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Abstract This investigation mainly intends to study the
interaction of ASTA with metal clusters of up to ten atoms.
Copper, silver, and gold atoms are used in this analysis.
Lambda maximum values, electron donor acceptor capacity
(to see the antiradical properties of these compounds), and
the HOMO-LUMO gaps (to analyze the potential appli-
cation of these molecules as materials for solar cells) are
reported. None of these properties is linearly dependent on
the number of metal atoms in the cluster. Contrarily, there
is an even—odd oscillation. The bond of metal atoms and
clusters to ASTA generates products (ASTA-M,) that are
redder in color, concurring with experimental results previ-
ously reported for shrimps. The production of redder com-
pounds is confusing for consumers of red food products
and could cause a health problem. ASTA-M, molecules are
better electron donors and better electron acceptors than
ASTA, making them become better free radical scavengers.
ASTA-Cu,, ASTA-Cu,,, and ASTA-Au, have low values
of the ionization energies and high values of the electron
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affinity; i.e., there are good electron donors and good elec-
tron acceptors. They also have the lowest values (around
2.5 eV) of the HOMO-LUMO gap. These results could be
useful for future applications.
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1 Introduction

Oxidative stress is produced by free radicals. It is associ-
ated with a large number of health disorders [1-9]. There
are many substances, named antioxidants or antiradicals,
which are very useful for preventing the oxidative stress,
as they are able to scavenge free radicals [10-20]. One of
these substances is astaxanthin (ASTA), a red carotenoid
that is related to sexual selection in the animal kingdom
[21-23]. There are many investigations concerning the
ability of this molecule to reduce the oxidative stress [10-
12, 15, 16, 19, 20]. One of the mechanisms for scavenging
free radicals is the electron transfer that is represented as
follows (R- is the free radical; antiradicals are able to either
donate or accept electrons):

Electron transfer antiradical + R- — antiradical ™ + R~
antiradical + R- — antiradical ~ + RT

When the antiradicals gains or loses an electron, it becomes
a radical cation or radical anion. These radicals are usually
large molecules that are not as reactive as the free radicals
that these molecules scavenge.

Another mechanism reported recently which prevents
oxidative stress is related to the indirect action of carot-
enoids by chelating transition metal ions [24-29]. In this
mechanism, ASTA does not scavenge free radicals but
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instead, inhibits its formation. There are experimental and
theoretical reports about the reaction of ASTA with metal
cations [28, 29] concluding that the presence of metal
cations decreases the excitation energy and produces com-
pounds that are redder in color.

The color of these compounds is very important, as it is
indicative of health in animals. In particular, the concen-
tration of ASTA [30] controls the intensity of the red pink
coloration of shrimps. As ASTA is a beneficial substance
because it is a free radical scavenger, more ASTA is related
to good health. Human consumers of shrimps prefer more
intense color as redder individuals also suggest better taste
[31-35] In fact, the food industry makes an important effort
to increase the color of shrimps [33, 34] with natural prod-
ucts such as the Aztec marigold “cepsasu’chil” (ZTagetes
erecta) [34] because the profits from this product are
related to the color; i.e., the redder the color, the higher the
price [35]. However, the pink red color is not always linked
to the concentration of ASTA. It was demonstrated in an
experiment, that shrimps living in water with 1 ppm of cop-
per become redder in 4 days [36]. This is a very interesting
result, and there could be health implications. People may
select redder shrimps because they appear more appetiz-
ing thus indicating more ASTA, whereas in fact it may be
that they are redder because they have heavy metals such
as copper and not because they have higher concentration
of ASTA.

Concerning the modifications of spectra due to the pres-
ence of metals, it was previously reported that metallic nan-
oparticles interacting with biomolecules as peptides also
significantly enhance photoabsorption and emission signals
[37]. For example, the research concerning the interaction
of silver cationic clusters with peptides concludes that the
presence of clusters with three metal atoms is sufficient to
enhance the signals of the spectra. This is very interesting
and could be very important for nanobiotechnology.

In spite of the results previously indicating that ASTA
chelates metal atoms, no studies exist that assess the bond
between ASTA and metal clusters. Thus, the main aim of
this investigation is to study the interaction of ASTA with
metal clusters of up to ten atoms. This could be important
since neutral metal clusters are very interesting stable sys-
tems. They show chemical and physical properties that are
not linearly dependent to the number of metal atoms in the
cluster. The interaction of neutral metal clusters with mol-
ecules as astaxanthin could give us an idea concerning the
capacity of metal clusters to interact and modify the prop-
erties of this molecule.

