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The Raman v, band corresponding to the polarization of various length carotenoid (Car) and polyene
molecules was theoretically analysed using the density functional theory (DFT) approach. The polarization
and other properties of Car and polyene monomers were estimated by using global scalar properties. The
results demonstrate a linear dependence between the frequency of the so-called v, Raman band correspond-
ing to the C=C stretching modes, and the global hardness (and global softness) for all molecules of different
conjugation lengths. Linear correlations between all global scalar properties and the conjugation length
were for polyene structures only. From these calculations an additional relationship was also identified:
upon s-cis-isomerisation the effective conjugation length and global softness increased for polyenes, while
the effective conjugation length and global softness decreased for carotenoids containing f-rings at their
ends. According to the electrophilicity index study, charge transfer processes (CT) should be favourable in
longer carotenoid and polyene structures. A linear dependence of electronegativity was found for polyene
and particular Cars subgroups. The electrophilicity index was very sensitive to special groups bonded to the
polyene chain of Cars. Finally, the conjugation length of the Cars did not have a linear dependence on the
electronegativity, chemical potential and electrophilicity index, but almost a linear dependence was seen on

the global hardness while the polyene models had a linear dependence in all cases.
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1. Introduction

Carotenoids (Cars) play a number of essential
functions in photosynthesis: firstly, they are in-
volved in photoprotection of the photosynthetic
apparatus []. They are responsible for effi-
cient quenching of the excited singlet and triplet
states of chlorophyll molecules [E, ﬁ]. Cars mol-
ecules also have an important role as antioxi-
dant agents []. Several natural carotenoids
are studied as potential nanomaterial precursors
for molecular photovoltaics: the larger the value
of the global electronegativity and global hard-
ness, and the smaller the global electrophilicity,
the larger efficiency of the solar cell is [[L1]].

Cars molecules display a variety of spectroscop-
ic and functional properties, which are still poorly

understood. Cars are purely linear with a conjugat-
ed polyene chain (to be more specific, it is an iso-
prenoid chain) and with cycle groups at the ends
or with several functional groups (Fig. ) [H].
These properties are important for absorption
and Raman type spectra which vary for different
length Cars in the same manner as it is for poly-
enes. The absorption spectrum of Cars and poly-
ene molecules depends on the length of the conju-
gated chain and on the solvent properties [].
The lowest electronic excited states are mainly de-
fined by the excited states of the polyene chain:
the visible spectral range corresponding to the S -
S, electronic transition [@], the ‘dark’ S, state [[19,
19], and other low-energy excited states [H, ,
D1[]. The first excited state has the same A sym-
metry as the ground state and it has a double
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excitation character (HOMO? > LUMO?) that re-
sults in the forbidden state [, , @]. The sec-
ond excited state of B * symmetry is the optical-
ly allowed transition and it is mainly caused by
the HOMO > LUMO transition. There is a direct
relationship between the S-S, absorption band
and the length of the conjugated chain [] as
well as with the Raman v, band [R9].

A vibrational technique, Raman or resonance
Raman, is a direct access to the molecular proper-
ties of the electronic ground state which is very
useful for Cars [@]. Resonance Raman (as well as
Raman [@, @]) spectra of Cars contain three main
bands indicated as v, v, and v, []. The v,
band arises from the phase stretching modes of
C=C bonds; the v, band arises from the C-C bond
stretches coupled to the C-H in-plane bending;
the v, band arises from the methyl CH, in-plane
rocking vibrations; the v, band arises from the
C-H out-of-plane bending modes coupled with
the C=C torsion ]. The v, band frequency
is considered as a direct access to the measure for
the conjugation length of the chain [@]. For poly-
enes and Cars a correlation between the absorp-
tion bands and the frequencies of the v, Raman
band depending on their conjugation length has
been experimentally identified [g@]. A combina-
tion of the resonance Raman and the electronic
absorption correlation is used to explain Cars
absorption in different environments, including
proteins and tissues [@], but even simple Car
molecules in solvents should be re-examined [@,
@, @]. Together with theoretical study the con-
jugation length of B-carotene is re-assessed from
11 to 9.6 double bonds [@]. This can be attributed
to a partial conjugation length but its meaning for
various length Cars is still under discussion [@,
@, @]. Mainly, the partial conjugation length fits
linearly to the v, band of Cars or polyene Raman
spectra. However, the cis isomerisation of the Cars
ending group acts as a shorter conjugation length
while it acts as a longer conjugation length for
polyenes [@].

