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ABSTRACT: We present a density functional theory (DFT)
and time-dependent density functional theory (TD-DFT)
study on the stability, antioxidant properties with respect to
the single electron transfer mechanism, and electronic
absorption spectra of some isomers (9-cis, 13-cis, and 15-cis)
of carotenoids such as astaxanthin, lycopene, and those present
in virgin olive oil (lutein, β-carotene, neoxanthin, antherax-
anthin, violaxanthin, neochrome, luteoxanthin, mutatoxanthin,
and violaxanthin). In general, the calculated relative stability of
the cis isomers appears to be in line with experimental
observations. It is predicted that the above-mentioned
carotenoids (cis and trans isomers) will transfer one electron
to the •OH radical. However, this transference is not plausible with radicals such as •OOH, •OC2H5,

•OOC2H5,
•NO2, and

•OOCH2CHCH2. On the other hand, some carotenoids (β-carotene, lycopene, lutein, astaxanthin, violaxanthin, and
antheraxanthin) will likely accept, in a medium of low polarity, one electron from the radical •O2

−. However, neoxanthin,
auroxanthin, mutatoxanthin, luteoxanthin, and neochrome would not participate in such an electronic transfer mechanism. The
TD-DFT studies show that neutral species of the cis and trans isomers maintain the same color. On the contrary, the ionic species
undergo a “bleaching” process where the absorption wavelengths shift to longer values (>700 nm). Additionally, the formation of
a complex between astaxanthin and Cu2+ is explored as well as the effect that the metal atom will have in the UV−vis spectrum.

■ INTRODUCTION

Oxidative stress refers to the chemical damage that is produced
by free radicals, or other oxidants, to molecules of high
biological importance. Free radicals are very short-lived reactive
molecules that injure proteins and nitrogen basis, producing
numerous health disorders1 such as Alzheimer,2−6 atheroscle-
rosis,7−10 cancer,11−14 and some cardiovascular problems.15−19

One of the most common strategies to fight or prevent
oxidative stress is using free radical scavengers. Carotenoids are
well-known for their capacity to scavenge free radicals.20,21 For
many years, the nutritional function of carotenoids has been
investigated and even now it is still of interest.22−24 It has been
established that mammals incorporate carotenoids through the
diet and also that one of the main biological functions of these
compounds is to act as precursors of Vitamin A.25,26 In
addition, there are other benefits related to the consumption of
carotenoids in the diet, including their biological activities as
antioxidants and some additional health benefits reducing the
risk of some cardiovascular diseases and certain types of
cancer.27 This has increased the interest on these compounds,
in particular on their potential role improving health through
diet by consumption of foods rich in carotenoids.
Carotenoids contain a polyene chain that reacts with light,

acids, heat, and oxygen.28 As a consequence, carotenoids may

show color loss, which is apparently related to a decrease in
their biological activity.29−31 Moreover, carotenoids in natural
foods are mostly trans isomers, but they are susceptible to some
cis−trans isomerization reactions during food processing.32,33

Several authors have investigated the degradation products of
carotenoids formed during heating,34−39 and it has been
proposed that the oxidation of carotenoids produces colorless
compounds that might affect the flavor.40,41 This is important
because the color in foods is commonly related to the quality of
the products. For example, the color of the virgin olive oil
determines its price, and also indicates the characteristic of the
flavor.39 Some of the carotenoids present in virgin olive oils are
lutein, β-carotene, neoxanthin, antheraxanthin, and violaxan-
thin.38,39 Upon heating, some of these molecules may be
transformed into related carotenoids such as neochrome (for
neoxanthin), mutatoxanthin (for antheraxanthin), luteoxanthin,
and auroxanthin (for violaxanthin).39 In spite of the
investigations concerning the degradation products of
carotenoids, there is not much detailed information related to
the antioxidant capacity of each isomer,42 and there is only
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some available information on the color differences between
the cis and all-trans isomers.43,44

It has been previously reported that some carotenoids are
able to chelate metals and, as a consequence, the molecules
absorb at longer wavelengths.45,46 In one previous report,47

some metal complexes with astaxanthin (M-ASTA) were

studied theoretically. However, different conformers of these
metal complexes were not considered. To complete that
investigation, this report also includes results for some Cu−
ASTA complexes in different conformations, since it might also
be important to analyze the effect that the coordination with
metals has on the color of carotenoids.

Scheme 1. Schematic Representation of the trans Isomers of the Carotenoids under Study
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In summary, the main goal of this investigation is to analyze
the antioxidant properties of the cis isomers of some
carotenoids in comparison with the all-trans isomers, and also
to study their electronic absorption properties. In addition, the
potential role of metal complexation in such aspects is
investigated.