Copper, silver, and gold clusters are used in this anal-
ysis. Lambda maximum values, electron donor accep-
tor capacity (to see the antiradical properties of these
compounds), and the HOMO-LUMO gaps are reported.
As subsequently apparent in this report, none of these
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properties is linearly dependent to the number of metal
atoms in the cluster.

The presence of metal clusters decreases the excitation
energy and produces compounds that are redder in color.
The reduction of the excitation energy is desirable for
solar energy devices as the HOMO-LUMO gap allows us
to decide about potential applications such as photovoltaic
materials for the construction of solar cells. As explained,
the production of redder compounds is confusing for con-
sumers of red food products and could present a health
problem; however, in the following I also discuss how
this may be beneficial. It is important to note that previous
reports exist concerning ASTA-metal ion complexes that
are relevant for the food industry, but there is not experi-
mental evidence for neutral metal clusters interacting with
ASTA. However, the characterization of ASTA—metal com-
plexes in living organisms is not easy, and it is not possible
to assure that neutral metal clusters are not formed. In this
context, this investigation is interesting from a fundamen-
tal standpoint, and it reveals a significant impact of neutral
metal clusters on the physicochemical properties of ASTA
that could be useful for future experiments.

2 Computational details

Calculations related to geometries optimization and anti-
radical analysis of ASTA molecules interacting with metal
clusters were undertaken using Gaussian 09 implemen-
tation [38]. Geometries were fully optimized with CAM-
B3LYP functional [39] using LANL2DZ for metal atoms
and D5DV basis sets for light atoms [40-42]. In order to
verify optimized minima, harmonic analyses were per-
formed and local minima were identified (zero imaginary
frequencies). The UV-visible spectra were computed with
time-dependent density functional theory (TDDFT) at the
same level of theory.

CAM-B3LYP is a relatively new Coulomb-attenuated
hybrid exchange—correlation functional that adequately
predicts molecular charge-transfer spectra. Likewise, quali-
tatively good predictions for the spectra of porphyrin, some
oligoporphyrins, and chlorophyll were reported, as well as
an excellent agreement with complete-active-space plus
second-order Mgller—Plesset perturbation theory and sym-
metry-adapted cluster configuration interaction calculations
[43]. The theoretical A, of ASTA obtained in this inves-
tigation at CAM-B3LYP/D5DV level of theory is 460 nm,
in good agreement with the experimental value (470 nm).
Good performance of CAM-B3LYP for the first-row transi-
tion metal nuclei in several compounds was also reported
[44].

In order to investigate the electron transfer mechanism,
vertical ionization energy (IE) and vertical electron affinity



Theor Chem Acc (2016) 135:130

Page3of 15 130

Good Electron Aceptor

&
&
IE &£
~
<
&

Good Electron Donor

L ———

Fig. 1 Full electron donor—acceptor map (FEDAM)

(EA) were obtained from single-point calculations of cati-
onic and anionic molecules, using the optimized structure
of the neutrals. A useful tool reported previously [12, 15]
for the purpose of analyzing the electron transfer mecha-
nism is the full electron donor-acceptor map (FEDAM,
Fig. 1). Molecules located down to the left are good elec-
tron donors and will therefore transfer electrons to the
molecules situated up to the right (that are good electron
acceptor). For the investigation of the electron transfer
mechanism, the FEDAM was used.

For the HOMO-LUMO gap, HOMO is always the high-
est occupied molecular orbital and LUMO is always the
lowest occupied molecular orbital (alpha or beta depending
on the system). Several initial geometries were used in this
investigation. Metal atoms and clusters bonded to the dou-
ble bonds of ASTA, and also planar and three-dimensional
metal clusters with different shapes, were used. This kind
of geometric search was done by hand, following previ-
ous results for metal clusters and chemical intuition. Since
several initial geometries were tested, I am confident that
the geometries reported are near the global minimum or are
similar to it. However, the possibility that the global mini-
mum is missing is always there.

3 Results and discussion
3.1 Geometry optimization
The initial geometries used for the optimization are
reported in Fig. 2. ASTA-M, represents an ASTA molecule

interacting with up to ten metal atoms (M = Cu, Ag and
Au; x = 1-10). For each size of the system several initial