Cars are sensitive indicators of the trans-mem-
brane electric field generated by photosynthetic
charge transport [B9, @]. This is due to the large
polarizability of linear conjugated chains in Cars
termed as electrochromic properties [@]. The
Cars background is a conjugated linear polyene
chain with delocalized m-electrons with nonlinear

optical properties due to ending groups [@] or in-
troduction of electron-accepting or withdrawing
substituents into their polyene backbone [].
The increase in ground-state polarization induced
by external field is accompanied by the increase
of the degree of m-bond-order alternation within
the polyene conjugated chain which can be defined
as the average difference in bond orders between
neighbouring carbon-carbon (CC) in the cen-
tral part of the chain [#4)]. However, in literature
there is the indirect evidence that polarizability
correlates linearly according to a different con-
jugation length of Cars, but, as shown in calcula-
tions, the correlations were not purely linear for
Cars and polyenes (Appendix, Fig. ). The con-
jugation length directly represents the Raman v,
band for polyene and Car molecules (Fig. @), but
it is known that the Raman v, band is sensitive
to s-cis conformations at the ending groups in
B-carotene [@].

In this paper the main addressed problem was
understanding what is meant by a partial conjuga-
tion length, what additional information the par-
tial conjugation length of Cars could give, and
how it is correlated with global scalar properties.
Using quantum chemical calculations, here we
modelled the Raman spectra v, and global scalar
properties of nine simple carotenoids (lycopene,
B-carotene (C40-f-carotene), neurosporene, lute-
in, spheroidene, spirilloxanthin, C50-f-carotene,
C44-p-carotene, C36-f-carotene) and five differ-
ent length polyene molecules (Fig. ). The poly-
ene molecules are model structures for Cars thus
different conformations were modelled for both
structures. This led us to address the influence of
the extent of alternating conjugation on their Ra-
man and global scalar properties. Analysing all
global scalar properties, Cars did not have a linear
dependence on the global electronegativity, chem-
ical potential and electrophilicity index according
to the Raman spectra v, representing the conjuga-
tion length, differently from polyenes.

2. Quantum chemical calculations

Starting geometry for lycopene and lutein struc-
tures was taken from the protein data bank
1 LGH [@] and 1 RWT [4q]. Other Cars (Fig. )
and polyene structures [R9] were artificially con-
structed. Calculations were performed for the Cars
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- B-carotene (C40-f-carotene)

OCH

' C36-fB-carotene

Fig. 1. Carotenoid molecular structures under consideration: lycopene, 3-carotene (C40-f-carotene), neuro-
sporene, lutein, spheroidene, spirilloxanthin, C50-3-carotene, C44--carotene and C36-f-carotene. Dashed
lines represent the polyene chain beginnings and endings in carotenoids.
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having all-trans conformation in their polyene
chain: lycopene, neurosporene, spheroidene, lyco-
pene, lutein, spirilloxanthin, and C50-$-carotene,
C44-f-carotene, (C40-B-carotene (f-carotene),
C36-f-carotene. Calculations were performed for
polyene structures with a conjugation length be-
tween 9 and 13. For these Cars the Raman analy-
sis with experimental data has been performed
previously [@]. Thus the conjugation length (N)
was measured by numbering CC double bonds
in the polyene chain as discussed in Ref. [@]. In

Fig. [l dotted lines represent the beginning and
ending of the polyene chain in a specific Car mol-
ecule.

The Cars molecules differ from the pure poly-
ene chain by their CH, groups conjugated with
the polyene chain and their special groups (e.g.
B-rings for f-carotene) at the ends of the poly-
ene chain. The fS-carotene type molecules (C50-
B-carotene, = C44-f-carotene,  C40-S-carotene
(B-carotene), C36-B-carotene) have pB-rings at
the ends of the polyene chain which are in the s-cis
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conformation. To analyse what happens with cy-
clic carotenoid molecules, computations of vari-
ous polyenes and f3-carotene type molecules in
their both s-cis and s-trans conformations were
carried out (Fig. ). For the pure polyene chains
of different lengths, containing the conjugation
length from N = 8 to N = 13, calculations were
performed on all-trans, and 1-s-cis and 2-s-cis
conformations, assuming that one or both last CC
units of the polyene chain are in the s-cis position.
These typical s-trans, s-cis1 and s-cis2 transforma-
tions for polyenes and f3-carotene are shown in
Fig. [l I(as C40-p-carotene case).

