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A theoretical study of the structure and the vibrational spectra of the S-carotene molecule and its derivatives
capsanthin and capsorubin is carried out. We first investigate systematically the theoretical method which
provides the best results for S-carotene by performing ab initio calculations at the HF/6-31G(d), SVWN/6-
31G(d), PBE0/6-31G(d), BLYP/6-31G(d), B3LYP/6-31G(d), B3LYP/6-31G(d,p), B3LYP/6-311G(d), and
B3LYP/6-311G(d,p) levels and by using previous theoretical results available in the literature obtained at the
AM1 and BPW91/6-31G(d) levels. The influence of both the level of calculation and the size of the basis set
used in the geometry optimization and in the determination of the IR and Raman spectra of this molecule is
thus analyzed. It is confirmed that the hybrid functional B3LYP with the basis 6-31G(d) is the method that
gives the best results as a whole. By use of this level of calculation, we next optimize the molecular geometries
of related molecules of capsanthin and capsorubin, which to the best of our knowledge have only been studied
at the semiempirical AM1 level. In addition we calculate the IR and Raman spectra of these molecules at the
B3LYP/6-31G(d) level of theory. The results obtained for capsanthin show on the one hand that the double
bond of the S-ionone ring is outside the polyene chain plane, due to the repulsion between the hydrogen
atoms of the ring methyl groups and the hydrogen atoms of the polyene chain, and on the other hand that the
carbonyl double bond in the other headgroup is very close to planarity with the polyene chain, since in this
case such a repulsion does not exist. For the molecule of capsorubin the two carbonyl groups also take the
same coplanar orientation relative to the polyene chain. The IR and Raman spectra theoretically computed
for these two molecules are finally compared with their experimental spectra and the vibrational normal

modes of the main signals are interpreted.

I. Introduction

Carotenoids are the most abundant group of natural pigments,
with more than 600 different types,! all derived from the same
basic structure of 40 carbon atoms resulting from the poly-
merization of 8 units of isoprene. According to their composi-
tion, carotenoids are divided in two groups, carotenes, when
they have only carbon and hydrogen atoms, and xanthophylls,
when they have oxygen atoms as well. These pigments play a
crucial role in the protection of cells and biological tissues
against photo-oxidation processes because of their chemical
ability to scavenge reactive oxygen species and free radicals.>
The incorporation of carotenoids to the diet can therefore be of
use in protection from oxidation damage,’'? and some studies
have been reported that relate an increase in the consumption
of carotenoids to a reduction in the risk of suffering some types
of cancer or other diseases.!!~!* Capsanthin and capsorubin are
two carotenoids used as colorants that are extracted from the
paprika oleoresin and are responsible for the bright red color
of this product'>'® and like other carotenoids have a large
antioxidant capability,'”-2! which has been related to a high
antitumoral power.?>23

The antioxidant power of carotenoids have attracted increased
attention, and this in turn has propitiated the realization of
different theoretical studies in order to elucidate the molecular

* To whom correspondence should be addressed. E-mail: rqgna@um.es
(A.R.); zuniga@um.es (J.Z.).

 Universidad de Murcia.

¥ Universidad Politécnica de Cartagena.

10.1021/jp710304u CCC: $40.75

properties of these pigments.?*-3? Their large molecular size,
of about 100 atoms, has restricted many of these studies to
semiempirical treatments. The AM1 (Austin Model 1) method?
has been used in this sense to study the geometry,?* the
electronic structure,” and the charge delocalization?®?’ of
ionized carotenoids and also, recently, to analyze their spec-
troscopic properties.?® Soffers et al.3* have, moreover, used the
PM3 semiempirical method*-¢ to determine the ionization
potential of these pigments theoretically.

The methods based on the density functional theory (DFT)
for electronic calculations constitute an ever-growing alternative
tool to both the semiempirical and the purely ab initio and
perturbative methods, mostly for molecules of large size.?’ In
this context a number of DFT studies have been made recently
on the fB-carotene molecule.?*32 These studies include the
calculations reported by Himo? and by Gao et. al®? of the
electronic properties of the [-carotene radical cation using
different density functionals and those conducted by Schliicker®
and by Berezin®!' to optimize the molecular structure and to
determine the IR and Raman spectra of [-carotene at the
BPW91/6-31G(d) and B3LYP/6-31G(d) levels, respectively. To
our knowledge, however, no study has been made to compare
the performance of different DFT electronic methods when
dealing with this molecule, so there is no clear evidence as to
which are the best choices for both the density functional and
the basis set to be used in this respect. The use of the
Hartree—Fock levels of calculation for carotenoids has not been
described either. Finally, no theoretical calculations at a level
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Figure 1. Molecular structure and atom numbering of f-carotene.

TABLE 1: rms Deviations of the Equilibrium Geometries of
p-Carotene, as Calculated Using Different Theoretical
Methods, with Respect to the Experimental Geometry (Bond
Lengths Are in Angstroms, and Bond Angles Are in
Degrees)

method rms lengths rms angles
AM1“ 0.078 22
HF/6-31G(d) 0.020 1.9
BLYP/6-31G(d)? 0.025 22
BPW91/6-31G(d)* 0.023 1.6
SVWN/6-31G(d)* 0.020 1.4
PBE0/6-31G(d)” 0.010 1.4
B3LYP/6-31G(d)* 0.014 1.8
B3LYP/6-31G(d.p)” 0.014 1.7
B3LYP/6-311G(d)” 0.013 1.8
B3LYP/6-311G(d,p)* 0.018 1.7

@ From ref 28. ? Present work. ¢ From ref 30.

superior to the semiempirical AM1?7 have been reported for
the closely related molecules of capsanthin and capsorubin.
The general objective of this work has been, therefore, to
contribute to establishing a methodology to optimize the
geometry and to determine the vibrational spectrum of caro-
tenoids. To do this, we have carried out first optimization
calculations for the molecule of [-carotene at the
Hartree—Fock,*® SVWN,3° PBE(,*’ and BLYP*'*? levels using
the 6-31G(d) basis set and at the hybrid B3LYP functional
level*2*3 with the basis sets 6-31G(d), 6-31G(d,p), 6-311G(d),
and 6-311G(d,p). The results thus obtained, together with those
taken from the literature at the AM12® and the BPW91/6-
31G(d)* levels, have been used to compare the geometries
optimized at all these levels with the experimental geometry
determined by Senge et. al** from X-ray diffraction. The aim
here was to investigate the performance of three different types
of density functionals, namely, the SVWN (local density
approximation), BLYP, BPW91 (generalized gradient ap-
proximation), PBEQ, and B3LYP (hybrid) functionals, which
have been found to correctly reproduce properties of related
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molecules,¥304647:32 in addition to the HF and AM1 approxima-
tions. We have also computed the IR and Raman spectra of the
p-carotene molecule, again at all these levels, and evaluated
the quality of the results obtained by comparison of the
theoretical frequencies obtained for the most intense signals of
these spectra with the experimental ones. From these analyses,
we have concluded that the B3LYP/6-31G(d) level of calculation
is that which provides the best results for the molecular structure
and the vibrational spectrum of f-carotene as compared with
the experiment.