■ COMPUTATIONAL DETAILS

Geometry optimizations and frequency calculations have been
carried out using the B3LYP48,49 functional in conjunction with
the 6-31G(d) basis set. The energies were further improved by
single point calculations using the 6-311+G(d,p) basis set.
Solvent effects were included a posteriori by single point
calculations using the polarizable continuum model, specifically
the integral-equation-formalism (IEF-PCM)50,51 and RADII =
UFF, with the 6-311+G(d,p) basis set. These calculations have
been performed using benzene and water as solvents, to mimic
non-polar and polar environments, respectively. Unrestricted
calculations were used for open shell systems. Local minima
were identified by the absence of imaginary frequencies. All the
electronic calculations were performed with the Gaussian 09
package of programs.52 Thermodynamic corrections at 298.15
K were included in the calculation of relative energies. The
electronic spectra have been computed using the time
dependent density functional theory (TD-DFT), based on
vertical excitations involving the six lowest lying excited states.
Also, to assess the possible importance of long-range
corrections on the quality of the calculated UV−vis spectra,
this part of the investigation has been performed with the
functionals B3LYP and CAM-B3LYP,53 both with the 6-
311+G(d,p) basis set.

■ RESULTS AND DISCUSSION

The carotenoids under study include those that are present in
virgin olive oil. Additionally, lycopene and astaxanthin have also
been taken into account. The structure of lycopene does not
contain the β-ionone ring end of β-carotene.54 Astaxanthin
includes a keto moiety at its terminal rings, and it does not have
any epoxide groups. These two carotenoids were considered
here to investigate whether the structural changes produce a
major effect on the properties under study, when compared to
the carotenoids from olive oil. The schematic representations of
all-trans isomers are shown in Scheme 1. In general, for each
carotenoid, three cis isomers were considered (9-cis, 13-cis, and
15-cis). The presence of these isomers, especially 9-cis and 13-
cis, has been identified in major vegetable crops.23,34−37 It
should be noted that, for lycopene, an additional cis isomer (5-
cis) was studied. This isomer is commonly found in humans
and also in vegetable tissues.54 As an example, Scheme 2
contains the schematic representation of the three cis isomers
for lutein, as well as the 5-cis-lycopene molecule. Finally, one
additional conformation (to be referred to in this document as
twist-ASTA) was incorporated into the study. The representa-
tion of the twist-ASTA conformation can be found in the
Supporting Information.

1. Relative Stability of the Isomers. The results of the
relative stability, in terms of the calculated Gibbs energy, and
the relative Maxwell−Boltzmann population are reported in
Table 1. In all cases, the 15-cis isomer is the less stable
molecule. With one exception (the 13-cis-AURO molecule), the
trans isomers are more stable than their corresponding 9- and
13-cis isomers by 0.24−2.85 kcal/mol. The relative Boltzmann
population is related to the energy difference between the cis
and the all-trans isomers, indicating that there are some
carotenoids (NEOX, VIOLA, LUT, BC, LYCO, ASTA) that
are mainly trans (a percent population larger than 70%). A

Scheme 2. Schematic Representation of the 5-cis LYCO and the 9-cis, 13-cis, and 15-cis LUT Isomers
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smaller predominance of the trans isomers occurs with LUTEO
and NEOCHR (65.1 and 61.8%, respectively). There are other
cases in which the probability of having the trans and one cis
isomer is similar. For example, the population of trans-
MUTATO is 45.4% versus 40.8% for 9-cis-MUTATO. A
similar situation appears with the trans- and 13-cis-ANTHER
isomers (54.2 and 40.9%, respectively). The results in Table 1
show that 13-cis-AURO is more stable than the trans isomer by

1.03 kcal/mol. As a consequence, the population of 13-cis-
AURO is calculated to be 73.7%.
For LUTEO, NEOCHR, ANTHER, BC, and ASTA, the

stability order is trans > 13-cis > 9-cis > 15-cis. For ASTA and
BC, these results are in line with experimental findings.55−57 In
the case of MUTATO, NEOX, VIOLA, and LUT, the 9-cis
isomer is more stable than the 13-cis species. According to the
experimental information,35 the predominant cis isomer of LUT
in fresh vegetables is 13-cis-LUT. Apparently, in this instance,
the theoretical results are not in agreement with the
experimental findings, since the 9-cis isomer was found to be
more stable for LUT. Thus, the predominance of 13-cis-LUT in
fresh vegetables may be related with other conditions rather
than stability.
At the Hartree−Fock level of theory,58 5-cis-LYCO was