Calculations were performed using DFT with

the B3LYP functional and cc-pVDZ basis set avail-
able in the Gaussian 09 package (Rev D.01) [@].
The CAM-B3LYP is good for excitonic effects of
the excited state in dimmers [] but it failed
for Raman intensity predictions according to ex-
perimental data as it is in previous results E
The B3LYP functional and cc-pVDZ basis set were
chosen because their results have a good agree-
ment with the experimental data for 0metr1es,
Raman bands and excited states @ @
The Raman spectra were analysed by attrlbutlng
each Raman band to a particular vibrational mode
of the molecule. Such attribution was performed
in terms of quantum chemical calculations with-
out taking into account the environmental in-
fluence on the spectrum. Thus, all calculations
below were performed for Cars and polyenes
in vacuum.

All carotenoid structures (Fig. ) were op-
timized. Afterwards, the optimization calcula-
tions were performed for frequency and Raman.
The v, Raman band arises from the stretching
modes of the C=C bonds [@]. All Cars structures
have HOMO and LUMO orbitals on the polyene
chain while the HOMO orbitals are on the dou-
ble bonds []. For the lycopene case the HOMO
and LUMO orbitals are shown in Fig. H Correla-
tions between the v, Raman band and global sca-
lar properties were calculated for different length
Cars. Calculations and analyses of the Wiberg
bond index, natural bond orbital (NBO) partial
atomic charges on C atoms and CCC angles for
the polyene chain of Cars were performed. All
calculations were repeated with different length
polyene chains and they were compared with Cars
results.

Fig. 3. The HOMO and LUMO orbitals for lycopene.

2.1. Global scalar properties

The global scalar properties such as hardness,
softness, chemical potential, electronegativity and
electrophilicity index are also important in deter-
mining the amount of energy required to add or
remove electrons in a molecule [@]. These prop-
erties are the fundamental characteristic of chem-
ical species, and it is used in many correlations for
the estimation of thermo-physical properties [@].

The ionization potential (IP) and electron af-
finities (EA) are related to the HOMO and LUMO
energies:

IP=-E, . (1)

EA=-E_,.. )
The difference between the HOMO and LUMO
energy A values gives the HOMO-LUMO energy

gap:

A(E ~E.__ =IP-EA.(3)

LUMO EHOMO) =E vo ~ Euomo

By using the HOMO-LUMO energy values,
five important properties can be calculated: global
hardness (7)), global softness (0), electronegativity
(x), chemical potential (#) and electrophilicity in-
dex (w).

The global hardness 7 of a molecule (also it ap-
plies for an atom and an ion) is a qualitative in-
dication of how polarizable it is, i.e. how much
its electron cloud is distorted in an electric field.
Molecules with a large HOMO-LUMO gap are
hard which implies higher stability and oppos-
ing charge transfer, since they oppose changes in
their electron density and distribution. The factor
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of one half is approximate. The global hardness
is a measure of molecule’s ability to be polarized:
the larger global hardness value the lower polariz-
ability is:

n :[ELUMOZEHOMOJZ(IPZ EA} (@)

The global softness o is the reciprocal of
the global hardness: the global softness as the in-
verse of global hardness. Molecules which require
a small energy gap for excitation are also termed as
soft molecules. They are highly polarizable in na-
ture. In terms of chemical change, soft molecules
are more reactive than hard molecules. The glob-
al softness is indicative of its ability to accept an
electron. A higher softness indicates an extended
molecular interaction through the hydrogen bond
network or a higher 7 density in aromatic com-
pounds. Thus, the larger the global softness value
the higher polarizability is:

a—_‘—[ 2 ]—( 2 j 6)
m \ Erumo ~ Exomo 1P -EA4

The electronegativity y is the tendency of mol-
ecules to attract electrons. The electronegativity of
a molecule is the drop in energy when an infini-
tesimal amount of electronic charge is added to
the system. It is the measure of resistance of an
atom or an ion, or a group of atoms in a molecule
for an entering electron charge. It is a useful mea-
sure of the tendency of molecules (or an atom,
ion, etc.) to attract electrons:

4 :[ Erumo + Enomo j _ ( IP+ EA} 7)