Our second objective was to carry out a theoretical study of
the capsanthin and capsorubin molecules for the first time at a
level superior to the semiempirical, in particular by computing
the geometries and the IR and Raman spectra of these two
molecules using the B3LYP/6-31G(d) method, which provides
the best results for [-carotene. By use of the optimized
geometries thus obtained, we have analyzed how the functional
groups located at both ends of the polyene chains affect their
conjugation degrees. We have also compared the IR and Raman
vibrational frequencies computed with those experimentally
observed by Lérdnd*® and Schulz,* respectively, and assigned
the normal modes corresponding to the main signals of the
spectra.

II. Theoretical Methods

The molecule of the S-carotene has been studied using the
Hartree—Fock method and the SVWN, PBEO, and BLYP
functionals, all of them with a 6-31G(d) basis, and the B3LYP
functional with the basis sets 6-31G(d), 6-31G(d,p), 6-311G(d),
and 6-311G(d,p) which combine double- and triple- functions
with polarization functions on the heavy and hydrogen atoms.
This choice of calculation methods has two aims, which are
first to investigate the effects of the electronic correlation and
second to analyze the influence of the size of the basis sets
employed on both the geometry optimization and the calculation
of the vibrational frequencies of the molecule. We have not
considered the use of diffuse functions to describe the atomic
orbitals because previous studies have shown that these functions
do not improve the results for neutral molecules.>®

To determine the effect of the electronic correlation on the
p-carotene calculations, we have compared the results obtained
by Weesie et al.> at the AM1 level using the minimum standard
Slater-type basis set with our results at the Hartree—Fock and
the SVWN, PBEO, BLYP, and B3LYP levels and with those

Figure 2. Molecular structure of S-carotene optimized at the B3LYP/6-31G(d) level. Normal (a) and lateral (b) views.
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TABLE 2: Experimental and Calculated Bond Lengths (in Angstroms) of f-Carotene (A, Is the Difference between

Calculated and Experimental Lengths)

AM1» HF/6-31G(d)" SVWN/6-31G(d)* PBE0/6-31G(d)*
exptl” calcd Alen calcd Alen calcd Alen caled Ajen
Ci—Cia 1.529 1.541 0.012 1.524 —0.005 1.538 0.009
C—Cip 1.528 1.541 0.013 1.523 —0.005 1.537 0.009
C—C, 1.529 1.540 0.011 1.525 —0.004 1.537 0.008
C—Cq 1.531 1.511 —0.020 1.542 0.011 1.524 —0.007 1.537 0.006
C—C; 1.526 1.510 —-0.016 1.522 —0.004 1.508 —0.018 1.519 —0.007
C;—Cy 1.526 1.512 —-0.014 1.523 —0.003 1.509 —-0.017 1.520 —0.006
C4—Cs 1.523 1.491 —0.032 1.516 —0.007 1.492 —0.031 1.507 —-0.016
Cs—Csa 1.502 1.512 0.010 1.487 —-0.015 1.503 0.001
Cs=Cq 1.351 1.651 0.300 1.333 0.018 1.363 0.012 1.355 0.004
Ce—C; 1.449 1.459 0.010 1.492 0.043 1.444 —0.005 1.469 0.020
C=C;y 1.352 1.343 —0.009 1.328 —0.024 1.361 0.009 1.352 0.000
Cs—Cy 1.445 1.457 0.012 1.474 0.029 1.428 —-0.017 1.450 0.005
Cy—Coa 1.500 1.509 0.009 1.488 —-0.012 1.501 0.001
Cy=C9 1.352 1.353 0.001 1.338 —-0.014 1.374 0.022 1.365 0.013
Cio—Cnp 1.442 1.443 0.001 1.459 0.017 1.410 —0.032 1.432 —-0.010
C1=Cp, 1.352 1.347 —0.005 1.334 —0.018 1.370 0.018 1.361 0.009
Cp—Cis 1.444 1.455 0.011 1.468 0.024 1.417 —0.027 1.440 —0.004
Ci3—Cisa 1.500 1.509 0.009 1.489 —0.011 1.502 0.002
C3=Cy4 1.353 1.354 0.001 1.340 —0.013 1.380 0.027 1.370 0.017
Ci;—Cys 1.441 1.441 0.000 1.456 0.015 1.404 —0.037 1.430 —0.011
Ci5=C;5 1.346 1.350 0.004 1.335 —0.011 1.374 0.028 1.365 0.019

@ From ref 44. * From ref 28. ¢ Present work.

TABLE 3: Experimental and Calculated Bond Lengths (in Angstroms) of -Carotene Including the Wiberg Bond Indices for the
B3LYP/6-31Gd(d)-Optimized Geometry (A, Is the Difference between Calculated and Experimental Lengths)

BLYP/6-31G(d)’