geometries were used. With two metal atoms, the system
was optimized with a bimetallic cluster at one side of
ASTA [ASTA-M,] and also a molecule with two metal
atoms bonded to two oxygen atoms at two sides of asta-
xanthin [M-ASTA-M]. With three metal atoms two initial
geometries were optimized: ASTA-M; and M,-ASTA-M.
Four metal atoms provide us with three possible combi-
nations [ASTA-M,, M;-ASTA-M and M,-ASTA-M,],
whereas with five metal atoms we also have three possible
initial geometries [ASTA-Ms, M;-ASTA-M and M;-ASTA-
M,]. ASTA could be bonded to six metal atoms [ASTA-M,
M;-ASTA-M, M,-ASTA-M, and M;-ASTA-M;]. Seven
metal atoms also generated four possible structures: ASTA-
M, M-ASTA-M, M5-ASTA-M, and M,-ASTA-M;. With
eight and nine there are five combinations (ASTA-Mg,
M;-ASTA-M, M(-ASTA-M,, Ms-ASTA-M,, M,-ASTA-
M,; ASTA-M,, Mg-ASTA-M, M,-ASTA-M,, M-ASTA-
M;, M5-ASTA-M,) and with ten metal atoms there are six:
ASTA-M,,, My-ASTA-M, Mg-ASTA-M,, M;-ASTA-M,,
M¢-ASTA-M, and M5-ASTA-Ms.

Figures 3, 4, and 5 present the optimized geometries of
the most stable structures. All metal clusters present geom-
etries that are similar to the isolated clusters reported before
[45-47] Copper and silver clusters are planar for up to six
atoms [45, 46] and gold clusters are all planar [47]. In all
cases, molecules with an even number of metal atoms are
singlets and molecules with an odd number of metal atoms
are doublets.

The main difference between the three systems is that
for silver and gold, the most stable structures present a
cluster bonded to a single oxygen at one side of the ASTA
molecule, while for copper this is not always the case. For
ASTA bonded to copper clusters, there are two structures
with similar stability for systems with an even number
of metal atoms. When an odd number of copper atoms is
found, the ground states are those with one copper cluster
bonded at one side of the ASTA molecules (similar to silver
and gold). In order to compare stability and reactivity, the
ground states reported in Figs. 3, 4 and 5 will be used. The
other optimized geometries are higher in energy by more
than 7 kcal/mol (not included in these figures), and these
will thus not be used in the analysis. Notice that for copper,
more than one structure will be used in what follows, as
there are two structures with similar stability. To compare
with silver and gold, results with one copper cluster bonded
at one side of the ASTA molecule have also been analyzed,
even when this is not the most stable structure.

For systems with an even number of copper atoms, the
energy difference between isomers containing two metal
atoms is 1.4 kcal/mol and both are able to coexist under
experimental conditions. The energy difference is 6.5 kcal/
mol for ASTA-Cu, and Cu;-ASTA-Cu, the former being
more stable than the second. The most stable structures
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Fig. 2 Schematic representa-
tion of the initial structures used
for the optimization
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for systems with 6, 8 and 10 metal atoms have a pentamer
(Cus) bonded at one side of the ASTA molecule. For ASTA
bonded to six copper atoms, the most stable structure is
Cus-ASTA-Cu followed by Cu;-ASTA-Cu;. These two iso-
mers have the same stability (energy difference of 0.2 kcal/
mol), and therefore both are able to exist under experimen-
tal conditions). ASTA-Cug is less stable than Cus-ASTA-
Cu by 17.1 kcal/mol, which is included in Fig. 3 in order
to compare with analogue structures of silver and gold.
With eight metal atoms, the ground state is Cus-ASTA-
Cujs, which is more stable than ASTA-Cug by 2.4 kcal/mol.
Under experimental conditions both can be present. For the
system with ten metal atoms, Cus-ASTA-Cus is more sta-
ble than ASTA-Cu,, by 7.0 kcal/mol.

Results are different when there are an odd number of
copper atoms. In this case, there is a clear preference for
systems with one copper cluster located to one side of the
ASTA molecule. With three copper atoms, the molecule
with ASTA-Cu; is more stable than the other by more
than 30 kcal/mol, showing an apparent preference for the
formation of the trimer. This is also the situation for mol-
ecules with five copper atoms (ASTA-Cus is more stable
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M,-ASTA-M,

than Cu,-ASTA-Cu by 28.5 kcal/mol); with seven cop-
per atoms ASTA-Cu, is more stable by 17.2 kcal/mol than
Cu,-ASTA-Cus, which is the second most stable structure);
and with nine copper atoms (ASTA-Cu, that is more stable
than Cug-ASTA-Cu by 29.2 kcal/mol).