2 2

The chemical potential y denotes the affinity
of an electron to flee and is defined as the first
derivative of the total energy with respect to
the number of electrons in a molecule:

p :( ELumo *+ Exomo ] _ [ IP+ EA} (8)
2 2

The capability of a molecule to accept elec-
trons is quantified as the electrophilicity index w.
The index measures the energy lowering of a sub-
stance due to the electron flow between a donor
and an acceptor. In terms of the electrophilicity
index it implies that it can accept more electrons:

2
Enomo + ELumo j

|
o (#_J _ 2
2n E} ymo ~ Eromo

IP+EAY
B 2 _[uP+Eay |
| IP-EA4 | | 4UP-EA)

(9)

2
In the case of AE =—w=—(§—n] if AE<0,757>0,

the charge transfer process is energetically favour-

able. Thus the larger w the more energetically fa-
vourable the charge transfer process is. Thus the elec-
trophilicity index w together with the hardness 7 are
good parameters if there is the energetically favour-
able charge transfer (CT) process.

3. Results
3.1. Polyenes of different length

3.1.1. Geometric properties and Raman v, for
different length polyenes

According to the DFT calculations all polyenes
had 7 type orbitals for the highest HOMO and
the lowest LUMO orbitals. The HOMO orbit-
als were located on the CC double bonds while
the LUMO orbital was allocated on the CC
single bond as shown in Fig. H for a lycopene
molecule.

The polyenes had a linear correlation between
the conjugation length N and the Raman v, band
(Fig. (a)). The largest v, value (1584.15 cm™)
was for the shortest all-trans-polyene with N = 9.
The lowest v, value (1545.32 cm™) was for the long-
est all-trans-polyene with N = 13. The cis transfor-
mation of the last CC double bond was lowering
the Raman v, band which could quite easily be
fitted on the same line (Fig. (a)). The 1/N fitted
value for the s-cisI type transformation was 42.6—
41.8% in the position between two N and N + 1
length s-trans type structures. The 1/N fitted value
for the s-cis2 type transformation was 62.5-61.8%
in the position between two N and N + 1 length
s-trans type structures.

The Wiber bond index values were calculated
for the polyenes with the length N between 9 and
13 which had s-trans, s-cisI and s-cis2 geometri-
cal conformations. The average CC double bond
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Wiber bond index was lower for the longer pol-
yene chain (Appendix, Table 1A): it was 1.68 for
N =9 and 1.66 for N = 13. In the case of N = 9
polyene, after the s-cis2 transformation the aver-
age Wiber bond index value increased up to 1.69.
The sum of Wiber bond index values was not in
a linear correlation when they were summed over
the all CC double bond. In all cases the Wib-
er bond index had small differences between
the same N length polyene in s-trans, s-cisI and
s-cis2 geometrical conformations. The central CC
double and CC single bonds had almost the same
values for all length polyene chains (Appendix,
1A).

NBO atomic charges on C atoms in the poly-
ene chain were calculated (Appendix, Table 2A)
for the polyenes with the length N between 9 and
13 which had s-trans, s-cis1 and s-cis2 geometrical
conformations. The average NBO atomic charge
on C atoms was less negative for the longer poly-
ene chain (Appendix, Table 2A): it was -0.229
for N = 13 and -0.236 for N = 9. In the case of
N = 12 polyene after the s-cis2 transformation,
the average NBO atomic charges on the C value
decreased by 0.001. The sum of NBO charges on
C atoms were not in a linear correlation when they
were summed over the C atoms. In all cases the
NBO atomic charges on C atoms had small dif-
ferences between the same N length polyene in
s-trans, s-cisl and s-cis2 geometrical conforma-
tions. The central C atoms had the same -0.214
value for all length polyene chains (Appendix,
Table 2A).

Other geometrical properties of the polyenes
were analysed such as the length of CC bonds, di-
hedral angles between CCCC and angles between
CCC. There was a major difference in the CCC
angles only. Thus they were listed out to look for
some additional possible correlations (Supp. Inf.
Table 3A). The average CCC angle was larger for
the longer polyene chain: it was 124.90 for N = 13
and 124.44 for N = 9. In the s-cisI and s-cis2 con-
formations the CCC angle changed to the dihedral
angle. These changes involved the average CCC
angle larger than the polyene length increment:
the difference of the average CCC angle between
N9 s-trans and N9 s-cis2 was 0.66 while the differ-
ence between N9 s-trans and N13 s-trans was 0.01.
Similar results were with the CCC angle sums of
all values.