BPWI1/6-31G(d)*

B3LYP/6-31G(d)’

exptl® caled Ajen caled Aen caled Apen Wiberg index
Ci—Cia 1.529 1.561 0.032 1.551 0.022 1.546 0.017 0.9857
C—C 1.528 1.560 0.032 1.552 0.024 1.549 0.021 0.9922
C—C, 1.529 1.560 0.031 1.555 0.026 1.546 0.017 0.9840
C,—Cs 1.531 1.563 0.032 1.553 0.022 1.549 0.018 0.9660
C—C; 1.526 1.537 0.011 1.529 0.003 1.526 0.000 1.0131
C—Cy 1.526 1.539 0.013 1.531 0.005 1.529 0.003 1.0111
Ci—C;s 1.523 1.525 0.002 1.517 —0.006 1.518 —0.005 1.0175
Cs—Csa 1.502 1.521 0.019 1.513 0.011 1.511 0.009 1.0340
Cs=Cs 1.351 1.373 0.022 1.371 0.020 1.358 0.007 1.7623
Ce—C 1.449 1.477 0.028 1.471 0.022 1.475 0.026 1.0813
C=Cs 1.352 1.372 0.020 1.370 0.018 1.355 0.003 1.7305
Cs—Co 1.445 1.454 0.009 1.449 0.004 1.454 0.009 1.1560
Co—Coa 1.500 1.520 0.020 1.512 0.012 1.509 0.009 1.0250
Co=Cjo 1.352 1.388 0.036 1.386 0.034 1.369 0.017 1.6188
Cio—Cni 1.442 1.433 —0.009 1.429 —0.013 1.435 —0.007 1.2088
Cii=Cp, 1.352 1.384 0.032 1.382 0.030 1.364 0.012 1.6305
Ci,—Ci3 1.444 1.441 —0.003 1.437 —0.007 1.443 —0.001 1.1960
Ci5—Ciza 1.500 1.521 0.021 1.514 0.014 1.510 0.010 1.0236
Ci5=Cus 1.353 1.394 0.041 1.392 0.039 1.374 0.021 1.5780
Cis—C;s 1.441 1.426 —0.015 1.422 —0.019 1.429 —0.012 1.2331
Cis=Cis 1.346 1.388 0.042 1.386 0.040 1.369 0.021 1.6053

@ From ref 44. ? Present work. ¢ From ref 30.

carried out by Schlucker et al.> at the BPWOI1 level. These
calculations have all been performed using the same basis set
6-31G(d) as employed in previous DFT studies of carotenoids
and related compounds.3%313152 The influence of the size of
the basis set has been investigated in turn by carrying out
calculations with the hybrid B3LYP density functional and the
basis sets previously indicated. The choice of this functional is
justified by the good results that it provides for the structure
and the vibrational spectra of the molecule. After completing
this thorough study of the f-carotene molecule, we optimized
the geometries and computed the vibrational spectra of the two
related molecules of capsanthin and capsorubin using the
B3LYP/6-31G(d) method, which provides the best results for
[-carotene.

All the calculations were made for the molecules in their
neutral form and omitting the solvent effects. The molecules
were also considered to have closed-shell electronic structures,
so the calculations were spin restricted. The symmetry of the
molecules was not constrained to the C; point group, as it was
by Schliicker et al.*® and by Berezin et. al’! for -carotene, so
as to ascertain whether the optimization leads to a minimum
with a different symmetry or not.

The sequence of calculations was basically the same for the
three molecules. We first build up the starting geometries
of the molecules from their chemical structures® and then
proceed to carry out the optimization of the geometries using
the different theoretical methods described above. The bond-
order Wiberg indices are also calculated in order to analyze the
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TABLE 4: Experimental and Calculated Bond Angles (in Degrees) of f-Carotene (A,,; Is the Difference between Calculated

and Experimental Angles)

AM1? HF/6-31G(d)* SVWN/6-31G(d)* PBE0/6-31G(d)*

exptl” caled Aang calcd Aang calcd Aang caled Aang.
Ci—C—C;s 112.9 112.8 —0.1 112.3 —0.6 112.7 —-0.2
C—C3—Cy 104.0 110.9 6.9 109.4 5.4 108.7 4.7 109.1 5.1
C;—C4—Cs 114.4 113.5 -0.9 113.7 -0.7 113.7 -0.7 113.6 —-0.8
Cy—Cs=Cq 121.5 122.9 1.4 123.0 1.5 122.6 1.1 122.7 1.2
Csa—Cs=Cs 125.9 124.7 —1.2 124.2 —-1.7 124.5 —1.4
C—Cs=Cs 122.1 122.9 0.8 123.0 0.9 121.8 -0.3 122.5 0.4
Cs=Cs—C; 122.2 123.0 0.8 121.2 -1.0 123.1 0.9 122.4 0.2
Ce—C7=C;y 126.7 124.7 -2.0 124.6 —2.1 127.6 0.9 125.5 —1.2
C=Cs—Cy 127.2 124.7 —-2.5 126.5 -0.7 124.8 —2.4 126.1 —1.1
Cs—Co=Co 119.1 119.0 —0.1 118.0 —1.1 118.6 -0.5 118.2 —-0.9
Cyoa—Cy=C)9 122.2 124.4 2.2 122.8 0.6 123.6 1.4
Cy=C,p—Cnp 127.3 126.1 —-1.2 128.3 1.0 127.7 0.4 128.2 0.9
Ci—C11=Cp» 123.0 122.2 -0.8 122.4 —-0.6 123.2 0.2 122.8 —-0.2
C1=C;,—Cj3 126.1 124.9 —-1.2 126.6 0.5 125.7 —-0.4 126.4 0.3
Ci,—C;3=C 14 117.7 118.9 1.2 118.0 0.3 118.7 1.0 118.3 0.6
Ci3.—C13=Cy4 122.9 124.3 1.4 122.6 -0.3 123.3 0.4
C3=C14—C;is 127.7 126.4 -13 128.2 0.5 127.6 —0.1 128.1 0.4
Ci;—Ci5=Cs 123.0 122.4 -0.6 123.0 0.0 123.7 0.7 123.4 0.4

@ From ref 44. * From ref 28. ¢ Present work.

TABLE 5: Experimental and Calculated Bond Angles (in Degrees) of -Carotene (A, Is the Difference between Calculated

and Experimental Angles)

BLYP/6-31G(d)’

