dimers. For consistency, restricted
CAM-B3LYP was used both for structural optimization and time-dependent DFT (TD-DFT)
vertical excitations. The use of a dispersion correction was discarded based on
comparison with MP2 (see next section). Solvent effects were taken into account with
the SMD continuum model* using water as solvent. All calculations were performed with
Gaussian 16.°

SI1.1.1 Benchmark of ground-state approach

The validity of our approach to estimate the stability of the different compounds was
tested for the set of 20 linear, fully reduced DHI dimers. As a benchmark method we
used MP2 with Dunning's correlation-consistent polarized valence triple-z (cc-pVTZ)
basis set and SMD solvation. We considered SMD-CAM-B3LYP/6-311G(d,p) with and
without the atom-pair wise dispersion D3 correction, and compared the relative
potential energies of the 22 compounds with the three approaches. The results are
shown in Figure SI1, where we display the relative energies following the MP2 energies
in decreasing order. In both charts the blue bars represent MP2 energies, and the red
ones CAM-B3LYP without and with D3 correction® (Figures Sl1a and b, respectively). The
relative energies span a range of 10 kcal-mol™* with MP2. The CAM-B3LYP energies are
somewhat less dispersed, but the range of dispersion is closer to MP2 when the D3
correction is not included (6 vs 4 kcal-mol?). In addition, the order of the compounds is
approximated better with CAM-B3LYP than by CAM-B3LYP-D3. In particular, CAM-
B3LYP-D3 clearly underestimates the relative energies of the ¢.77 and c.47 isomers,
which are the less stable ones at the MP2 level and the second and fourth more stable
ones with CAM-B3LYP-D3. The root mean square of the difference between the relative
energies is 3.1 kcal/mol for CAM-B3LYP and 5.0 kcal/mol for CAM-B3LYP-D3. Overall, the
agreement with MP2 is better without the D3 correction. Therefore, the D3 scheme was
discarded. The good agreement between CAM-B3LYP and MP2 is also seen comparing
the energy distribution histograms as a function of the type (Figure SI2).
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SI1.1.2 Unstable tautomers

Two structures (z.lin.t.47.1.010-010 and z.lin.c.77.1.100-010) were not stable towards
interfragment tautomerization. Upon optimization, they yielded structures
z.lin.t.47.1.000-110 and z.lin.c.77.000-110, respectively. The unstable isomers were not
included in the library.

SI1.1.3 Wave function stability of z structures

The structures with z resonance/bonding character may be prone to have a diradical
character that makes them unsuitable for our theoretical approach. This possibility was
examined reoptimizing all z structures with unrestricted CAM-B3LYP and comparing the
results with the restricted approach. Four structures (z.lin.c.37.1.001-010,
z.lin.c.37.1.010-001, z.lin.t.37.1.100-010 and z.lin.t.44.1.010-001) give a lower energy
minimum with unrestricted CAM-B3LYP, which is indicative of instability of the
restricted wave function and possible radical bicharacter. The structures were therefore
discarded.

SI1.1.4 Benchmark of excited-state approach

The suitability of TD-CAM-B3LYP for the vertical excitations is assessed comparing the
vertical excitations of the DHI, IQ and NQ monomers in the gas phase with high-level
EOM-EE-CCSD and MS-CASPT2 calculations from Ref. 7 (Table SI1). TD-DFT excitations in
solution are given in the fifth column. The differences of gas-phase TD-DFT with respect
to EOM-EE-CCSD are 0.16 - 0.23 eV, and those with respect to MS-CASPT2 0-16 - 0.28
eV, ie overall there is a difference of approximately 0.2 eV which lies within the expected
precision range of TD-CAM-B3LYP. Note that inclusion of solvation effects has a
substantial effect on the excitation energies of IQ and NQ (decrease by approximately
0.2 eV) because of an increase in the dipole moment upon excitation.

Table SI1. Vertical S1 excitation energy [eV] of the DHI monomer and the oxidized 1Q and
NQ forms calculated at different levels of theory.