3.1.2 Global scalar properties and Raman v, for
polyenes

In Fig. @, the correlations of global scalar proper-
ties with Raman v, for different length polyenes
are shown. There was a linear dependence for
all four global scalar properties: global hardness
(A), electronegativity (B), chemical potential (C)
and electrophilicity index (D). The HOMO and
LUMO orbital energies were lower for the shorter
length N all-trans polyenes. The HOMO orbital
energies were from -0.1788 a.u. for the polyene
of N=9to -0.1714 a.u. for the polyene of N = 13.
The LUMO orbital energies were from -0.0546
a.u. for the polyene N = 9 to —-0.074 a.u. for the
polyene N = 13. Thus the HOMO and LUMO en-
ergy gaps A were smaller for the longer polyene
and they depended linearly.

The largest global hardness # = 1.69eV was for
the N = 9 all-trans-polyene (Fig. @(a)). It was 1.66
and 1.63 eV for the s-cisl and s-cis2 conforma-
tions, respectively. There was a similar trend for
the longer polyene structures. The smallest glob-
al hardness 17 = 1.3 eV was for the N = 13 s-cis2
conformation polyene. The linear dependence
was similar as it was with the conjugation length
(Fig. f(b)).

The largest electronegativity y = 3.36 eV
was for the N = 13 s-cis2 conformation polyene
(Fig. @(b)). It was 3.35 and 3.34 eV for the s-cisl
and s-trans conformations, respectively. There was
a similar trend for the longer polyene structures.
The smallest electronegativity y = 3.18 eV was for
the N = 9 s-trans conformation polyene.

The largest chemical potential 4 =-3.18 eV was
for the N = 9 all-trans-polyene (Fig. @(c)). It was
-3.2 and -3.22 eV for the s-cisI and s-cis2 confor-
mations, respectively. There was a similar trend for
the longer polyene structures. The smallest chemi-
cal potential y = -3.36 eV was for the N = 13 s-cis2
conformation polyene. The linear dependence
was similar as it was with the conjugation length
(Fig. A(b)).

The largest electrophilicity index w = 4.35
was for the N = 13 s-cis2 conformation polyene
(Fig. @(d)). It was 4.29 and 4.21 for the s-cis1 and
s-trans conformations, respectively. There was
a similar trend for the longer polyene structures.
The smallest electrophilicity index w = 2.99 was
for the N = 9 s-trans conformation polyene.
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Fig. 4. A linear correlation between the v, Raman band position and global hardness (a), electronegativity (b),
chemical potential (c), electrophilicity index (d) for different length polyenes.

3.2. Carotenoids of different length

3.2.1. Geometric properties and Raman v, for
different length carotenoids

The analysed Cars were of two types (Fig. ):
the first group molecules were lycopene, neuro-
sporene, spheroidene and spirilloxanthin; the sec-
ond group molecules were lutein and p-Cars:
p-carotene (C40-f-carotene), C50-f3-carotene,
C44-B-carotene and C36-B-carotene. The first
group fitted linearly according to the conjugation
length 1/N and the Raman v, band (Fig. R(b)).
The second p-Cars group had a linear depen-
dence according to the conjugation length 1/N and
the Raman v, band (Fig. @(b)) if the N values were
fitted on one line. This fact resulted in the partial
conjugation length. The N values were 14, 12, 10,

9.5 and 9 for C50-f-carotene, C44-f-carotene,
C40-B-carotene, lutein and C36-f-carotene, re-
spectively. C40-f-carotene was considered as
a model for the analyses of s-trans, s-cisI and s-cis2
conformations. The s-cis2 conformation repre-
sents a C40-f-carotene structure. The N values
11, 10.5 and 10 were for the s-trans, s-cis] and
s-cis2 of C40-f-carotene structures. The fitted
values had a different tendency after s-trans and
s-cis transformations than it was for pure polyene
chains (Fig. (a)).

According to the DFT calculations, all Cars
had 7 type orbitals for the three highest HOMO
and the three lowest LUMO orbitals. The HOMO
orbital was located on the CC double bonds while
the LUMO orbital was located on the CC single
bond for all Cars, as shown in Fig. H for a lycopene
molecule.
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The Wiber bond index values were calculated
for all investigated Cars. The average CC double
bond Wiber bond index was lower for the Cars
having a longer polyene chain (Appendix, Table
1B): it was 1.63 for C50-f3-carotene and 1.66 for
C36-f-carotene. In the case of lutein, it was 1.65
what was between those of C36-f-carotene (1.66)
and neurosporene (1.64). This result did not cor-
relate with the fitted conjugation length (Fig. (b))
where the lutein average Wiber bond index would
be expected to be the lowest one. Also the sum of
Wiber bond index values was not in a linear cor-
relation when they were summed over the all CC
double bond. In all cases the Wiber bond index
had quite large differences between the same C40-
p-carotene s-trans, s-cis] and s-cis2 conforma-
tions: 1.63, 1.64 and 1.65. The central CC double
bonds had almost the same values, about 1.6, for
all Cars (Appendix, Table 1B).