BPW91/6-31G(d)* B3LYP/6-31G(d)"

exptl? caled Aang caled Aang caled Aang
Ci—C,—C;s 112.9 112.8 —0.1 119.9 7.0 112.9 0.0
C—C3—Cy 104.0 109.1 5.1 109.0 5.0 109.7 5.7
C;—Cy4—Cs 114.4 113.8 —0.6 113.8 -0.6 114.2 -0.2
C4—Cs=C;, 121.5 122.8 1.3 122.7 1.2 122.7 1.2
Csp—Cs=C;q 125.9 124.5 —-1.4 124.4 —-1.5 124.3 —-1.6
C,—Cs=C;s 122.1 114.9 —-7.2 122.1 0.0 122.5 0.4
Cs=C¢—C; 122.2 122.9 0.7 122.8 0.6 123.2 1.0
Ce—C=C;s 126.7 126.5 -0.2 126.4 —-0.3 126.7 0.0
Cr=Cs—Cy 127.2 126.4 —0.8 126.3 -0.9 126.3 -0.9
Cs—Cy=C)o 119.1 118.3 —0.8 118.2 -0.9 118.2 -0.9
Cop—Cy=C9 122.2 123.0 0.8 123.1 0.9 123.4 1.2
C9=C10_C11 127.3 128.6 1.3 128.4 1.1 128.4 1.1
Ci—C;1=Cp» 123.0 123.1 0.1 123.1 0.1 123.0 0.0
C;=C;,—Cj3 126.1 126.9 0.8 126.7 0.6 126.7 0.6
C,—C;3=C 14 117.7 118.4 0.7 118.3 0.6 118.3 0.6
Ci3.—C;3=Cyy 122.9 122.7 -0.2 122.8 —0.1 123.2 0.3
C13=C14—C;s 127.7 128.5 0.8 128.3 0.6 128.3 0.6
C14—C5=C5 123.0 123.8 0.8 123.8 0.8 123.6 0.6

@ From ref 44. ? Present work. ¢ From ref 30.

effects of the conjugation on the optimized geometries. The
confirmation that the stationary points reached in the calculations
are true minima is made by performing vibrational calculations
at the same level as those used in the optimization and checking
that all the harmonic frequencies corresponding to the stationary
point are real. These vibrational calculations also provide the
theoretical IR and Raman spectra of the molecules.

The vibrational frequencies computed are, in general, larger
than the experimental ones, due essentially to the fact that the
theoretical treatments employed do not take into account the
anharmonicity effects.>* To calculate the anharmonic vibrational
frequencies it is necessary to use the second-order perturbation
theory, a method which is only applicable to molecules of small
size, or, alternatively, to correct the harmonic vibrational
frequencies using scaling factors. The main difficulty of this
second option is that there is no global universal scaling factor
to apply to all molecules and methods. It is then necessary to
compute the scaling factors for each theoretical method from
the experimental and computed vibrational frequencies of a

given number of small size molecules’*>® and use them to
account for the anharmonicity of larger size molecules. It has
been shown that the overrating of the vibrational frequencies is
in most cases uniform and that the harmonic vibrational
frequencies can be properly corrected in this way.’”>* The
frequencies calculated in this work have therefore been corrected
using the scale factors proposed in the literature for each
level 4353859 except for the stretching voy frequencies for which
the scale factors were 0.927 for capsanthin and 0.919 for
capsorubin, chosen to fit the results to the experimental data.

All calculations were carried out using the Gaussian03
program package,? and the population analysis was made using
the 3.1 version of the natural bond orbital (NBO) program
implemented in this package.®!-63

III. Numerical Results and Discussion

Geometry Optimization for #-Carotene. In Figure 1 we
show the chemical structure of S-carotene’ used as starting point
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TABLE 6: Calculated Vibrational Frequencies (in cm™!) for the Maxima of the Two Regions of the IR Absorption Spectrum
and for the Absolute Maximum of the Raman Absorption Spectrum of f3-Carotene (Av and Avy.eqa Are the Differences between
Calculated and Experimental Values before and after Frequency Scaling)

IR spectrum

stretching C—C region

stretching C—H region

Raman spectrum

method v Av Vscaled Ayscaled v Av Vscaled Avscaled 4 Av Vscaled Avscaled
HF/6-31G(d) 1115 145 998 28 3206 296 2870 —40 1852 328 1658 134
BLYP/6-31G(d) 1546 576 1536 566 2962 52 2944 34 1177 —347 1169 —355
BPW91/6-31G(d)“ 1550 580 1488 518 3051 141 2929 19 1513 —11 1452 =72
SVWN/631G(d) 1663 693 1635 665 3057 147 3006 96 1176 —348 1156 —368
PBE0/631G(d) 1014 44 965 =5 3066 156 2918 8 1219 —305 1160 —364
B3LYP/6-31G(d) 1015 45 976 6 3043 133 2925 15 1581 57 1520 —4
B3LYP/6-31G(d,p) 1627 657 1564 594 3039 129 2921 11 1200 —324 1153 —371
B3LYP/6-311G(d) 1004 34 965 =5 3029 119 2912 2 1569 45 1508 —16
B3LYP/6-311G(d,p) 1004 34 971 1 3023 113 2925 15 1196 —328 1158 —366

4 From ref 30.

Figure 3. Molecular structure and atom numbering of capsanthin.

TABLE 7: Optimized Bond Lengths (in Angstroms) and
Wiberg Bond Indices of Capsanthin Calculated at the
B3LYP/6-31G(d) Level

Wiberg Wiberg
bond length index bond length index

Ci—Cia 1.548 09866  Cis—Cy 1.428 1.2361
Ci—Cis 1.550 0.9893 Ci7=Cys 1.375 1.5724
Ci—C, 1.550 0.9825 Cis—Cisa 1.510 1.0235
Ci—Cs 1.546 09689  Ci5—Cyo 1.441 1.2011
Cr—C3 1.523 0.9998  Ci19=Cy 1.366 1.6206
C3—0; 1.430 0.9141 Cy—Cy 1.433 1.2163
C—Cy 1.529 0.9960  Cy=Cy, 1.371 1.6033
Cy—Cs 1.514 1.0159  Cp—Caa 1.509 1.0252
C5—Csa 1.511 1.0331 C—Css 1.450 1.1696
C5=Cs 1.356 1.7616  Cy3=Cyy 1.357 1.6912
Ce—Cy 1.475 1.0811 Cyy—Cys 1.481 1.1008
C=Cg 1.355 1.7285 Cy5=035 1.231 1.7210
Cs—Cy 1.454 1.1579  Cao5—Cys 1.546 0.9573
Cyo—Coa 1.509 1.0255 Ca—Casa 1.553 0.9825
Co=Cjo 1.369 1.6160  Cy—Cy 1.558 0.9797
Cio—Cii 1.434 1.2107  Cy—Cs 1.589 0.9484
Cii=Cn 1.365 1.6286  Cy—Cy 1.544 0.9907
Cip;—Ci3 1.442 1.1973 Cas—0Ons 1.434 0.9206
Ci3—Ciza 1.510 1.0242  Cyi—Cyp 1.544 0.9928
Ci3=Cyy 1.374 1.5748  Cy—Cs 1.549 0.9828
Ci4—C;s 1.428 1.2359  C3—Cs0a 1.537 1.0025
Ci5=Cis 1.369 1.6014  C3—C;s 1.548 0.9956

to carry out the optimization calculations of the geometry of
this molecule. Although, as aforementioned, all the calculations
were made without constraining the symmetry of the molecule,
the equilibrium geometries obtained in all cases were shown to
have a center of inversion located in the middle of the
C5=Cs bond, thus confirming that the molecule belongs to
the C ; point group, as experimentally evidenced from the X-ray
structure of the molecule** and from the IR and Raman
spectra.3%4 Accordingly, to describe the whole structure of
p-carotene, it is sufficient to specify its geometrical parameters
up to the 15" carbon atom, as shown in Figure 1, since by
symmetry the rest of the molecule is equivalent to its first half.