EOM-EE-CCSD/ MS-CASPT2/ TD-CAM-B3LYP/  TD-CAM-B3LYP/
6-311++G(d,p)®  6-311++G(d,p)° 6-311G(d,p)P 6-311G(d,p)°
DHI 4.55 4.58 4.78 4.79
IQ 2.33 2.43 2.15 1.92
NQ 2.37 2.05 2.21 2.04

3Gas phase, Ref. ”. °Gas phase, this work. “Solution (SMD), this work.

SI1.2 Calculation of free energy

The free energy G of the different compounds is the free energy in solution at 298 K
including translational, rotational, and vibrational contributions, and the electronic
contribution for O,. To save computational effort, the vibrational contribution of the
dimers has been obtained from the SMD calculated frequencies for representative
structures, namely the most stable cyclic and linear isomer of all oxidation states, and
the same contribution has been used for all cyclic or linear isomers of the same oxidation
state. Similarly, for all dimers the rotational entropy is approximated using the moments
of inertia of the representative structures mentioned above. Following Eq. 6a of Ref. &,
for the Gibbs translational free energy correction T-Si, the translational entropy is
calculated using the free solvent volume of water with an intermediate value of 7 for



the Csee constant. For the dimers and water we assume standard conditions (ax = 1),
while for oxygen we assume an activity of 2.5e-4, which corresponds to the solubility of
oxygen in water at 298 K (8 mg-L1)°. The latter term is included as RT-In(ax) in G(O>).

SI1.3 Thermodynamic scheme to balance stoichiometry

To compare the energy of dimers with different stoichiometry, we consider that the
oxidation proceeds with ground-state (triplet) oxygen, as in one of the common
methods of dopa polymerization.1 In this case, it is possible to compare the energy of
isomers of different stoichiometry with the following equation, where the oxidation is
balanced with O, and H,O molecules (Equation S1):

Ci6H12N204 + m/2 O, — CisHi22mN204 + m HO [S1]

In Equation S1, Ci6H12N;04 is the stochiometric formula of the fully reduced linear
dimers (oxidation state 0). Using Equation S1, the energy of dimers with different
composition can be compared calculating the following energy, which we term G
(Equation S2):

Gé1eH14—2mN204 = GC16H14—2mN204 + mGHzo - (m/Z)GOZ [S2]

The linear dimers with oxidation state 0, 1, 2 and 3 correspondto m =0, 1, 2 and 3. As
for the cyclic dimers, they have 2 hydrogen atoms less than the linear counterparts.
Therefore, cyclic dimers with oxidation state 0- 3 have m=1-4.

SI12.  Classification scheme

SI2.1 Resonance/bonding classification

The resonance/bonding dimer classification is based on the fragment library shown in
Charts SI1 and SI2. The monomer fragments (MF) are classified as MF-nH, where n is the
number of oxidized sites, and labelled as b-n.ijk, where b is the bond connectivity at the
bonding site, n the bonding site, and ijk codifies whether the N, Os or Og¢ sites are
reduced (digit=0) or oxidized (digit=1). In the cyclic structures where one of the
heteroatoms is bonded, the corresponding digit is set to x. All linear and cyclic MF-OH
and MF-2H fragments can be described by neutral resonance structures with single-
bond connectivity at the connecting site(s), and are labeled s. In contrast, the MF-1H
and MF-3H fragments can be described either by neutral resonance structures with
double-bond connectivity at the connecting site(s), which are labeled d, or by
zwitterionic resonance structures labeled z. The rules for the dimers are that two s
fragments give an s dimer; two d fragments give a d dimer; and two z fragments or one
d and one z fragment give a z dimer.
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SI2.2 Nomenclature

We introduce an unambiguous, specific nomenclature that describes the structural
features in a compact way. For the linear structures, the name has the form
r.lin.u.mn.x.abc-def, where ris the resonance/bonding key (s, d or z); lin stands for linear
fragment; u describes the stereochemistry of the interfragment bond (c for cis and t for
trans); mn gives the numbering of the carbons forming the interfragment bond; x gives
the dimer oxidation state; and abc and def indicate whether N1, Os and Og of the first
and second fragment, respectively, are reduced (digit = 0) or oxidized (digit = 1). For the
cyclic structures, the format is r.cyc.mn.op.x.abc-def, where r, x and abc-def have the
same meaning that in the linear structures; cyc stands for cyclic fragment; and mn and
op are the numbering of the interfragment connecting atoms of the first and second
fragment (m connected with o and n with p). In the case where one of the N1, Os and O¢
atoms is involved in the interfragment bond, the corresponding digit in the abc-def
string is given the value x. Examples of the nomenclature are provided for the structures
of Charts 1 and 2.