NBO atomic charges on C atoms in the poly-
ene chain were calculated (Appendix, Table 2B)
for all Cars. The average NBO atomic charge on
C atoms was less negative for the Cars having
a longer polyene chain (Appendix, Table 1B): it
was —0.153 for C50-p-carotene and -0.14 for C36-
B-carotene. In the case of lutein it was -0.158 what
was between those of C36--carotene (-0.14) and
neurosporene (—0.162). This result did not cor-
relate with the fitted conjugation length (Fig. @A)
where the lutein average NBO atomic charge on
C atoms would be expected to be the largest one.
In all cases, the average NBO atomic charge on C
atoms was quite similar between the same C40-p-
carotene s-trans, s-cisl and s-cis2 conformations:
-0.146, 1-0.147 and -0.147. Also the sum of NBO
atomic charge values was not in a linear correla-
tion when they were summed over all C atoms in
the polyene chain. The central C atoms had values
from -0.217 to -0.024 for different Cars (Appen-
dix, Table 1B).

Other geometrical properties of the Cars were
analysed: the length of CC bonds, dihedral angles
between CCCC and angles between CCC. As with
the polyene structures, there was a major differ-
ence in the CCC angles. Thus they were listed out
to look for some additional possible correlations
(Appendix, Table 3B). The average CCC angle
varies for different Cars: it is 124.09, 124.41 and
124.1 for C50-pB-carotene, lycopene and lutein,
respectively. As expected in the C40-f-carotene

s-cis] and s-cis2 conformations, the CCC angle
changed to the dihedral angle and f-ring interac-
tions. These changes involved the average CCC
angle larger than the polyene length increment:
the difference of the average CCC angle between
C40-p-carotene s-trans and C40-f-carotene s-cis2
was 0.17 while the difference between C50-4-
carotene and lutein was 0.01. Similar results were
with the CCC angle sums of all values.

3.2.2. Global scalar properties and Raman v, for
Cars

Figure H shows the correlations of global sca-
lar properties with Raman v, for different Cars:
global hardness (A), electronegativity (B), chemi-
cal potential (C) and electrophilicity index (D).
The HOMO and LUMO orbital energies varied
between different length Cars. The lowest HOMO
orbital energy (-0.1722 eV) was for lutein and
the highest HOMO orbital energy (-0.1627 eV)
was for spirilloxanthin. The lowest LUMO orbital
energy (-0.0674 eV) was for C50-f-carotene and
the highest LUMO orbital energy (-0.0433 eV)
was for spirilloxanthin. The HOMO and LUMO
energy gaps A for Cars depended non-linearly but
they were smaller for the Cars having longer poly-
ene chains.

For Cars there was a linear dependence be-
tween the Raman v, and the global hardness 7.
The largest global hardness 7 = 1.7 eV was for
C36-p-carotene (Fig. E(a)). The smallest global
hardness # = 1.31 eV was for C50-f-carotene.
The C40-f-carotene s-trans, s-cis1 and s-cis2 con-
formations had 1.503, 1.547 and 1.602 7, respec-
tively. The conformation had a different tendency
than it was with all polyene structures (Fig. @(a)).
The linear dependence for all Cars was similar as
it was with the conjugation length (Fig. (b)).

The electronegativity y values had a linear de-
pendence with the Raman v, only within the same
type Cars structures (Fig. f(b)). There was a lin-
ear dependence between C50-B-carotene, C44-
p-carotene, C40-f-carotene (s-cis2) and C36-
B-carotene which had y values 3.14, 3.06, 2.96
and 2.9 eV, respectively. The other values vary
for different Cars (Fig. E(b)): the largest elec-
tronegativity y = 3.07 eV was for spirilloxanthin,
the smallest electronegativity y = 2.86 eV was for
neurosporene.
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Fig. 5. The linear and nonlinear correlation between the v, Raman band position and global hardness (a), elec-
tronegativity (b), chemical potential (c), electrophilicity index (d) for different length carotenoids and their

subgroups.