For systems with silver and gold (Figs. 4, 5), the ground
states are those structures with one metal cluster bonded to
an oxygen atom located at one side of the ASTA molecule.
These structures are more stable than the others with the
same stoichiometry by more than 10 kcal/mol. There are
only two systems with two geometries with similar sta-
bility: ASTA-Ag;, and Ags;-ASTA-Ags; ASTA-Au, and
Au,-ASTA-Au,. Likewise in these two cases, the ground
state is also found with the metal cluster at one side of
ASTA; however, they can coexist in an experiment with
the isomers of similar stability. In spite of the differences
between copper, silver and gold, generally they behave in
such a way that metal atoms become bonded to the oxygen
atoms of ASTA. In any case, the results concerning A,
and HOMO-LUMO gap for the structures with similar sta-
bility are alike. For this reason, in what follows, only the
results for the ground state molecules will be included.
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Fig. 3 Optimized geometries of the most stable structures for molecules with copper. Energy differences in brackets are reported in kcal/mol
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Fig. 3 continued

3.2 Binding energies and molecular orbital pictures

In order to better understand the interaction of ASTA with
metal atoms or clusters, in Fig. 6 the binding energies
(AE)) are reported for the optimized structures of Figs. 3,
4 and 5. Binding energies are defined according to the fol-
lowing equations:

ASTA + M, — ASTA-M,
AEp = E(ASTA-M,)—[E(ASTA) + E(M,)]

M, corresponds to the cluster that is present in ASTA-M,.
For M,-ASTA-M,, the binding energies correspond to

ASTA + M, + M, — M,-ASTA-M,

AE; = E(M,-ASTA-M;) — [E(ASTA) + E(M,) + E(M_)]
Based on previous definitions, negative values mean that
products are more stable than reactants, and therefore, the
reaction is thermodynamically possible. In Fig. 6, bind-
ing energies are reported. The systems with more negative
binding energies are with copper. Among those containing
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copper and comparing between isomers (systems with the
same number of copper atoms), those binding energies for
systems containing pentamers are more negative related to
the other isomers. The exception is Cu;-ASTA-Cus. Sys-
tems with one to five copper atoms present an odd—even
oscillation in terms of the binding energies, with the higher
binding energies for molecules with odd numbers of cop-
per atoms. From systems with five to ten copper atoms,
this phenomenon is reversed; those with an even number
of metal atoms present higher binding energies than those
with odd number of metal atoms. These later systems pre-
sent Cus in their structures. Apparently, the binding of Cus
and the interaction of this pentamer with ASTA stabilize
the systems.

In the case of silver, the binding energy also manifests
an odd—even oscillation (the exception is Ags-ASTA-Ags).
Systems with an odd number of metal atoms (doublets) are
more stable than those with an even number of metal atoms
(singlets). The molecules with higher binding energies are
Ags-ASTA-Ags, ASTA-Ags and ASTA-Ag,. Apparently,
ASTA-Ag has the silver atom weakly bonded to ASTA.
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(5.3)

Fig. 4 Optimized geometries of the most stable structures for molecules with silver. Energy differences in brackets are reported in kcal/mol

For gold, Au,-ASTA-Au, is not the most stable struc-
ture with four gold atoms; however, it shows the highest
binding energy. ASTA-Au; is the ground state with the
highest binding energy followed by ASTA-Au,. There

are two systems of gold with equal binding energy:
ASTA-Aug and ASTA-Au;,. As with silver, ASTA-Au
contains one gold atom weakly bonded to ASTA. Bind-
ing energies of molecules with gold atoms do not show
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Fig. 5 Optimized geometries of the most stable structures for molecules with gold. Energy differences in brackets are reported in kcal/mol

an odd-even oscillation. With these results, it is possi-
ble to deduce that metal atoms and clusters are linked to

ASTA.
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In order to find some explanation relating to the dif-

ferences in the binding energies, the molecular orbitals of
systems with one and with ten metal atoms are analyzed.
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In Fig. 7, the frontier molecular orbitals of ASTA-M
are reported. The lowest unoccupied molecular orbital
(LUMO) is mainly a non-bonding s orbital of Cu, while in
the case of Ag and Au there is a 7 contribution from ASTA
and a bonding sigma orbital between oxygen and the metal
atom. The highest occupied molecular orbital (HOMO) is
similar for Cu and Ag. They are mainly located in ASTA,
with a contribution from the p orbitals of oxygen atoms.
For Au this contribution is not present. HOMO-1 is also
different for Au as it is a non-bonding s orbital of Au, while
for Cu and Ag this orbital is a = orbital of ASTA. HOMO-4
orbitals also show some differences. While for Au, this
orbital is a p orbital of ASTA, and there is no contribution
made by Au, and in the case of Cu and Ag, it is a = bonding
orbital of the metal and the oxygen atom of ASTA. In spite
of these differences, no factor in these molecular orbitals
explains the higher binding energy of ASTA-Cu compared
to ASTA-Ag and ASTA-Au. The only possible explanation
is that Ag and Au are more stable isolated atoms than Cu.