found to be more stable than trans-LYCO by 0.4 kcal/mol. On
the contrary, in the present work (DFT), 5-cis-LYCO is less
stable than trans-, 9-cis-, and 13-cis-LYCO. These results
indicate that the correlation included in the DFT calculations is
important for the description of the stability of these molecules.
Experimental observations on tomato extracts59 show that
trans-LYCO is the most stable species, followed by 5-cis-, 13-
cis-, and 9-cis-LYCO. Our results are in agreement with these
experimental results, concerning the most stable species, but
there is an apparent contradiction regarding the cis isomers. In
any case, the energy differences between the cis isomers are very
small, and it is not possible to definitively conclude which one
is the most stable.
For AURO, the calculated relative stability is 13-cis-AURO <

trans-AURO < 9-cis-AURO < 15-cis-AURO (Table 1).
Experimental studies on kiwi fruits60 imply that trans-AURO
is the most stable species. Considering that the calculated
energy differences between the most stable and the next species
are about 1 kcal/mol, it can be proposed that the computing of
the thermodynamic terms (for example, the thermal correction
to Gibbs free energy) will give rise to the slight discrepancies
between the experimental observations and the theoretical
results in Table 1. It is important to note that all energy
differences reported in Table 1 are very small (lower than 3.5
kcal/mol, i.e., within the accuracy of calculations) and caution is
required to affirm that one isomer is more stable than the other.
In general, the theoretical results can be deemed in acceptable
agreement with the experimental observations.

2. Single Electron Transfer (Antiradical Capacity). One
reaction mechanism related to the free radical scavenging
activity of carotenoids is the single electron transfer reaction
(SET) mechanism.20,21 The vertical ionization energy (VIE)
and the vertical electron affinity (VEA) have been successfully
applied to the study of this mechanism.61−63 Some of the
theoretical results reported so far were in line with previous
observations (for the case of the •OOH radical),64 and other
predictions (for the case of the reaction with the radical •OH)
have been validated experimentally.65 The use of a full electron
donator acceptor map (FEDAM),61,62 which is the graphic
representation of the coordinate pair (VEA, VIE), allows for a
qualitative identification of the relative electron-donor or
electron-acceptor capability among the molecules that are
included in the map. Qualitatively, the electrons will be
transferred from species located at the lower left of the map to
species located at the upper right (lower-left to upper-right
electron transference).
Figure 1 shows the FEDAMs in two environments of very

different polarity, benzene and water. To illustrate the

Table 1. Calculated Gibbs Energies (kcal/mol), Relative to
the All-trans Isomer, in the Gas Phase (Gas), Benzene (Bz),
and Water (Wt)a

relative energy (kcal/mol)
Maxwell−Boltzmann

population (%)

carotenoids Gas Bz Wt Gas Bz Wt

trans-AURO 0.00 0.00 0.00 13.0 13.0 12.8
9-cis-AURO 0.24 0.26 0.32 8.7 8.4 7.5
13-cis-AURO −1.03 −1.03 −1.05 73.7 73.9 75.0
15-cis-AURO 0.62 0.60 0.59 4.6 4.7 4.7
trans-LUTEO 0.00 0.00 0.00 65.1 66.5 68.3
9-cis-LUTEO 0.86 0.90 0.98 15.2 14.5 13.2
13-cis-LUTEO 0.78 0.81 0.85 17.6 16.8 16.3
15-cis-LUTEO 2.01 2.02 2.02 2.2 2.2 2.3
trans-NEOCHR 0.00 0.00 0.00 61.8 63.1 63.7
9-cis-NEOCHR 0.79 0.84 0.91 16.3 15.3 13.8
13-cis-NEOCHR 0.65 0.67 0.65 20.7 20.3 21.1
15-cis-NEOCHR 2.31 2.30 2.28 1.2 1.3 1.4
trans-MUTATO 0.00 0.00 0.00 45.4 47.3 52.4
9-cis-MUTATO 0.06 0.12 0.27 40.8 38.5 33.2
13-cis-MUTATO 0.82 0.84 0.89 11.3 11.5 11.6
15-cis-MUTATO 1.71 1.70 1.73 2.5 2.7 2.8
trans-NEOX 0.00 0.00 0.00 72.3 73.3 74.7
9-cis-NEOX 0.93 0.98 1.08 15.1 14.0 12.0
13-cis-NEOX 1.10 1.11 1.09 11.2 11.3 11.8
15-cis-NEOX 2.35 2.33 2.32 1.4 1.4 1.5
trans-VIOLA 0.00 0.00 0.00 95.5 95.7 96.3
9-cis-VIOLA 1.99 2.03 2.16 3.3 3.1 2.5
13-cis-VIOLA 2.85 2.85 2.84 0.8 0.8 0.8
15-cis-VIOLA 3.32 3.30 3.27 0.4 0.4 0.4
trans-ANTHER 0.00 0.00 0.00 54.2 55.3 56.7
9-cis-ANTHER 1.48 1.53 1.63 4.4 4.2 3.6
13-cis-ANTHER 0.17 0.19 0.22 40.9 40.0 39.2
15-cis-ANTHER 2.79 2.78 2.77 0.5 0.5 0.5
trans-LUT 0.00 0.00 0.00 90.1 90.3 90.4
9-cis-LUT 1.39 1.41 1.41 8.6 8.4 8.3
13-cis-LUT 2.61 2.62 2.64 1.1 1.1 1.1
15-cis-LUT 3.68 3.66 3.65 0.2 0.2 0.2
trans-BC 0.00 0.00 0.00 71.2 71.5 71.2
9-cis-BC 1.20 1.21 1.20 9.4 9.3 9.3
13-cis-BC 0.85 0.87 0.85 16.9 16.6 16.8
15-cis-BC 1.98 1.96 1.95 2.5 2.6 2.6
trans-LYCO 0.00 0.00 0.00 92.1 92.3 92.4
5-cis-LYCO 2.17 2.23 2.34 2.4 2.2 1.8
9-cis-LYCO 2.11 2.12 2.12 2.6 2.6 2.6
13-cis-LYCO 2.15 2.13 2.07 2.4 2.5 2.8
15-cis-LYCO 3.19 3.17 3.14 0.4 0.4 0.5
trans-ASTA 0.00 0.00 0.00 79.9 80.8 81.0
9-cis-ASTA 1.38 1.46 1.56 7.8 6.9 5.9
13-cis-ASTA 1.25 1.26 1.24 9.7 9.6 10.1
15-cis-ASTA 2.01 2.02 1.95 2.7 2.7 3.0