TABLE 8: Optimized Bond Angles (in Degrees) of
Capsanthin Calculated at the B3LYP/6-31G(d) Level

bond angle bond angle
Cl_Cz_Cg 1152 C](,_C17=C18 1282
Cz_C3_C4 1093 C17=C13_C19 1181
Cg_C4_C5 1148 C]xﬂ_clx_Cw 1185
C4_C5=C(, 122.7 C]x_C19=C2() 126.7
CSA_C5=C(, 124.9 C19=C2()_C21 122.6
Cl_C(,=C5 122.7 Cz()_C2|=C22 128.3
C5=C(,_C7 122.4 C21=C22_C23 117.6
C(,_C7=Cx 1 257 szﬂ_C22_C23 1 1 87
C7=Cg_C9 126.4 sz_C23=C24 125.6
Cx_C():C](] 118.1 C23=C24_C25 129.7
C&)A_C9=C|() 1235 C24_C25_C2(, 1236
C9=C1()_C11 1284 Czs_C2(,_C27 1154
C]()_C] 1=C12 1228 Czﬁﬂ_C%_Cy 1092
C] 1=C]2_C13 1267 Cz(,_C27_C28 1070
C]z_C]3=C14 1 182 C27_C23_C29 1058
C13a_C13=C14 1232 sz_C2g_C3() 1068
C13=C]4_C15 1283 ng_C3()_C31 1085
C1y—Ci5=Cis 123.5 C30.—C30—Cs1 108.4
C15=C](,_C17 123.4

To determine the levels of theory that provide the best results
for the equilibrium geometry of -carotene, we have calculated
the root mean square (rms) deviation of the bond distances and
angles calculated at each level with respect to their experimental
values available from the X-ray structure.** These deviations
are listed in Table 1 and are split as observed into two columns,
one for the distances and the other for the angles. Observation
of this table shows first that of all the theoretical methods
considered, the semiempirical AM1 is the one that provides the
worst results for the geometrical parameters of the molecule of
[-carotene, both for the bond lengths and the angles. It is also
observed that the Hartree—Fock errors are in general larger than
those from the density functionals, and these methods are
therefore preferable for optimizing the geometry of 3-carotene.

The proper comparison of the optimized structures calculated
for f-carotene with the experimental X-ray structure requires
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Figure 5. Molecular structure and atom numbering of capsorubin.

TABLE 9: Optimized Bond Lengths (in Angstroms),
Wiberg Bond Indices, and Angles (in Degrees) of
Capsorubin Calculated at the B3LYP/6-31G(d) Level

bond length  Wiberg index bond angle
Ci—Cia 1.537 1.0027 Ci—C—C;s 106.8
C,—Cis 1.547 0.9959 Cr—C5—Cy 105.8
C—C, 1.549 0.9828 C3—C,—Cs 107.1
C,—Cs 1.591 0.9472 Cy—Cs—Cs 115.5
C—C; 1.544 0.9929 Cs5a—Cs—Cs 105.7
C3—03 1.433 0.9209 Cs—Ce—C5 123.8
C3—Cy 1.544 0.9907 Ce—C7=Cs 129.6
C4—Cs 1.558 0.9801 C7=Cs—Cy 125.6
Cs—Csa 1.552 0.9827 Cs—Co=Cp 117.6
Cs—Cs 1.545 0.9578 Coa—Co=Cy 123.7
Cs—0Os 1.231 1.7253 Co—Ci1o—Cn 128.2
Ce—Cy 1.482 1.0963 Cio—Ci1i=Ci» 122.6
C=C;s 1.356 1.6973 Ci1=Ci,—Ci3 126.6
Cs—Cy 1.451 1.1659 Ci;—Ci5=Cuy 118.1
Cy—Coa 1.508 1.0257 Ci3a—Ci5—Cus 123.4
Cy=Cio 1.370 1.6075 Ci5=C1s—Cis 128.2
C]()_C“ 1434 12134 C14_C15=C15' 1234
C1=Cip» 1.365 1.6253
Cp,—Ci3 1.442 1.1980
Ci3—Ciza 1.510 1.0242
Ci3=Cyy 1.374 1.5754
Ciu—C;s 1.428 1.2342
Ci5=Cis 1.368 1.6040

us to take into account the experimental standard deviations,
which are 0.005—0.13 A for the bond lengths and 0.3—0.5° for
the bond angles.** Accordingly we see in Table 1 that, when
the same 6-31G(d) basis set is used, the DFTs which pro-
vide the best results overall are the hybrid PBEO and B3LYP
functionals. Of these two functionals, B3LYP is the one which
better reproduces the vibrational spectra of -carotene, as will
be shown below, so we have used this method to evaluate the

effect of the size of basis sets on the results obtained. The basis
sets used combine double and triple-¢ functions with polarization
function over the heavy atoms and the hydrogen ones. The
results of these calculations are also given in Table 1. When
the p polar functions for the hydrogen atoms are included in
the 6-31G(d) basis (6-31G(d,p) basis), we see that the errors
for the bond distances and angles remain practically the same.
The use of the triple- 6-311G(d) and the 6-311G(d,p) bases
does not improve the results either. The B3LYP/6-31G(d) level
of calculation is then, presumably, the most appropriate for
optimizing the geometry of S-carotene. In Figure 2, we depict
the structure of the molecule optimized at this level.