Number of metal atoms

Figure 8 presents the frontier molecular orbitals of the
systems with ten metal atoms. These are closed-shell con-
figurations. Two systems are included for copper: the
ground state (Cus-ASTA-Cus) and ASTA-Cu,,, which can
be compared to the ground state molecules with silver and
gold. In general, there are no bonding orbitals between
metal atoms and ASTA in any system. LUMO are 7 bond-
ing orbitals of ASTA when the metal atom is Cu or Ag,
while for Au it is a bonding orbital of Au,,. In the case of
the HOMO, it is the reverse situation; for ASTA-Cu,, and
ASTA-Ag,, it is a bonding orbital of the cluster, and for
ASTA-Au,, it is a 7 bonding orbital of ASTA. Compar-
ing Cus-ASTA-Cus with ASTA-Cu,, it is possible to see
that HOMOs and HOMOs-1 are different. They are located
in ASTA for Cus-ASTA-Cus and they are bonding orbit-
als of Cu;q in ASTA-Cu;,. In summary, it is not possible
to explain the differences in the binding energies from the
molecular orbital picture. The only possible explanation
is that the presence of Cus stabilizes Cus-ASTA-Cus. The
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Fig. 7 Frontier molecular orbital pictures of ASTA-M (M = Cu, Ag and Au) for the most stable optimized structures
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Fig. 9 Values of A, (in nm)
dashed lines are to help aid
observation of oscillations

580

560 A

540 A

520 1

500 -

)\max (I] m )

480 -

460 -

= Copper -<--Silver

=0+ Gold

— ASTA

440

molecules with M, present similar values in terms of bind-
ing energies.

3.3 Lambda maxima (A ,,,)

As explained in the introduction, the color of these com-
pounds is very important. They are indicative of health in
animals as usually a red pink color is directly related to
the amount of astaxanthin. It was previously reported that
one metal atom bonded to ASTA increases the values of
Amax SO that the color becomes redder. In order to assess
the influence of the amount of metal atoms on the color of
ASTA-M,, Fig. 9 presents a graph with the values of A,
for the most stable structures. All metal systems with an
odd number of metal atoms are redder in color than ASTA,
but there is no a linear dependence regarding color and the
“concentration” of the metal atoms, i.e., more metal atoms
do not mean larger A,,, values. In general, systems with
odd numbers of metal atoms have larger A, than those
with an even number of metal atoms. Exceptions are for
systems with 1-4 gold atoms that present similar values
of A ASTA is a closed-shell molecule, as are systems
with an even number of metal atoms. This could explain
why A .. values for systems with an even number of metal
atoms are closer to the value of ASTA than molecules with
an odd number of metal atoms that have open-shell con-
figuration systems. For ASTA, A_,, is equal to 460 nm.
With an even number of metal atoms, A, is in the range
of 460—487 nm, while with an odd number of metal atoms,
values are between 511 and 560 nm. Apparently, what is
important for increasing the value of A, is the number of
electrons that allow the open-shell configuration, but there
is also influence from the metal. In some of the systems
(ASTA-Cu,), the presence of copper clusters increases the
Amax more than the existence of silver clusters, but there are

@ Springer

(SO

Number of Metal Atoms

others where the presence of silver clusters has more influ-
ence on A, than the presence of copper clusters (ASTA-
Ag and ASTA-Ag;) The influence of gold clusters is gener-
ally less than the effect of copper and silver. Modifications
of the color of these compounds in the presence of metals
may cause confusion, as humans select seafood, fruits and
vegetables because they are redder which normally indi-
cates they have more astaxanthin. However, they may in
fact be redder because they have more metals, which are
not good for health, unless metals remain linked to ASTA.

3.4 FEDAM (antiradical capacity)

As explained previously in this report, carotenoids as ASTA
prevent the formation of free radicals by chelating metal
atoms. In this mechanism, ASTA does not scavenge free
radicals but instead, inhibits their formation. However, the
compounds formed with ASTA and metals could scavenge
free radicals by the electron transfer mechanism. In order
to analyze this mechanism, Fig. 10 presents the FEDAM for
all the systems being studied. The best electron-acceptor
molecule is ASTA-Au, followed by ASTA-Au; and ASTA-
Auy,. The best electron donors are compounds with Cus
(Cus-ASTA-Cus, Cus-ASTA-Cu and Cus-ASTA-Cuj). In
general and with respect to ASTA, the presence of copper
and silver decreases the values for IE and the presence of
gold increases the values of EA. There are also some mole-
cules with copper and silver that have higher values for the
EA than ASTA and therefore are better electron acceptors.
Likewise, there are compounds with gold that have lower
values of IE than ASTA, which are thus better electron
donors. In order to scavenge free radicals, antiradicals can
either donate or accept electrons. From the FEDAM, it is
possible to conclude that the presence of metal atoms and
clusters increases the antiradical capacity of ASTA, with
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ASTA-Au, being the best antiradical. This could represent
good news in relation to health. ASTA with metals form
better free radicals scavengers than isolated ASTA, which
is a very well-known antiradical molecule. As long as met-
als are bonded to ASTA, they are not bioavailable and are
thus prevented from damaging the organism and further-
more are able to help prevent oxidative stress. Should this
be the case, the formation of ASTA-M, compounds could
be beneficial to health. ASTA prevents the formation of
free radicals by chelating metal atoms and clusters and also
scavenging free radicals because the compounds formed
with ASTA and metals are better electron donor-acceptors
compounds. This finding deserves further investigations.