aThe Maxwell−Boltzmann population is also included.
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qualitative use of the FEDAM, besides all the cis−trans isomers
considered in this study, some representative free radicals such
as •OH, •OOH, •O2

−, •OC2H5,
•OOC2H5,

•NO2, and
•OOCH2CHCH2 are also included in these maps. Following
the “lower-left to upper-right electron transference” described
above, it can be seen that the peroxide radical (•O2

−) will
preferably transfer one electron to the carotenoids. For BC,
ASTA, LUT, and LYCO, quantitative theoretical calculations
predicted that this transference will occur in benzene but not in
water.66 Likewise, carotenoids could in principle transfer one
electron to the radicals located up to the right in the FEDAM.
Previous theoretical studies predicted that •OH would accept
one electron from some carotenoids such as BC and ASTA, in
water but not in benzene,63 and that the electron transference
between BC or ASTA and any of the free radicals •OOH,
•OC2H5, and

•OOC2H5 was very unlikely to occur, regardless
of the environment’s polarity. In line with those previous
results63,66 and from the FEDAM in Figure 1, it can be
proposed that all the cis and trans isomers will transfer one
electron to •OH in water. In contrast, the occurrence of a single
electron transfer (SET) between any of the carotenoids in
Figure 1 and •OOH, •OC2H5,

•OOC2H5,
•NO2, or

•OOCH2CHCH2 is not likely to occur. With respect to
the reactivity toward •O2

−, in addition to all the isomers of BC,
LYCO, LUTE, and ASTA, the trans and cis species of VIOLA
and ANTHER will likely accept one electron from •O2

− in
benzene. This is because their VEA values are very similar. The
other carotenes (NEOX, AURO, MUTATO, LUTEO, and
NEOCHR) are not likely to accept an electron from •O2

−

because they are located to the left of BC (at smaller values
than the VEA of BC). Therefore, they are worse electron

acceptors than BC. The theoretical values of VEA and VIE can
be found in the Supporting Information.
It has been noted that 9-cis-ASTA apparently shows a higher

antioxidant activity than the trans isomer.67 Further, Levin and
Mokady68 reported that 9-cis-BC has a higher antioxidant
potency in vitro than the trans-BC species. On the contrary,
Mueller and Boehm42 reported that BC shows a nonsignificant
dependence between the position of the cis double bond and
the antioxidant activity. It can be seen in Figure 1 that the
values of VIE and VEA differ by no more than 0.1 eV for each
isomer of the same carotenoid (for the case of BC, the values
plotted here are in good agreement with those reported by
Cerezo and co-workers69). Thus, it is expected that the
antioxidant capabilities, regarding the SET reaction, of the cis
isomers will not drastically change with respect to those of their
respective trans species. Further experimental studies may help
to determine the antiradical capacity of the cis isomers.