To analyze in a more detailed way the effects of the electronic
correlation on the optimization of the geometry of -carotene,
we give in Tables 2-5 the geometrical parameters calculated
for this molecule at the AM1, HF/6-31G(d), SVWN/6-31G(d),
PBE0/6-31G(d), BWP91/6-31G(d), BLYP/6-31G(d), and B3LYP/
6-31G(d) levels. In these tables we also include the A differences
between the theoretical and experimental values for the bond
lengths and angles.

The A values for the bond lengths shown in Table 2
corresponding to the HF/6-31G(d) calculations indicate that this
method makes a systematic error for the carbon—carbon
distances in the conjugate system of the polyene chain.
Specifically, the HF/6-31G(d) method gives longer single bond
C—C distances and shorter double bond C=C distances than
the experimental ones. This is due to the fact that the
Hartree—Fock approach does not include the electronic cor-
relation effects. The post-Hartree—Fock ab initio calculations
based on configurations interaction or on perturbation theory,
do indeed consider this correlation, but they are computationally
out of reach for the large molecules studied here. The alternative
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(b)

Figure 6. Molecular structure of capsorubin optimized at the B3LYP/6-31G(d) level. Normal (a) and lateral (b) views.

TABLE 10: Experimental and Corresponding Theoretical
Frequencies (in cm™!) of Bands in the IR Spectra of
Capsanthin and Capsorubin®

TABLE 11: Experimental and Corresponding Theoretical
Frequencies (in cm™!) of Bands in the Raman Spectra of
Capsanthin and Capsorubin®

capsanthin capsorubin capsanthin capsorubin
exptl” theor exptl” theor assignment® exptl® theor exptl theor assignment®
269(196) 301(196)  6(0—H) 1517 1516 (9.6 x 109 1517 (8.7 x 105) »(C=C)
964vs  976(156)  961m  976(34) S(=C—H)oop 1157 1160 (3.3 x 109 1173 (1.1 x 10) »(C—C)
973m  983(231) 1009 995 (7.4 x 10%) 997 (8.8 x 10) O(CH3)rocking
1006s 998(373) 1006s  998(443) O(CH3)rocking

1049vs  1060(563) 1051s  1068(1005) @ + 1(C—O)
1090(275) 1106m  1089(454)
1156m  1158(363) 1143m  1172(500)
1184m  1170(570) 1184m  1191(690)
1186(403) 1198(550)
1254m  1235(415) 1251m  1234(650)

»C—C)

»C—C) + 5(0O—H)

1319w 1272(204) 1283m  1270(262)  &(=C—H);,
1365m  1375(183) 1368m  1361(98)  O4(CHs)
1397m  1387(145) 1375m  1375(188)

1399(132)  1388m  1392(238)
1455m  1456(163) 1487(136)  0.,(CHs)

1514m  1485(120)
1553vs  1516(880)
1578s 1563(316)
1601w 1592(405)

1561(1377)  w(C=C)
1600(576)

1664m  1643(500) 1665m  1646(934)  1(C=0)

2867m  2927(410) 2873w 2932(350)  v(CHs,CH,)

2917s  2986(280) 2936m  2972(170)  v.(CHs,CHy)

2956s  2970(150) 2958m  2988(285)

3028w 3020(184) 3028(172)  w(=C—H)
3067(86) 3061(105)

3329m  3329(14) 3433w 343321)  »(O—H)

“The theoretical frequencies are calculated at the B3LYP/
6-31G(d) level and properly scaled to account for anharmonicity
(see text). The IR calculated intensities (in km/mol) are given in
parentheses.  The intensities vs, s, m, and w correspond to 100—75,
75—50, 50—20, and 20—15% of absorption.*# We have not
considered weaker signals in the spectra, that is intensities <15%.
v, stretch; 0, deformation; O, deformation out of the polyene
chain plane; Jj,, deformation in the polyene chain plane; ®, ring
deformation. The subscripts in the normal modes labeling denote
their symmetry, with “s” standing for a symmetrical mode and “as”
for a symmetrical or antisymmetrical mode depending on the
molecule.

then is to use DFT methods, which permit us to include the
electronic correlation at a much lower computational cost. As
can be observed in Tables 2 and 3, the A differences provided
by the DFT methods do not follow the systematic error pattern
of the HF/6-31G(d) calculation. Moreover, the A values obtained
from the DFT calculations result in lower rms deviations for
the geometric parameters of the molecule than those from the
HF calculation, as previously shown in Table 1.

“The theoretical frequencies are calculated at the B3LYP/
6-31G(d) level and properly scaled to account for anharmonicity
(see text). The Raman scattering activities (/OX4 /amu) are given in
parentheses. ” Experimental frequencies from ref 49. ¢ Vibrations: v,
stretch; 0, deformation.

From the data included in Tables 2 and 3, it is also possible
to extract information on the conjugated bond system of the
[-carotene molecule. The interatomic distances for the carbon
atoms in the initial geometry are 1.540 A for single bonds and
1.355 A for double bonds. After optimizing the geometry of
the molecule, the interatomic distances calculated for the carbon
atoms with indexes between 5 and 15' lie in the range of
1.475—1.429 A for single bonds and in the range of 1.369—1.358
A for double bonds. The geometry optimization therefore leads
to a shortening of the single bonds and to a lengthening of the
double bonds, in accordance with the experimental data,** and
confirms the conjugation existing in the polyene chain. It is also
observed that the distance calculated for the C¢—C; bond is
shorter than that expected for a nonconjugated single bond, while
the distance calculated for the Cs=Cs is longer than that for a
nonconjugated double bond, regardless of the theoretical method
employed. This result reveals the existence of a partial conjuga-
tion between the double bond of the terminal S-ionone ring and
the rest of the chain. The value of the angle formed between
the conjugated chain and the double bond of the terminal cyclic
system, defined as Cs=Cs—C7=Cs and computed at the B3LYP/
6-31G(d) level, is 47.2°. This value agrees with the experimental
one of 42.5°* and coincides with the value obtained by Berezin
et al.’! at the same level of calculation.

To investigate further the conjugation in the [-carotene
molecule, we have calculated the Wiberg bond indices (a
measure of the bond order based on NBO analysis) for this
molecule at the B3LYP/6-31G(d) level, the values of which are
included in Table 3. As observed, the Wiberg indices for the
C—C bonds outside the conjugated system take values between
1.0340 and 0.9661, while the index for the partially conjugated
C¢—C7 bond is 1.0813, and the indices for the C—C bonds in
the polyene chain vary between 1.1560 and 1.2331. These results
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Figure 7. Comparion of the experimental (top) and theoretical (B3LYP/6-31G(d)) (bottom) vibrational IR spectra of capsanthin and capsorubin.

therefore agree with the shortening of the bond lengths previ-
ously discussed and confirm the conjugation in the polyene
chain. It is also clearly seen that the conjugated system extends
from the atoms 5 to 15', with the Cs=C¢—C7 bonds being only
partially conjugated with the rest of the chain, due to the twist
of 47.2°, and without the participation of the remaining -ionone
headgroup bonds.