Number of Mctal Atoms

3.5 HOMO-LUMO gap

Figure 11 reports the values of the HOMO-LUMO gaps
for the systems being studied, considering the most sta-
ble geometries in each case. ASTA-Cu,, is included for
comparison. In all cases, the presence of metals reduces
the HOMO-LUMO gap of ASTA, with the exception of
Cus-ASTA-Cu; for which the values are similar. For sys-
tems with copper the HOMO-LUMO gap does not follow
any systematic oscillation related to the number of copper
atoms. However, in the case of silver and gold (starting
with three metal atoms) there is an odd—even oscillation of
the HOMO-LUMO gap. For molecules with silver, lowest
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values of the HOMO-LUMO gap correspond to those with
an even number of silver atoms and highest values corre-
spond to systems with an odd number of silver atoms. For
molecules with gold atoms, it is just the opposite. The high-
est values are for molecules with an even number of gold
atoms.

ASTA-M, molecules with an even number of metal
atoms are closed-shell systems, whereas molecules with
an odd number of metal atoms are open-shell systems.
Apparently this has not effect on the HOMO-LUMO gap.
As seen in Fig. 8, the HOMO orbital with gold systems is
mainly a 7 bonding orbital of ASTA with no participation
of the metal atomic orbitals, while with silver the HOMO
is a bonding orbital of the metal cluster. This could explain
the differences in the HOMO-LUMO gap. When there are
ten copper atoms bound to ASTA, the results in Fig. 11
are presented for two possible structures: ASTA-Cu,, and
Cus-ASTA-Cus. There is a difference of almost 2 €V in the
HOMO-LUMO gap of these two systems, being ASTA-
Cu,, the molecule with the lowest value. Comparing the
molecular orbitals in Fig. 8, it is evident that HOMO and
LUMO orbitals of these systems with copper are quite
different. Frontier molecular orbitals of the pentamers
bounded to ASTA are m bonding orbitals of ASTA. This
explains why the values are similar to the values for ASTA.
In ASTA-Cu,, the LUMO is similar but the HOMO is a
bonding orbital of the copper cluster and this reduces the
gap. In summary and as expected, the presence of metal
atoms modified the molecular orbitals which reduced the
HOMO-LUMO gap in most cases.

The HOMO-LUMO gap represents an important cri-
terion when defining which materials are apt for the con-
struction of solar cells. The maximum in the solar energy
radiation spectrum corresponds to 2 eV approximately
and therefore, in order to have photovoltaic materials, the
HOMO-LUMO gap of the electron donor has to be around
this value. ASTA-Cu,, ASTA-Cu,,, and ASTA-Au, are all
systems with low values of the ionization energies and high
values of the electron affinity; i.e., there are good electron
donors and good electron acceptors. They also have the
lowest values for the HOMO-LUMO gap, and these are
around 2.5 eV (close to 2 eV). Based on these results, there
is a remote possibility that these systems could be good
candidates to build solar cells.

4 Conclusions

The interaction of ASTA with metal clusters of up to ten
atoms (Cu, Ag and Au) produce stable structures with neg-
ative binding energies. Comparing these metal products,
copper atoms are more strongly bonded to ASTA than sil-
ver and gold. For ASTA-Cu,, there are isomers with similar
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stability when the systems have an even number of metal
atoms. When there is an odd number of metal atoms, there
is a ground state with a copper cluster bound to one side of
the ASTA molecule. The ground states of ASTA-Ag, and
ASTA-Au, have the metals forming a cluster at one side of
the ASTA molecule.