3. UV−vis. The hybrid functional B3LYP has been
successfully used to study the UV−vis spectra of carotenoids.70
While it has been stated that this functional produces very low
carotenoid excitation energies,71 B3LYP qualitatively reprodu-
ces the experimental trends.70 The use of the long-range
corrected version of B3LYP (CAM-B3LYP) has shown a good
agreement with experimental measurements.72 Table 2 shows
the wavelengths of maximum absorption (λmax) calculated with
the functionals B3LYP and CAM-B3LYP in the gas phase and
in benzene. It can be seen that CAM-B3LYP improves the
agreement between calculated and experimental results with
respect to the results obtained with the B3LYP functional.
Therefore, from now on, the analysis of the spectra will be
performed on the basis of the CAM-B3LYP results. It should be
noted, however, that with both functionals the same

Figure 1. FEDAM in (a) benzene and (b) water containing the cis and trans carotenoid isomers as well as some free radicals.
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experimental trends (regarding the increase of the values of λmax
from one carotenoid to another) are maintained. For all the
molecules under study, the excitation with the largest oscillator
strength (intensity) corresponds to a π−π* (HOMO−LUMO)
transition. The TDDFT calculations indicate that this
HOMO−LUMO transition is the major contribution (values
ranging from 89% for 5-cis-LYCO to 96.5% for 15-cis-AURO)
to the calculated excitation. Table 2 also includes the calculated

percent contribution to the excitation from the HOMO−
LUMO (H → L) transition.
The presence of carotenoid cis isomers can be established

when the UV−vis spectrum presents an absorption band (cis
peak) around 142 nm below the λmax of the trans isomer.

44 The
cis peaks are correctly reproduced by the TDDFT calculations.
Table 3 includes the results for the wavelengths of the 13- and
15-cis isomers, which are the species where the cis peak is most
intense. It can be seen that B3LYP in benzene fails to reproduce

Table 2. UV−vis Maximum Absorption Wavelength (λmax) in nm, Calculated in Benzene (Bz) and the Gas Phase (Gas) with the
Functional B3LYP and CAM-B3LYPa

theoretical λmax % contrib. % error λmax

B3LYP CAM-B3LYP B3LYP CAM-B3LYP

carotenoids Expb λmax Gas Bz Gas Bz H → L transition Bz Bz

trans-AURO 400 467 503 418 446 96.3 25.8 11.5
9-cis-AURO 468 503 419 446 96.3
13-cis-AURO 463 496 413 439 96.2
15-cis-AURO 467 499 416 444 96.5
trans-LUTEO 420 503 543 444 474 95.3 29.3 12.9
9-cis-LUTEO 504 544 445 475 95.3
13-cis-LUTEO 499 536 439 467 95.1
15-cis-LUTEO 502 539 441 469 95.4
trans-NEOCHR 422 501 540 443 472 95.3 28.0 11.9
9-cis-NEOCHR 502 542 443 473 95.2
13-cis-NEOCHR 496 533 436 464 95.0
15-cis-NEOCHR 500 536 439 466 95.4
trans-MUTATO 426 519 560 454 484 94.6 31.5 13.6
9-cis-MUTATO 520 562 455 486 94.5
13-cis-MUTATO 514 552 448 475 94.3
15-cis-MUTATO 518 556 450 479 94.2
trans-NEOX 438 536 580 468 499 94.2 32.4 13.9
9-cis-NEOX 530 572 463 493 94.2
13-cis-NEOX 533 571 461 489 93.9
15-cis-NEOX 535 574 462 493 94.3
trans-VIOLA 440 538 582 469 501 94.3 32.3 13.9
9-cis-VIOLA 532 575 464 495 94.3
13-cis-VIOLA 534 573 462 491 94.0
15-cis-VIOLA 537 566 465 494 94.3
trans-ANTHER 445 553 598 477 509 93.6 34.3 14.4
9-cis-ANTHER 547 590 473 504 93.6
13-cis-ANTHER 547 590 470 499 93.3
15-cis-ANTHER 552 592 473 502 93.6
trans-LUT 445 553 599 477 501 93.6 34.6 12.6
9-cis-LUT 545 589 471 503 93.6
13-cis-LUT 548 589 470 500 93.3
15-cis-LUT 552 593 474 503 93.6
trans-BC 454 595 648 504 540 92.1 42.7 18.9
9-cis-BC 586 637 497 532 92.1
13-cis-BC 589 639 496 528 91.6
15-cis-BC 593 641 499 532 92.0
trans-LYCO 470 590 635 490 520 89.3 35.1 10.6
5-cis-LYCO 589 634 488 518 89.0
9-cis-LYCO 600 646 497 527 88.2
13-cis-LYCO 609 657 506 535 89.3
15-cis-LYCO 612 657 509 538 90.0
trans-ASTA 470 605 661 508 544 90.6 40.6 15.7
9-cis-ASTA 600 653 501 536 90.5
13-cis-ASTA 602 651 500 533 90.0
15-cis-ASTA 602 652 502 534 90.6

aThe TDDFT percent contribution to the excitation from the HOMO → LUMO (H → L) transition is included. bThe experimental values
correspond to measurements made in hexane for the trans isomers included in ref 44.
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such a peak for the 13-cis isomers of NEOCHR, MUTATO,
NEOX, ANTHER, and LYCO as well as for the 15-cis isomers

of NEOX and ANTHER. In contrast, CAM-B3LYP reproduces
the cis peak in all cases. Table 3 also shows that in some