It is thus made clear that the 3-carotene molecule becomes
stabilized by means of a twist of its terminal rings, as shown in
Figure 2b where a lateral view of the optimized structure of
the molecule is depicted. This spatial arrangement avoids the
repulsion exerted by the hydrogen atoms of the methyl groups
in the rings, on the hydrogen atoms situated at the ends of the
polyene chain, despite the fact that this conformation involves
a partial breaking of the conjugation of the double bond in the
ring with the polyene chain. The twist of the terminal rings is
not exclusive to carotenoids, since it had been observed earlier
by Durbeej and Eriksson® to occur in the molecule of
astaxanthin, whose chemical structure is very similar to that of
p-carotene and where the twist angle of the terminal rings for
the geometry optimized at the B3LYP/3-21G is of about 40°.

Calculation of the IR and Raman Spectra for -Carotene.
After optimizing the geometry of -carotene, we have proceeded
to calculate the IR and Raman vibrational spectra of this
molecule and have checked again in this respect the efficiency
of the different levels of calculation employed.

Experimentally, the IR spectra of carotenoids present two
absorption regions, one located approximately between 1000
and 1600 cm™!, which is mainly due to the stretching vibrations
of the C—C bonds, and the other located about 3000 cm™! where
C—H stretching vibrations concentrate. For the molecule of
p-carotene, absorption maxima are observed in each of these
two regions at frequencies of 970 and 2910 cm™!, respectively.3

As far as the Raman spectra is concerned, carotenoids have two
bands in the 1100—1200 and 1400—1600 cm™! regions due to
carbon—carbon single-bond and double-bond character, respec-
tively.% For f-carotene in particular, the strongest intensity
observed by Schulz and Baranska® is for C=C stretching at
1524 cm™! . To analyze the ability of the different theoretical
methods employed in this work to reproduce these experimental
frequencies, we have calculated the frequencies of the two
absorption maxima of the IR spectrum and the frequency of
the strongest maximum of the Raman spectrum, and compared
them with the corresponding experimental frequencies. We have
excluded here the AM1 method due to the high rms that it
provides for the bond lengths of the molecule.

In Table 6, we give the frequencies obtained for the spectra
of f-carotene at the different levels of calculation and the Av
differences with the experimental values both before and after
proper scaling of the theoretical frequencies in order to take
into account the anharmonicity effects.>*>3 We note first in Table
6 the very large errors that the BLYP/6-31G(d), BPW91/6-
31G(d), SVWN/6-31G(d), and B3LYP/6-31G(d,p) methods give
for the stretching C—C frequency of the IR spectrum, with Av
values larger than 500 cm ™! both before and after scaling. Next
we see that, in the Raman spectrum, the HF/6-31G(d), BLYP/
6-31G(d), SVWN/6-31G(d), PBE0/6-31G(d), B3LYP/6-31G(d,p),
and B3LYP/6-311G(d,p) methods all deviate by more than 300
cm™! from the experimental frequency, again with or without
frequency scaling. The differences between the calculated and
the experimental IR stretching C—H frequencies are also large
in general for all methods without scaling, but now all of them
are reduced to a greater or lesser extent after scaling. The large
deviations provided by these methods are due to the fact that
the absorption maxima predicted by them do not coincide with
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the brightest experimentally observed signals, as already noted
in previous studies on 3-carotene.3%3!

On considering the levels of calculations that provide the best
results for the vibrational spectra of 3-carotene, we see in Table
6 that of the two functionals that better reproduce the X-ray
experimental geometry of the molecule, PBEO and B3LYP, only
the B3LYP functional with the 6-31G(d) and 6-311G(d) bases
adequately describe both the IR and the Raman spectral profiles.
In addition, the values of the frequencies calculated by these
two methods significantly improve when scaled. However, as
occurs in the geometry optimization calculations, the increase
of the basis size does not improve the IR frequencies of the
absorption maxima significantly and even slightly worsens the
scaled Raman frequency. So the B3LYP/6-31G(d) method is
the best option to choose, on account of its lower computational
cost. The vibrational spectrum of -carotene has already been
calculated, and interpreted, at the B3LYP/6-31G(d) level by
Berezin and Nechaev.?!' Our contribution in this respect has been
therefore to give a proper justification for the choice of this
level of calculation for the theoretical study of this type of
molecules.

Geometry Optimization for Capsanthin and Capsorubin.
There is to our knowledge only one theoretical study by Pérez-
Galvez?’ on the molecules of capsanthin and capsorubin where
the delocalization of the charge along the polyene system is
determined using a semiempirical treatment. We have therefore
carried out the optimization of the geometries of these two
molecules at the B3LYP/6-31G(d) level of calculation, which
has been shown to work best to describe the structure and the
vibrational spectra of 3-carotene.

The initial basic structure of the capsanthin molecule does
not have any symmetry element, as is shown in Figure 3. To
describe the structure of this molecule completely it is therefore
necessary to consider all its bond distances and angles. In Tables
7 and 8, we give the values of all the geometrical parameters
of the molecule obtained after carrying out the B3LYP/6-31G(d)
optimization, with the numbering of the atoms being as appears
in Figure 3. We also include in Table 7 the Wiberg indices
calculated at this level. As for f-carotene, the optimization of
the geometry of capsanthin gives rise to a shortening of the
single C—C bonds and an elongation of the double C=C bonds,
thus making the conjugation of the polyene chain of this
molecule clear. The Wiberg bond orders effectively confirm that
the C—C bonds located between the carbon atoms 5 and 25 in
the polyene chain form a conjugated system.