As expected, all properties are modified by the presence
of metals but none of these properties has a linear depend-
ence on the number of metal atoms bonded to ASTA. In
fact, there is an even—odd oscillation. ASTA bonded to an
even number of metal atoms presents A, in the range of
460—487 nm, whereas with an odd number of metal atoms,
these values are between 511 and 560 nm. What is impor-
tant for increasing the value of A, is the number of elec-
trons that allow the open-shell configuration, and there is
also an influence of the metal that is involved. Compounds
with copper and silver are redder than molecules with gold.
The production of redder compounds is confusing for con-
sumers of red food products and could be a problem for
health,

In order to scavenge free radicals, antiradicals can either
donate or accept electrons. From the FEDAM, it is pos-
sible to conclude that compounds formed with ASTA and
metals are better electron donor-acceptors molecules. The
presence of metal atom and clusters increases the anti-
radical capacity of ASTA, with the best antiradical being
ASTA-Au,. This could be good news in relation to health.
As long as metals are bonded to ASTA, they are not bio-
available and are therefore unable to damage the organism,
but instead they may in fact help to prevent oxidative stress.

A reduction in excitation energy is desirable for solar
energy devices as the HOMO-LUMO gap is a good cri-
terion that allows us to decide about molecules that have
potential applications as photovoltaic materials for the
construction of solar cells. This value needs to be around
2 eV as the maximum in the solar radiation energy spec-
trum corresponds to this value. ASTA-Cu,, ASTA-Cu,,
and ASTA-Au, have low values of the ionization energies
and high values for the electron affinity; i.e., there are both
good electron donors and good electron acceptors. They
have also the lowest values (around 2.5 eV) of the HOMO-
LUMO gap (close to 2 eV).

Acknowledgments This study was funded by DGAPA-PAPIIT,
Consejo Nacional de Ciencia y Tecnologia (CONACyT), and
resources provided by the Instituto de Investigaciones en Materi-
ales (IIM). This work was carried out using a NES supercomputer,
provided by Direccién General de Cémputo y Tecnologias de Infor-
macién y Comunicacién (DGTIC), Universidad Nacional Auténoma
de México (UNAM). I would like to thank the DGTIC of UNAM
for their excellent and free supercomputing services and Caroline
Karslake (Masters, Social Anthropology, Cambridge University, Eng-
land) for reviewing the grammar and style of the text in English. The
author would like to acknowledge Oralia L Jiménez A., Maria Teresa
Viazquez and Cain Gonzalez for their technical support.



Theor Chem Acc (2016) 135:130

Page 150f 15 130

References

10.
11.
12.
13.
14.
15.

16.
17.

18.
19.

20.
21.
22.
23.
24.

25.
26.

27.

28.

29.

30.

Choi J, Corder NLB, Koduru B, Wang Y (2014) Free Radic Biol
Med 72:267-284

Saeidnia S, Abdillahi M (2013) Toxicol Appl Pharmacol
273:442-455

Yan MH, Wang X, Zhu X (2013) Free Radic Biol Med
62:90-101

Lin MT, Beal MF (2006) Nature 443:787-795

Reddy PHJ (2006) Neurochemistry 96:1-13

Schoneich C (2005) Biochim Biophys Acta 1703:111-119
Giasson BI, Ischiropoulos H, Lee VMY, Trojanowski JQ (2002)
Free Radic Biol Med 32:1264-1275

Perry G, Raina AK, Nunomura A, Wataya T, Sayre LM, Smith
MA (2000) Free Radic Biol Med 28:831-834

Perry G, Castellani RJ, Hirai K, Smith MA (1998) J Alzheimer’s
Dis 1:45-55

Caroso M, Ferreira ICFR (2013) Food Chem Toxicol 51:15-25
Martinez A, Barbosa A (2008) J Phys Chem B 112:16945-16951
Martinez A, Rodriguez-Gironés MA, Barbosa A, Costas M
(2008) J Phys Chem A 112:9037-9042

Avelar M, Martinez A (2012) J Mex Chem Soc 56:250-256
Martinez A (2009) J Phys Chem B 113:4915-4921

Martinez A, Vargas R, Galano A (2009) J Phys Chem B
113:12113-12120

Galano A (2007) J Phys Chem B 111:12898-12908

Martinez A, Hernandez-Marin E, Galano A (2012) Food Funct
3:442-450

Burton GW, Ingold KU (1984) Science 224:569-573

Goodwin TW (1984) The biochemistry of carotenoids. Chapman
and Hall, New York

Krinsky NI (2001) Nutrition 17:815-817

Olson VA, Owens IPF (1998) Trends Ecol Evol 13:510-514

Hill GE (1991) Nature 350:337-339

Hill GE, McGraw KJ (2006) Bird coloration. Mechanisms and
measurements, vol 1. Harvard University Press, Cambridge
Brown JE, Khodr H, Hider RC, Rice-Evans CA (1998) Biochem
J330:1173-1178

Morel I, Lescoat G, Cillard P (1994) Methods Enzymol 234:437
Paganga G, Al-Hashim A, Khodr H, Scott BC, Aruoma OI, Hider
RC, Hlliwell B, Rice-Evans CA (1996) Redox Rep 3:359-364
Gao Y, Konovalova TA, Lawrence JN, Smith MA, Nunley J,
Schad R, Kispert LD (2003) J Phys Chem B 107:2459-2465
Polyakov NE, Focsan AL, Bowman MK, Kispert LD (2010) J
Phys Chem B 114:16968-16977

Hernandez-Marin E, Barbosa A, Martinez A (2012) Molecules
17:1039-1054

Maoka T (2011) Mar Drugs 9:278-293

31.