Table 3. 13- and 15-cis Maximum Absorption Wavelength (λcis max) in nm for the Simulated cis Peak in Benzene (Bz) and the
Gas Phase (Gas) with the Functional B3LYP and CAM-B3LYPa

theoretical λcis max λtheo

B3LYP CAM-B3LYP CAM-B3LYP

carotenoid cis isomers gas Bz gas Bz gas transition % contrib. approx.b λcis

13-cis-AURO 308 322 282 300 282 H → L + 1 76.0 283
H − 1 → L 20.3

15-cis-AURO 303 318 281 300 280 H → L + 1 78.7
H − 1 → L 17.9

13-cis-LUTEO 332 349 299 333 299 H → L + 1 88.4 299
H − 1 → L 6.5

15-cis-LUTEO 327 347 301 320 299 H → L + 1 85.2
H − 1 → L 10.8

13-cis-NEOCHR 330 ND 299 317 297 H → L + 1 88.3 308
H − 1 → L 6.0

15-cis-NEOCHR 325 349 299 319 297 H → L + 1 85.7
H − 1 → L 9.7

13-cis-MUTATO 354 ND 311 331 318 H − 1 → L 91.9 314
306 H → L + 1 91.2

15-cis-MUTATO 352 367 311 333 322 H − 1 → L 90.4
307 H → L + 1 90.7

13-cis-NEOX 352 ND 319 340 317 H → L + 1 89.5 325
H − 1 → L 4.7

15-cis-NEOX 346 ND 317 344 313 H → L + 1 89.7
H − 1 → L 4.8

13-cis-VIOLA 354 375 318 343 318 H → L + 1 89.2 323
H − 1 → L 5.2

15-cis-VIOLA 349 365 316 344 316 H → L + 1 88.9
H − 1 → L 6.0

13-cis-ANTHER 375 ND 330 351 334 H − 1 → L 91.0 330
323 H → L + 1 90.5

15-cis-ANTHER 372 ND 330 353 337 H − 1 → L 91.1
323 H → L + 1 91.4

13-cis-LUT 370 390 326 353 335 H − 1 → L 91.1 335c

325 H → L + 1 91.5
15-cis-LUT 357 390 330 354 338 H − 1 → L 91.1

323 H → L + 1 91.4
13-cis-BC 392 422 350 381 358 H − 1 → L 87.6 330c

341 H → L + 1 4.3
H → L + 1 86.0
H − 1 → L 6.2

15-cis-BC 390 420 350 382 360 H − 1 → L 90.1
340 H − 2 → L + 1 5.9

H → L + 1 89.1
H − 1 → L + 2 6.3

13-cis-LYCO 409 ND 367 398 367 H → L + 1 34.1 360c

H − 1 → L 60.0
15-cis-LYCO ND 443 365 396 365 H → L + 1 31.7 362c

H − 1 → L 62.4
13-cis-ASTA 420 447 365 391 365 H → L + 1 63.5 NA

H − 1 → L 24.4
H − 1 → L + 2 5.2

15-cis-ASTA 418 447 362 389 363 H → L + 1 57.4
H − 1 → L 30.3
H − 1 → L + 2 5.0

aThe theoretical wavelengths λtheo (gas phase, CAM-B3LYP) that make up the cis band as well as their respective transitions with percent
contribution to the excitation are also listed. bThe approximated λcis was calculated, following Britton,44 at 142 nm below the longest-wavelength
absorption maximum (the so-called band III) in the spectrum of the trans compound. NA: not applicable, band III not reported. ND: not
determined, no excitation was obtained. cExperimental values from ref 32.
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instances, like with MUTATO, ANTHER, LUT, LYCO, and
BC, the cis peak is made up of two excitations calculated at
different wavelengths. In the rest of the cases, only one
excitation gives rise to the cis peak. In general, the main
contributions to the cis peak excitations involve HOMO−1 to
LUMO or HOMO to LUMO+1 transitions (Table 3).
In addition to the appearance of the cis peak, some of the

additional features that characterize the UV−vis spectrum of a
cis isomer are a small displacement of λmax to shorter
wavelengths and a significant decrement in absorbance at
λmax.