The chemical potential y values also had a linear
dependence with Raman v, only within the same
type Cars structures (Fig. f(c)). There was a lin-
ear dependence between C50-f-carotene, C44-
p-carotene, C40-fB-carotene (s-cis2) and C36-f3-
carotene which had y values -3.14, -3.06, -2.96 and
-2.9 eV, respectively. The other values vary for dif-
ferent Cars (Fig. E(c)): the largest chemical poten-
tial y = -2.86 eV was for neurosporene, the smallest
chemical potential 4 = -3.05 eV was for lutein.

For Cars the electrophilicity index w had an un-
clear correlation with the Raman v, band (Fig. E(d)).
The largest electrophilicity index w = 3.77 was for
C50-B-carotene, the smallest electrophilicity index
w = 2.43 was for neurosporene.

So for Cars there was a linear dependence be-
tween the Raman v, and the global hardness #
(Fig. E(a)) which was similar as it was with the con-

jugation length (Fig. (b)). Figure E(a) shows
the dependence between the conjugation length
1/N and the global hardness #. Figure E(b) shows
the dependence between the conjugation length N
and the global softness o because of the relation in

Eq. (6).
4, Discussion

The polarizability can also be measured by global
hardness and global softness values. According to
the calculations, the polarizability became larger
for longer polyenes and Cars, but the trends were
different. Moreover, the direct polarizability, e.g.
isotropic and anisotropic polarizabilities (see Ap-
pendix, Egs. (A1), (A2)) of Cars and polyenes,
does not have a pure linear correlation (Appen-
dix, Fig. ). The higher values of global softness
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Fig. 6. The correlation between the conjugated polyene chain length and the global hardness (a), global soft-

ness (b) for different length carotenoids.

indicate an extended molecular interaction
through the hydrogen bond network or a higher
7 density which may be important in longer Cars
for excited state dynamics [@]. For the polyenes
the global hardness and global softness values de-
pended on the linear tendency: the longer poly-
ene the larger polarizability (Fig. @(a)). The same
trend was clearly seen for the Cars (Fig. E(a)).
The s-cis conformation in polyenes increased
the polarizability due to the extent of alternating
conjugation in the structure. However, 3-carotene
in the s-cis conformation resulted in lower values
which is due to the fact that the 7 orbital inside
the B-ring is separated from the polyene chain
(7 density decreases).

Electronegativity y is a useful measure of the ten-
dency of Cars and polyenes to attract electrons. It
depends linearly according to the polyene length.
This was not true for Cars as one group while it was
true for subgroups: 3-Cars or between f-carotene
structures having s-cis2 conformations (Fig. E(b)).
However, this means that the increased electroneg-
ativity in longer polyene chains of the same group
molecules (polyene, 3-Cars) is favourable to attract
electron densities towards itself but could vary
from Car to Car (Figs. @(b) and E(b)).

The electrophilicity index w implies that a mol-
ecule can accept more electrons what means that
longer polyenes can accept more electrons than
shorter polyenes (Fig. @(d)). The tendency was
linear for the polyene structures but not for all Cars
or subgroup 3-Cars (Fig. E(d)), still there were line-

ar correlations between the f3-carotene cis type con-
formers. However, the Cars with a longer polyene
chain had a larger electrophilicity index trend as
it was with the polyene structures. This non-linear
dependence can be attributed to distortions effect-
ed additional groups in the middle of the polyene
chain of Cars (Fig. E).

The longer N polyene structures and Cars
having the longer polyene chains had larger w
(Figs. @(d) and B(d)). Thus it means that the CT
process should be favourable in longer Cars.

For the larger efficiency of the solar cell with
the Cars it is important that the larger the value
of the global electronegativity and global hard-
ness, the smaller the global electrophilicity is
[11]]. The electrophilicity index @ showed that it
was sensitive to additional groups in the middle
of the polyene chain according to the calcula-
tions for Cars and polyene. Thus such additional
groups can be (e.g. Ref. []) in Cars what means
that the specific electrophilicity index may be
chosen. The electronegativity y was sensitive to
the ending groups of Cars which can be conclud-
ed from the fact that there is a linear dependence
for the Cars subgroups (f-Cars, ending group cis
isomerization).