SI3.  Full histograms of energy distribution
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Figure SI3. Free energy distribution of (a) linear and (b) cyclic dimers as a function of
their oxidation state, relative to the most stable library dimer (cf Figure 2).
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Sl4.  Most stable linear isomers of each connectivity

Table SI2. Most stable linear isomers of each connectivity.

Connectivity Most stable isomer AG [kcal-mol?]?
Name Oxidation state
22 s.lin.t.22.2.011-011 2 -30.7
23 d.lin.t.23.2.001-111 2 -18.5
24 d.lin.c.24.2.001-111 2 -19.2
27 d.lin.t.27.2.001-111 2 -26.0
33 d.lin.t.33.3.111-111 3 -20.6
34 d.lin.t.34.3.111-111 3 -14.8
37 d.lin.c.37.3.111-111 3 -12.0
44 d.lin.t.44.3.111-111 3 -7.5
47 d.lin.c.47.3.111-111 3 -1.5
77 s.lin.t.77.2.011-011 2 -5.2

2Energy relative to the lowest energy isomer with Ox3 (22, 23, 24, 27 and 77 connectivity) or
Ox2 (33, 34, 37, 44, 47) oxidation state.

SI5.  Construction of absorption/stability plots

To construct the absorption/stability plots (Figure 6), for every group of compounds a
two-dimensional grid of bins is created with a spacing of 0.125 eV (x axis) and 5 kcal-mol
! (y axis) (eg 41 x 5 for Figure 6a). The contents of every bin, zj, is the sum of the oscillator
strengths assigned to that bin according to the following formula:

Zij = prq V(Gp € [Gj]'qu € [Ei]) [S3]
pq

where the sum runs over p, the number of compounds in the group, and g=1,3, the
number of vertical excitations calculated for every compound. The sum is performed
when the energy of compound p, Gp, and the excitation energy Epq fall into the bin
relative energy and excitation ranges (Gjand E;, respectively). After the sum is performed,
the values of z are normalized to 1 dividing by the maximum of z;.

SI6.  Compounds contributing to the highlighted signals in the stability vs
absorption plots (Figure 6)

For every highlighted signal of Figure 6, the compounds that contribute most to the

absorption (largest oscillator strength) are listed in Tables SI3 and SlI4 (linear and cyclic

dimers, respectively). The structures are displayed in Charts 1, 2 and SI3.
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Table SI3. Most significant contributions to the highlighted absorption signals of the
stability vs absorption plots, linear dimers (Figure 6a-d).