44 In Figure 2, the simulated UV−vis spectra of the four

isomers of ASTA are shown to illustrate that these character-
istics are well reproduced theoretically. Because the absorption
wavelengths of the cis and trans isomer are very similar, it can
be said that the isomerization process does not change the
color of the carotenoids.
It has been reported42 that, when carotenoids are exposed to

radicals or oxidizing species, they undergo a “bleaching”
process. The radical cations would absorb in the near-IR
region (around 900−1000 nm),74,75 and the radical anions are
also expected to absorb in the near-IR region.75 The radical
anion BC•− absorbs around 880 nm.65 Table 4 presents the
CAM-B3LYP values of the λmax, both in the gas phase and in
benzene, calculated for the anionic (trans-CAR•−) and cationic
(trans-CAR•+) radical species of all the trans isomers. This table

also includes the experimentally measured74 wavelengths for
some cationic radical carotenoids.
Previous theoretical calculations61 on ASTA, LYCO, LUT,

and VIOLA, among other cationic radical carotenoids, carried
out with the B3LYP functional gave very similar values. Here,
the λmax values calculated in benzene are overestimated by 10%
(LUT and ASTA) and 20% (BC and LYCO) with respect to
the available experimental values. When the gas phase results
are considered instead, this error is no more than 10% in all
cases. As an example, Figure 3 presents the simulated UV−vis
spectra (in benzene) of the radical anion trans-LUTEO•− and
radical cation trans-LUTEO•+.

Figure 4 shows the molecular orbital diagram for the neutral,
cationic, and anionic species of trans-LUTEO and trans-ASTA.
When the cationic species is formed, the energy of the orbitals
decreases with respect to those of the neutral species.
Conversely, the formation of the anion increases the energy
of the orbitals. In an unrestricted calculation, upon the
formation of the cation, the HOMO “splits” into the α-spin
highest singly occupied molecular orbital (αHSOMO) and the
β-spin lowest singly unoccupied molecular orbital (βLSUMO).
When the anionic species is formed, it is the LUMO that
“splits” into the αHSOMO and the βLSUMO (see Figure 4).
The TDDFT calculations indicate that the main contribution to
the band with the maximum absorption in the spectra of the
ions arises primarily from the βHSOMO → βLSUMO and
αHSOMO → αLSUMO transitions (see Tables S2 and S3 in
the Supporting Information).
Overall, according to the diagrams in Figure 4, the energy

gap between the β-spin HSOMO and LSUMO in the ionic
species decreases relative to the value of ΔE between the
LUMO and HOMO in the neutral species. With the exception
of ASTA, the (βLSUMO − βHSOMO) difference is slightly
smaller for the cation than it is for the anion. Therefore, the
cations absorb at longer wavelengths than the anions, for all the
studied carotenoids, except ASTA. In this particular case, it is
found that the energy difference between the β-spin LSUMO
and HSOMO is larger for the cation (Figure 4). Consequently,
the cation absorbs at shorter wavelengths than the anion. It
should be noted that the presence of the keto group may play a
role by increasing the conjugation and allowing a distribution of
the charge in the anionic species. Thus, the destabilization of
the LUMO is not so pronounced as in the cases of the other
carotenes. The representations of the anionic βHSOMO and

Figure 2. Simulated UV−vis spectra (CAM-B3LYP in benzene) for
the all-trans- and cis-ASTA isomers. The appearance of the cis peak
(around 400 nm) is more evident for the 13- and 15-cis species.

Table 4. Experimental (When Available, from ref 74) and
TheoreticalaMaximum Absorption Wavelength (λmax) in nm
for the trans Radical Anions and Cations in the Gas Phase
and Benzene

gas benzene Exp. benzene

carotenoids anion cation anion cation cation

trans-AURO 620 664 700 760
trans-LUTEO 684 732 788 848
trans-NEOCHR 674 730 766 852
trans-MUTATO 714 786 826 924
trans-NEOX 734 796 852 936
trans-VIOLA 744 797 876 932
trans-ANTHER 772 860 916 1024
trans-LUT 772 860 916 1028 950
trans-BC 844b 968 1008 1220 1020
trans-LYCO 956 984 1176 1250 1050
trans-ASTA 1092 864 1500 1004 920

aCAM-B3LYP calculations. bRadical anion BC•− is expected to absorb
around 880 nm.65

Figure 3. Simulated UV−vis spectra (CAM-B3LYP in benzene) for
the radical cation and anion trans-LUTEO. The calculated λmax shifts
from 544 nm (neutral species) to about 700 and 760 nm, respectively.
With the exception of ASTA, all of the calculated values of λmax for the
other carotenoids under study follow the same trend.
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βLSUMO of ASTA and LUTEO are included in the
Supporting Information.
3. Metal−ASTA Complexes. The cation Cu2+ is

considered to induce cis−trans isomerization in astaxanthin.73

It was observed that, over time, the interaction of Cu(II) with
trans-astaxanthin caused the maximum absorbance, at 480 nm,
to decrease significantly, while the absorbance at 373 nm, which
is characteristic of cis isomers of astaxanthin, gradually
increased.73 Polyakov et al.46 noted that the mixture of
astaxanthin and CuCl2 in methylene chloride gave rise to a
UV−vis spectrum where an additional band appears at 878 nm.
They attributed this new absorption band to the presence of
carotenoid radical cations, rather than to the formation of a
metal complex. However, Figure 5 shows that an absorption at