The optimized structure of the molecule of capsanthin is
shown in Figure 4. It is observed first that the S-ionone ring is
spatially oriented as forming an angle of 46.42° with respect to
the polyene chain. This value is very close to that of 47.2°
formed by the -ionone rings in the molecule of S-carotene and
obtained at the same level of calculation. Second, the angle
0,5=C15—C24=C,3 between the carbonyl group and the last
double bond of the polyene chain on the opposite side of the
molecule has a value of 167.90°, with a bond C;5—Cy4 length
of 1.481 A and a bond order of 1.1008. These values show that
the carbonyl group is conjugated with the polyene chain, since
the double C=O bond adopts a close-to-planar orientation
relative to the chain and a shortening occurs in the bond Co5—Cas
length. The planarity of the double C=O bond is favored by
the extension of the electronic conjugated system thus gained
and by the fact that there is no steric stress to prevent such a
spatial configuration, as in the (-carotene molecule.

The comparison of the geometry of capsanthin optimized at
the B3LYP/6-31G(d) levels (Tables 7 and 8) with the geometry
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of -carotene optimized at the same level (Tables 2 to 5) shows
that the Wiberg indices and the bond distances and angles for
both the polyene chain and the fB-ionone terminal ring are
practically identical in these two molecules. These results reveal
therefore that the replacement of one of the -ionone rings in
the molecule of -carotene by a substituted cyclopentene ring
in the molecule of capsanthin leaves the structure of the rest of
the molecule practically unaltered.

In the capsorubin molecule the polyene chain ends at both
sides in carbonyl groups bonded to substituted cyclopentene
rings, as shown in Figure 5. The optimization of the geometry
of this molecule, performed as aforementioned with no sym-
metry constraints, reveals that this molecule has a C, symmetry
axis perpendicular to the conjugated system plane located in
the middle of the C;s—C;s bond. The capsorubin molecule
belongs therefore to the C, symmetry point group, and it is
sufficient to specify its geometry up to the 15' carbon atom to
characterize its whole structure.

The values of the Wiberg indices and the bond distances and
angles for the molecule of capsorubin, optimized at the B3LYP/
6-31G(d) level, are included in Table 9. These values make clear
again the conjugation of the polyene chain, as evidenced by
the decrease of the single bond C—C distances and the increase
of the double bond C=C distances, and furthermore by the
increase of the bond orders with respect to those of the bonds
that do not form part of the conjugated system. Each of the
double bonds of the carbonyl groups on both sides of
the molecule is also conjugated with the polyene chain, with
the Cs—C 7 bond length taking a value of 1.482 A and a bond
order of 1.0963, which are very close to those corresponding
to the capsanthin molecule. This conjugation also reveals the
almost planar orientation that the carbonyl groups tend to form
with respect to the polyene chain, as seen in Figure 6, with a
dihedral Og=C¢—C7;=Cs angle of 166.61°, which is very close
to that calculated for the capsanthin molecule.

Calculation of the IR and Raman Spectra for Capsanthin
and Capsorubin. Finally we have determined the IR and Raman
spectra of capsanthin and capsorubin molecules also at the
B3LYP/6-31G(d) level of calculation. The vibrational frequen-
cies computed for these two molecules together with the
experimental frequencies measured by Lorand et. al*® for the
IR spectra of the two molecules, and by Schluz and Baranska*’
for the Raman spectrum of capsanthin, are all included in Tables
10 and 11. As far as we know, there is no experimental Raman
spectrum available in the literature for the capsorubin molecule.
As for f-carotene, the calculated frequencies of capsanthin and
capsorubin are corrected using the scale factor proposed by Scott
and Radom>* in order to account for the anharmonicity. In
Tables 10 and 11 we also give the interpretation of the
vibrational normal modes associated to the different bands of
the two molecules. As can be seen, the theoretical IR and Raman
spectra calculated for capsanthin and capsorubin reproduce the
experimental frequencies of the main signals well, with it being
possible to assign their corresponding vibrational normal modes
even in relatively dense regions of the spectra. The good
agreement between the calculated and experimentally IR
observed spectra of the two molecules is better displayed in
Figure 7, where these spectra are depicted comparatively.

IV. Conclusions

In this work we have studied first the ability of different
theoretical methods, including semiempirical (AM1), Hartree—
Fock, and a number of DFTs (SVWN, PBEO, BLYP, BPWO1,
and B3LYP) with different basis sets, to reproduce the equi-
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librium geometry and the IR and Raman spectra of the
p-carotene molecule, reaching the conclusion that the B3LYP/
6-31G(d) level of calculation provides overall the best results
in both tasks.

In the second place, we have determined the equilibrium
geometries and the IR and Raman spectra of the capsanthin and
capsorubin molecules at the B3LYP/6-31G(d) level of calcula-
tions, based on the fact that the chemical structures of these
two molecules are very similar to that of the S-carotene
molecule. The equilibrium structure determined for capsanthin
reveals that the double bond of the S-ionone ring lies outside
the plane of the molecule, forming an angle of 46.42° with it.
This twist, which is also observed in the terminal S-ionone rings
of f3-carotene, is due to the repulsion between the hydrogen
atoms of the methyl groups bound to the ring and the hydrogen
atoms of the polyene chain and gives rise to a partial lost of
the conjugation of the (-ionone double bond with the rest
of the molecule. At the other end of the polyene chain of
capsanthin, the dihedral angle formed by the double bond of
the carbonyl group with the last double bond of the chain takes
a value of 167.90°. In this case there is no repulsion enforcing
the C=0 double bond to come out of the molecular plane, so
the carbonyl group lies in a spatial orientation close to planarity,
thus favoring the extension of the conjugated system. For the
capsorubin molecule, which has a carbonyl group at both ends,
the dihedral angle between the carbonyl double bond and the
last double bond of the polyene chain has a value of 166.61°.

The results make it clear that when the headgroup of one
carotenoid is a S-ionone ring, the double bond of the ring is
partially conjugated with the rest of the polyene chain due to
the twist of the ring to avoid the steric stress. However, when
the polyene chain ends in a carbonyl group, there is no such
stress and the double C=O bond tends to be situated in the
plane of the molecule in order to extend the conjugate system
and thus stabilize the molecule further. Our results also indicate
that the changes of the headgroups at the end of the polyene
chain do not significantly alter either the structure of the chain
or that of the other headgroup.

Finally we have shown that the theoretical IR and Raman
spectra calculated for the molecules of capsanthin and capsoru-
bin at the B3ALYP/6-31G(d) level are in good agreement with
the experimental spectra, after proper scaling of the absorption
frequencies to account for the anharmonicity contributions. This
allowed us to assign the vibrational normal modes corresponding
to the main bands of the experimental spectra of these molecules.
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