G,
Group  Signal [kcal-rr:ol‘ll Eexc [€V] f State Compound name Type Chart
Ox0-lin A 0.0 3.87 1.4002 S1 s.lin.t.22.0.000-000 Ox0-AA-s 1
1.2 3.89 1.3618 S1 s.lin.c.22.0.000-000 Ox0-AA-s SI3
B 2.7 4.09 0.8725 S1 s.lin.c.27.0.000-000 Ox0-AB-s 1
2.9 4.00 0.8724 S1 s.lin.c.24.0.000-000 Ox0-AB-s SI3
3.6 4.09 0.8481 S1 s.lin.t.24.0.000-000 Ox0-AB-s SI3
C 11 4.26 0.8383 S1 s.lin.c.23.0.000-000 Ox0-AA-s SI3
1.6 4.30 0.7923 S1 s.lin.t.23.0.000-000 Ox0-AA-s SI3
3.3 4.28 0.7777 S1 s.lin.t.27.0.000-000 Ox0-AB-s SI3
D 3.8 4.71 0.4052 S, s.lin.t.37.0.000-000 Ox0-AB-s SI3
3.3 4.75 0.3787 S3 s.lin.t.33.0.000-000 Ox0-AA-s SI3
4.1 4.71 0.3159 S1 s.lin.c.33.0.000-000 Ox0-AA-s SI3
3.8 4.65 0.2735 S1 s.lin.c.37.0.000-000 Ox0-AB-s SI3
3.8 4.71 0.2504 S, s.lin.c.37.0.000-000 Ox0-AB-s SI3
11 4.76 0.2414 S3 s.lin.c.23.0.000-000 Ox0-AA-s SI3
Ox1-lin E 8.2 1.70 0.2704 S1 z.lin.t.23.1.001-001 Ox1-AA-z 1
0.0 2.32 1.7509 S1 d.lin.c.22.1.001-001 Ox1-AA-d 1
G 6.0 2.83 1.2455 Sz s.lin.c.22.1.101-000 Ox1-AA-s SI3
8.1 2.81 1.1386 S, s.lin.t.22.1.101-000 Ox1-AA-s SI3
8.2 2.77 0.8346 S3 z.lin.t.23.1.001-001 Ox1-AA-z SI3
5.9 2.85 0.8222 S3 d.lin.t.24.1.001-010 Ox1-AB-d SI3
H 4.4 2.88 1.1785 S3 d.lin.c.23.1.001-100 Ox1-AA-d SI3
2.7 2.93 1.0876 S3 s.lin.t.22.1.011-000 Ox1-AA-s SI3
4.4 2.95 1.0451 S3 s.lin.c.22.1.011-000 Ox1-AA-s SI3
3.0 2.93 1.0347 S3 d.lin.t.23.1.001-100 Ox1-AA-d SI3
3.2 2.80 0.8264 S3 d.lin.c.24.1.001-010 Ox1-AB-d SI3
Ox2-lin 1 4.6 1.87 0.1505 S1 s.lin.t.22.2.011-011 Ox2-AA-s SI3
3.9 1.75 0.1401 S1 s.lin.c.27.2.011-011 Ox2-AB-s 1
4.0 1.82 0.1267 S1 s.lin.t.23.2.011-011 Ox2-AA-s SI3
J 10.2 1.78 0.2333 S1 s.lin.t.23.2.011-101 Ox2-AA-s SI3
5.9 1.64 0.2046 S1 s.lin.t.24.2.011-011 Ox2-AB-s SI3
6.4 1.80 0.1776 S1 s.lin.t.27.2.011-011 Ox2-AB-s SI3
9.9 1.73 0.1735 S1 s.lin.t.24.2.101-011 Ox2-AB-s SI3
K 2.6 2.25 0.1723 S1 d.lin.t.27.2.001-111 Ox2-AB-d 1
L 2.7 2.73 0.9111 S3 d.lin.c.24.2.001-111 Ox2-AB-d SI3
4.2 2.73 0.8692 S3 d.lin.c.27.2.001-111 Ox2-AB-d SI3
4.7 2.78 0.9011 S3 d.lin.t.24.2.001-111 Ox2-AB-d SI3
Ox3-lin M 9.2 2.65 0.2221 S, d.lin.t.37.3.111-111 Ox3-AB-d SI3
9.3 2.62 0.1924 S, d.lin.c.37.3.111-111 Ox3-AB-d SI3
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Table Sl4. Most significant contributions to the highlighted absorption signals of the
stability vs absorption plots, cyclic dimers (Figure 6a-d).

G,
Group  Signal [kcal-rr:ol‘ll Eexc [€V] f State Compound name Type Chart
Ox0-cyc N 1.8 3.38 0.3404 S1 s.cyc.34.34.0.000-000 Ox0-C6-s Sl4
0.0 3.76 0.5672 S1 s.cyc.34.43.0.000-000 Ox0-C6-s 2
Oxl-cyc Q 13 1.37 0.1701 S1 z.cyc.34.43.1.010-010 Ox1-C6-z 2
3.8 1.31 0.1064 S1 s.cyc.34.43.1.000-011 Ox1-C6-s Sl4
8.6 1.24 0.0889 S1 z.cyc.34.43.1.001-010 Ox1-C6-z Sl4
9.7 1.27 0.0874 S1 s.cyc.34.43.1.000-110 Ox1-C6-s Sl4
4.5 1.13 0.081 S1 s.cyc.34.34.1.011-000 Ox1-C6-s Sl4
R 0.7 1.90 0.1198 S1 d.cyc.34.43.1.010-100 Ox1-Cé-d 2
2.8 1.76 0.0924 S, d.cyc.34.34.1.010-010 Ox1-Cé-d Sl4
0.0 1.79 0.0897 S1 s.cyc.34.34.1.110-000 Ox1-C6-s
Ox2-cyc S 9.1 1.31 0.1900 S1 s.cyc.34.43.2.011-011 Ox2-C6-s
Ox3-cyc T 0.0 3.30 0.0973 S3 d.cyc.34.43.3.111-111 Ox3-Cé6-d 2