808 nm was calculated in the gas phase for the complex [(trans-
ASTA)Cu(H2O)2]

2+. Therefore, it could be proposed that the
experimental band observed at 878 nm might correspond to a
Cu−(trans-ASTA) complex.
Thus, while Cu2+ induces cis−trans isomerization of

astaxanthin, the additional formation of the metal complex
cannot be completely overruled. To probe the plausibility of
the complex formation, the Gibbs free energy of the following
reaction was calculated:

+ ‐

→ ‐ +

+

+

trans

trans

[Cu(H O) ] ASTA

[( ASTA)Cu(H O) ] 2H O
2 4

2

2 2
2

2

This process is predicted to be exergonic, with ΔG = −78.8
kcal/mol. Since such a value is much larger than any
uncertainty inherent to calculations, the viability of the
complexation process is proved. However, it is possible that
the rate constant of the complex formation is smaller than the
rate constant of the isomerization process. In any case,
according to the features of the UV−vis spectra of cis isomers
and those of the complexes, it can be concluded that the band
around 880 nm corresponds to a copper−astaxanthin complex
rather than to a cis isomer.
Due to the structure of astaxanthin, it could act as a

tetradentate ligand if the molecule is twisted (see the schematic
representation of such a conformation in the Supporting
Information). This twisted conformation (that will be referred
to as twist-ASTA) could be considered as a multiple cis-like
conformer. Its simulated UV−vis spectrum is shown in Figure
5, and it presents one intense band at 349 nm. This band is
located in the region where the cis peaks appear; suggesting that
the presence of several cis regions would increase the intensity
of this band. With respect to the stability of this species, twist-
ASTA is about 20 kcal/mol less stable than the all-trans-ASTA.
However, the stabilization of the twisted conformer can be
assisted by the presence of a Cu2+ cation. This hypothesis is
confirmed with the results obtained from our calculations, since
the formation of this metal complex is favorable by 76 kcal/
mol. Therefore, a net ΔG value of −56 kcal/mol would
correspond to the overall process starting with all-trans-ASTA
and ending with the tetra-coordinate [(twist-ASTA)Cu]2+

chelate. Unfortunately, the presence of such a complex (that
definitely would exist in a very small proportion) could not be
detected via UV−vis spectroscopy because the simulated
spectrum which appears in Figure 5 shows a negligible intensity
all along the spectra. The representations of [(trans-ASTA)-
Cu(H4O)2]

2+ and [(twist-ASTA)Cu]2+ are also included in the
Supporting Information.

Figure 4. Molecular orbital diagram for the neutral, cationic, and anionic species of (a) trans-LUTEO and (b) trans-ASTA. Overall, the energy gap
between the HSOMO and LSUMO in the ions decreases relative to the ΔE between the HOMO and LUMO in the neutral species (gray double
ended arrow). (a) The ΔE between the βLSUMO and βHSOMO in the anions is slightly larger than the corresponding difference in the cation. (b)
ASTA is the only case where the energy difference between the βLSUMO and βHSOMO is smaller for the anion than the corresponding difference
for the cation.

Figure 5. Simulated UV−vis spectra of the [(trans-ASTA)Cu-
(H2O)2]

2+ complex, a cis-like conformation of astaxanthin (twist-
ASTA) that may act as a tetradentate ligand, and the [(twist-
ASTA)Cu]2+ complex.
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■ CONCLUDING REMARKS
In general, the calculated relative stability of the cis isomers
appears to be in line with experimental observations. Since the
calculated Gibbs energy difference in many cases is around 1
kcal/mol, it is expected that in some instances one isomer
would appear to be slightly more stable with respect to the
other. This is especially evident in the case of the 9- and 13-cis
isomers. In all cases, the 15-cis isomers were calculated to be the
least stable ones. Experimentally, this isomer is seldom
observed.
The antiradical properties of the cis isomers regarding the

mechanism of electron transfer are moderately, if at all,
modified with respect to the antiradical properties of the trans
species. Thus, the cis isomers are as colorful and as good
antiradicals as their trans counterparts.
One possibility for the carotenoids to lose their color is by

reduction or oxidation via a single electron transfer mechanism.
The radical ionic species absorb at long wavelengths (>700
nm). With the exception of trans-ASTA, the anions absorb at
shorter wavelengths than the cationic species. Further, in the
case of astaxanthin, another way to lose its color could be due
to the formation of a coordination complex with Cu2+.
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