32.

33.

34.

35.

36.

37.

38.

39.
40.
41.
42.
43.

44,
45.

46.
47.

Parisenti J, Beirdo LH, Maraschin M, Mourifio JL, Do Nas-
cimento Vieira F, Bedin LH, Rodrigues E (2011) Aquac Nutr
17:€530-e535

Special Issue (2012) Carotenoids in nutrition and health—devel-
opments and future trends. Mol Nutr Food Res 56:1-352
Soto-Salanova MF (2003) Natural pigments: practical experi-
ences. In: Garnsworthy PC, Wiseman J (eds) Recent advances in
animal nutrition. Nottingham University Press, Nottingham, pp
67-75

Vernon-Carter EJ, Ponce-Palafox JT, Pedroza-Islas R (1996)
Arch Latinoam Nutr 46:243-246

Lucien-Brun H, Vidal F (2006) AQUA Culture Asia Pacific Mag-
azine. 2(3):32-33

Martinez A, Romero Y, Castillo T, Mascaré6 M, Lépez-Rull 1,
Simdes N, Arcega-Cabrera F, Gaxiola G, Barbosa A (2014)
PLoS One 9:¢107673

Bonaci¢-Koutecky V, Kulesza A, Gell L, Mitri¢ R, Antoine R,
Bertorelle F, Hamouda R, Rayane D, Broyer M, Tabarind T,
Dugourdde P (2012) Phys Chem Chem Phys 14:9282-9290
Frisch MJ, Trucks GW, Schlegel HB, Scuseria GE, Robb
MA, Cheeseman JR, Montgomery JJA, Vreven T, Kudin KN,
Burant JC, Millam JM, Iyengar SS, Tomasi J, Barone V, Men-
nucci B, Cossi M, Scalmani G, Rega N, Petersson GA, Nakat-
suji H, Hada M, Ehara M, Toyota K, Fukuda R, Hasegawa J,
Ishida M, Nakajima T, Honda Y, Kitao O, Nakai H, Klene M,
Li X, Knox JE, Hratchian HP, Cross JB, Bakken V, Adamo C,
Jaramillo J, Gomperts R, Stratmann RE, Yazyev O, Austin AJ,
Cammi R, Pomelli C, Ochterski JW, Ayala PY, Morokuma K,
Voth GA, Salvador P, Dannenberg JJ, Zakrzewski VG, Dapprich
S, Daniels AD, Strain MC, Farkas O, Malick DK, Rabuck AD,
Raghavachari K, Foresman JB, Ortiz JV, Cui Q, Baboul AG,
Clifford S, Cioslowski J, Stefanov BB, Liu G, Liashenko A,
Piskorz P, Komaromi I, Martin RL, Fox DJ, Keith T, Al-Laham
MA, Peng CY, Nanayakkara A, Challacombe M, Gill PMW,
Johnson B, Chen W, Wong MW, Gonzalez C, Pople JA (2004)
Gaussian 09, revision A.08 Inc. Wallingford

Yanai T, Tew D, Handy N (2004) Chem Phys Lett 393:51-57
Hay PJ, Wadt WR (1985) J Chem Phys 82:270-283

Hay PJ, Wadt WR (1985) J Chem Phys 82:299-310

Wadt WR, Hay PJ (1985) J Chem Phys 82:284-298

Cai ZL, Crossley MJ, Reimers JR, Kobayashi R, Amos RD
(2006) J Phys Chem 110:15624-15632

Bjornsson R, Biihl M (2010) Dalton Trans 39:5319-5324

Jug K, Zimmermann B, Calaminici P, Koster AM (2002) J Chem
Phys 116:4497-4507

Fournier R (2002) J Chem Phys 115:2165-2177

Martinez A (2010) J Phys Chem C 114:21240-21246

@ Springer



	Astaxanthin interacting with metal clusters: free radical scavenger and photovoltaic materials
	Abstract 
	1 Introduction
	2 Computational details
	3 Results and discussion
	3.1 Geometry optimization
	3.2 Binding energies and molecular orbital pictures
	3.3 Lambda maxima (λmax)
	3.4 FEDAM (antiradical capacity)
	3.5 HOMO–LUMO gap

	4 Conclusions
	Acknowledgments 
	References