13



HO N OH
<1
HO OH

A
Ox0-AA-s, G,o=1.2
s.lin.c.22.0.000-000

E51=3.89 (f=1.36)

Ox0-AB-s, G=3.3
s.lin.t.27.0.000-000
Es1=4.28 (=0.78)

H
o N N
HO

G
Ox1-AA-s, G,,=6.0
s.lin.c.22.1.101-000

Es,=2.83 (f=1.25)

HO

Ox1-AA-d, G,o=4.4
d.lin.c.23.1.001-100
Eg3=2.88 (f=1.18)

O OH
ROLTE
HO =

x NH

H

Ox1-AB-d, G,¢=3.2
d.lin.c.24.1.001-010
Es3=2.80 (1=0.83)

7 NH
O~ N
oV
(6]
(@]

0]

J
Ox2-AB-s, Gy=5.9
s.lin.t.24.2.011-011
Egy=1.64 (#=0.20)

Ox2-AB-d, Go=4.7
d.lin.t.24.2.001-111
Eg3=2.78 (£=0.90)

(0]

OH

HO OH

x NH
OH
Lo
B
OX0-AB-s, Go=2.9

s.lin.c.24.0.000-000
Eg=4.00 (=0.87)

Iz

D
Ox0-AB-s, G,,/=3.8
s.1in.t.37.0.000-000

Eg=4.71 (f=0.41)

H

Esp=2.81 (=1.1

0 N
A\
ON )
H

H
Ox1-AA-s, Go=2.7
s.lin.t.22.1.011-000

E53=2.93 (f=1.09)

o H o

A\
GRS
o H

Ox2-AA-s, Go=4.6
s.lin.t.22.2.011-011

Eg=1.87 (1=0.15)

O

(0]
~ . NH
O AN
oV
O J
Ox2-AB-s, G,o=6.4

s.in.t.27.2.011-011
Eg=1.80 (£=0.18)

Ox3-AB-d, G,¢=9.2
d.lin.c.37.3.111-111
Egy=2.65 (1=0.22)

D 4
HO OH

G
Ox1-AA-s, G,g=8.1
s.lin.t.22.1.101-000

HO OH

=\ NH

B

Ox0-AB-s, G,,=3.6
s.lin.t.24.0.000-000
Egy=4.09 (f=0.85)

HO
HO

HO
HO

Iz

HO o
O NH
HO - HO O by
HO ‘ N
z
/
HO HN O OH
OH
D

Ox0-AA-s, G,,=3.3
s.1in.t.33.0.000-000
Eg3=4.75 (=0.38)

4) Egs=2.

OH o

OH o

Ox1-AA-z, G/,=8.2
2.1in.t.23.1.001-001

HoHom
OH
H

=

HO OH
oK 1)
/ N\ NH

c
Ox0-AA-S, Gri=1.6
5.lin.t.23.0.000-000

Eg1=4.30 (£=0.79)

OH Ho

cD
OX0-AA-S, Go=1.1

s.lin.c.23.0.000-000
Eg1=4.26 (f=0.84)
Ey=4.76 (f=0.24)

HO HO
NH O NH
HO P HO _
H
N N OH
HO O NH N
OH
HO
D

OX0-AB-s, G,¢=3.8
s.lin.c.37.0.000-000
Eg1=4.65 (1=0.27)
Eep=4.71 (1=0.25)

OX0-AA-S, Gp=4.1
s.lin.c.33.0.000-000
Eg=4.71 (£0.32)

Z"NH
ROy
HO =
(@] OH
G G

Ox1-AB-d, G,¢=5.9
d.lin.t.24.1.001-010
Eg3=2.85 (=0.82)

77 (£=0.83)