5. Conclusions

This study provides the theoretical framework
to explain global scalar properties, polarizability
effects and changes in the effective conjugation
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length of Cars molecules which can easily be dis-
tinguished due to a different correlation between
the frequency of the v, Raman band and their
global scalar properties. The analyses of NBO and
Wiberg bond indices are not useful for different
length conjugation trends because results vary for
different length Cars as well as for different length
polyenes. There was a linear correlation between
the global hardness and the conjugation length
N of polyene and Cars: the longer the chain, the
higher the global softness parameter. The Raman
v, band shift cannot be attributed to the increased
polarizability in the Cars environments while
some correlations exist. Vibrational frequencies
are dictated by the potential energy surface but
there were not systematic changes between dif-
ferent length conjugation chains by analysing
NBO or Wiberg bond indices. Also according to
the electrophilicity index study charge transfer
(CT) processes were favourable in longer Cars
structures. The CT process may be controlled by
internal molecular structures of such CH, groups
or endings of Cars (e.g. B-rings). All global sca-
lar properties depended linearly for polyenes
but this was not true for Cars. Electronegativity
linearly depended for Cars subgroups: $-Cars or
ending group cis isomerization. The electrophi-
licity index was very sensitive to special groups
bonded to the polyene chain of Cars. Also there
was not a pure linear correlation between the con-
jugation length and the Raman v, band for Cars
and for polyenes. Finally, the conjugation length
of the Cars did not have a linear dependence on
the electronegativity, chemical potential and elec-
trophilicity index, but almost a linear dependence
was seen on the global hardness while the polyene
models had a linear dependence in all cases.
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Appendix

The polarizability has six unique components: «_,
XX
@, a,a ,a ,a . The isotropic and anisotropic
xy’ x2 Ty Tz
polarizability can be expressed as

_1
Uiso = 3 (axx +ayy +azz)) (Al)
1
O aniso :E x (A2)

2 2 2 2 2 2
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Fig. Al. Isotropic and anisotropic polarizability values
according to the Raman v, band for different length
Cars (a) and polyene (b). There is a similar picture ac-
cording to the partial conjugation length because of a
linear correlation between the Raman v, band and the
conjugation length.
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RAMANO v, JUOSTOS IR GLOBALIY SKALIARINIU SAVYBIUY NETIESINES
KORELIACIJOS IVAIRAUS ILGIO KAROTINOIDUOSE

M. Macernis

Vilniaus universiteto Chemineés fizikos institutas, Vilnius, Lietuva

Santrauka

Skirtingo ilgio karotinoidy ir polieny molekuliy
poliarizacinés savybés, kurios sietinos su Ramano v,
juosta, buvo teoriskai analizuotos naudojant tankio
funkcionaly metodikg. Karotinoidy ir polieny mo-
nomery poliarizacija ir kitos savybés buvo skaiciuo-
jamos naudojant globalias skaliarines savybes. Re-
zultatai rodo tiesing priklausomybe tarp Ramano v,
juostos atitinkamo virpesinio daznio, kuris atitinka
C = C jungties pailgéjimo moda, ir globalaus kietumo
(ir globalaus mink$tumo) visoms skirtingo ilgio mo-
lekuléms. Visos tiesinés priklausomybés tarp jungties
ilgio ir visy globaliy skaliariniy savybiy buvo tik po-
lieninéms struktaroms. Remiantis skai¢iavimy rezul-
tatais buvo nustatytas papildomas sarysis: dél s-cis-
izomerizacijos padidéjo polieny efektyvusis jungties

ilgis ir globalus minkstumas, o karotinoidy, kurie turi
galuose f-Ziedus, efektyvus jungties ilgis ir globalus
mink$tumas sumazéjo. Pagal elektrofiliskumo indeksy
analize kravio pernasos (CT) vyksmai turéty lengviau
vykti ilgesniuose karotinoidy ir polieny dariniuose.
Elektroneigiamumo tiesinés priklausomybés buvo tarp
polieny ir tarp atskiry karotinoidy pogrupiy moleku-
liy. Prie karotinoidy polieninés grandinélés prijungtos
jvairios grupés ypac turéjo reik§més elektrofiliskumo
indeksui. Karotinoidy efektyvus jungties ilgis néra tie-
siskai susijes su elektroneigiamumu, cheminiu poten-
cialu ir elektrofiliSkumo indeksu, ta¢iau beveik tiesiné
priklausomybé matoma su globaliu kietumu, tuo tarpu
polieniniy dariniy modeliai tiesines priklausomybes
turéjo visada.
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