OX1-AAS, Gyt 4 H
sin.c.22.1.011-000 Ox1-AAd, Go=3.0
Es3=2.95 (=1.05) d.lin.t.23.1.001-100
Ey=2.93 (=1.03)
)
0
o O N O
Pan
o NH
I

Ox2-AB-s, G,,=9.9
s.lin.t.24.2.101-011
Eg51=1.73 (f=0.17)

Ox2-AA-s, G,o=4.0
s.lin.t.23.2.011-011
Eg=1.82 (£=0.13)

Ox2-AA-s, G,=10.2
s.lin.t.23.2.011-101
Egy=1.78 (#=0.23)

HO O
H O O
N
! NH
N\l 0]
o | N
X2-AB-d, Goi=2.7 o
d.lin.c.24.2.001-111 L

Ese=2.73 (20.91) Ox2-AB-d, Gyei=4.2

d.lin.c.27.2.001-111
Es3=2.73 (=0.87)

Ox3-AB-d, G,¢=9.3

d.lin.t.37.3.111-111
Egp=2.62 (1=0.19)

Chart SI3. Additional compounds highlighted in Figure 6 (linear dimers). Labelling
follows the convention of Charts 1 and 2 in the main text.
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ZT

HO

ne
HO O N\
HO NH

N
Ox0-C6-s, G,g=1.8
s.cyc.34.34.0.000-000
E4=3.38 (£=0.34)

Q
Ox1-C6-s, G,=3.8
s.cyc.34.43.1.000-011
Eg=1.31 (£0.11)

Q
Ox1-C6-z, G,,=8.6
z.cyc.34.43.1.001-010
Es1=1.24 (f=0.09)

Ne OH
\ o
HO O

HO

Iz o

Q
Ox1-C6-s, G,=9.7
s.cyc.34.43.1.000-110
Es1=1.27 (=0.08)

0 H HO

AT oA
@ oA

N
NH HO NH

N\_ZT

HO
HO
Q R
Ox1-C6-s, G,=4.5 Ox1-C6-d, G,,=2.8
s.cyc.34.34.0.011-000 d.cyc.34.34.0.010-010
Esy=1.13 (=0.08) Esp=1.76 (=0.09)

Chart Sl4. Additional compounds highlighted in Figure 6 (cyclic dimers). Labelling follows
the convention of Charts 1 and 2 in the main text.

SI7. Complete reference 26

Gaussian 16, Revision A.03, Frisch, M. J.; Trucks, G. W.; Schlegel, H. B.; Scuseria, G. E.;
Robb, M. A.; Cheeseman, J. R.; Scalmani, G.; Barone, V.; Petersson, G. A.; Nakatsuji, H.;
Li, X.; Caricato, M.; Marenich, A. V.; Bloino, J.; Janesko, B. G.; Gomperts, R.; Mennucci,
B.; Hratchian, H. P.; Ortiz, J. V.; Izmaylov, A. F.; Sonnenberg, J. L.; Williams-Young, D.;
Ding, F.; Lipparini, F.; Egidi, F.; Goings, J.; Peng, B.; Petrone, A.; Henderson, T.;
Ranasinghe, D.; Zakrzewski, V. G.; Gao, J.; Rega, N.; Zheng, G.; Liang, W.; Hada, M.;
Ehara, M.; Toyota, K.; Fukuda, R.; Hasegawa, J.; Ishida, M.; Nakajima, T.; Honda, Y.;
Kitao, O.; Nakai, H.; Vreven, T.; Throssell, K.; Montgomery, J. A., Jr.; Peralta, J. E.;
Ogliaro, F.; Bearpark, M. J.; Heyd, J. J.; Brothers, E. N.; Kudin, K. N.; Staroverov, V. N.;
Keith, T. A.; Kobayashi, R.; Normand, J.; Raghavachari, K.; Rendell, A. P.; Burant, J. C.;
lyengar, S. S.; Tomasi, J.; Cossi, M.; Millam, J. M.; Klene, M.; Adamo, C.; Cammi, R.;
Ochterski, J. W.; Martin, R. L.; Morokuma, K.; Farkas, O.; Foresman, J. B.; Fox, D. J.
Gaussian, Inc., Wallingford CT, 2016.
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