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Chapter 5

Functional group effect on carotenoid properties:
allene, keto and acyloxy substituents

Abstract

Natural carotenoids (Cars) display a large structural diversity. They are conjugated linear mo-

lecules built-up from the repetition of terpene units. The conjugated polyene chain of Cars

may exhibit conjugated functional groups, the presence of which, may alter both the molecu-

lar symmetry and the electronic properties of these molecules, and thus tune their biological

function. To understand the effect of the allene group on Car properties, it is necessary to

characterize its influence on the configuration of the molecule. However, the polyene structure

makes it complex to fully calculate the electronic structure and vibrational properties of Cars.

Here, the vibrational and electronic properties of three allene-containing carotenoids: vaucheri-

axanthin (Vau), fucoxanthin (Fx), and 19’-butanoyloxyfucoxanthin (bFx), are addressed by the

combined experimental/theoretical approach. Resonance Raman data and extensive molecular

modelling revealed high energy barriers for conformers to rotate the allene C=C=C or single

C–C bond before the allene group, which makes impossible the appearance of conformers in

dynamic equilibrium at room temperature. It is shown that all-trans conformation for Vau and

Fx exhibits symmetric and antisymmetric modes in ν1 and ν2 regions of Raman spectra. The

higher intensity of the antisymmetric mode in allene Cars compared to the regular ones, allows

this frequency to be observed experimentally as the doublets of the bands in ν1 and ν2 regions.

The allene group contribution of 0.95 and the keto group – of 0.75 to the conjugated Car chain

instead of 1.00 (as for a standard C=C bond) was calculated to participate to the Neff. An effect

of non-conjugated acyloxy group to the energetics of the ground state is shown as well.

Based on: Simona Streckaite, Mindaugas Macernis, Eliška Kuthanová Trsková, Radek Litvin,

Andrew A. Pascal, Bruno Robert, Leonas Valkunas, Manuel J. Llansola-Portoles, Functional

group effect on carotenoid properties: allene, keto and acyloxy substituents, under preparation.
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CHAPTER 5. Allene, keto and acyloxy group effect on carotenoid properties

5.1 Introduction

Carotenoids perform a wide variety of functions in biology: these molecules provide colours to

fruits, flowers and animals, which are at the basis of complex signalling processes. They are

also involved in collecting solar photons during the photosynthesis process in a spectral region

where chlorophylls possess minimal absorption1,2. Natural carotenoids display a large struc-

tural diversity, as no less than 1100 of such molecules have been now identified3. They are con-

jugated linear molecules built-up from the repetition of terpene units, and their linear conjugated

polyene chain confer them an intense absorption in the blue-green range. A model, taking into

account the molecular C2h symmetry of the simplest carotenoids, involving three low-energy

excited states, is able to account for their electronic properties4. The strong carotenoid absorp-

tion arises from the transition from the ground state to the second excited state (S0 → S2). As

both the ground and the first excited states exhibit the same symmetry, a one-photon transition

between these states is forbidden5. The carbon skeleton of Car molecules may include func-

tional groups, which may be conjugated with the polyene chain. The presence of conjugated

groups may alter both the molecular symmetry and the electronic properties of these molecules,

and thus may tune their biological function6. However, many Cars exhibit close if not identical

electronic properties, and why they are selected by one or the other organism is still unclear.

The electronic properties of most Cars obey the C2h-derived model7,8, however, a significant

number of deviations from the molecular linearity can be found among these molecules raising

interest on their optical characteristics9,10. Regular Cars, which contain only terpene units, have

an elegant relationship between five intrinsic structural and photophysical parameters: number

of conjugated carbons – nominal conjugation length (N), the energy of the S0 → S2 electronic

transition, the frequency of the C=C stretching vibrational mode (ν1),7,8, the energy (E) and

decay time (τ) of the S1 excited state4,8, and an external parameter – polarizability of the en-

vironment (α)7,8. The determination of any random pair of these six parameters (N, ES0→S2 ,

ν1, ES1 , τS1 , and α) allows the precise calculation of the values of the other four8. For the Cars

possessing conjugated cycles at the end of their conjugated chain, it was shown that the end-

rings must be in partial out-of-plane configuration, as they poorly contribute to the conjugation

length of these molecules11. A parameter was defined – the effective conjugation length (Neff) –

to account for the only partial participation of the end-cycles to the conjugated chain. For lutein

and β -carotene, it was reported that each of the conjugated cycles accounts for the equivalent of

0.3 of C=C bond, which is refered as 1.011. The introduction of Neff in the description of those

carotenoids helped to understand the absorption of luteins in plant LHCII, and of β -carotene in

PSII11,12 and in cyanobacterial ancestor of plant antenna proteins13–15. Recently, it was demon-

strated that Cars containing a conjugated alkyne group, adopt a distribution of configurations,
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Introduction

one of which drags the conjugated cycle, connected by the alkyne, out of the C=C conjugated

plane9. These out-of-plane distortions, observed in some of the carotenoid molecules, besides

influencing their electronic properties, could also play a role in tuning the energy required to

fit these carotenoids into their particular binding sites. A carotenoid which already displays an

out-of-plane configuration would require less energy to bind into a protein imposing this precise

distortion. The precise equilibrium configurations of each family of carotenoids could thus, at

least in part, account for the diversity of these molecules observed in biology.

In algae and diatoms, which are exposed to rapid fluctuations of light intensity, the photo-

synthetic apparatus contains carotenoids with complex functional groups like allene (C=C)16,17

or keto (C=O)18. For example, the Vaucheriaxanthin (Vau) Car, containing one allene group in

position C8’, plays a dual role of harvesting blue-green photons and ensuring photoprotection

in algae19. The presence of the allene group constitutes the only difference of Vau from Vio

(Fig. 5.1); it induces a blue-shift (90 cm−1in n-hexane) of the S0→ S2 electronic transition16,17,

and slightly increases S1 state decay rate (from 26 ps in Vio to 29 ps in Vau)17. These alterations

suggest that Vau possess a shorter Neff than Vio despite their structure is composed of 9 C=C

conjugated chain.

The Fx is the dominant carotenoid in the light-harvesting systems of diatoms18. Its structure

includes an allene group in C8’ position and a conjugated keto group in C8 position (Fig. 5.1).

The electronic properties of Fx can be tuned by the environment more than usually observed in

Cars; its absorption is shifted as high as 550 nm in photosynthetic light-harvesting proteins18,20.

This red absorption is due to an intramolecular charge transfer (ICT) character of the second

excited state generated by the electron-rich keto group20–24. It occurs without any significant

change of the C=C stretching mode frequency of the ground-state, suggesting that Fx ground

state is poorly affected by the ICT. This ICT can be deactivated by the presence of a non-

conjugated oxygen-rich group – acyloxy, placed in an opposition to the keto group25. When

positioned on the same side, this group otherwise enhances the ICT state26. This was explained

by the significant electron-withdrawing character of the acyloxy group, which would counteract

the effect of the conjugated keto group25,26.

To understand the effect of the allene groups on the carotenoid properties, it is necessary

to characterize their influence on the carotenoid configuration. Despite the apparent simplicity,

the polyene structure of Cars makes it complex to fully calculate their electronic structure and

vibrational properties. The recent development of DFT and TD-DFT methods, and their com-

bination with QM/MM calculations or studies using ab initio molecular dynamics (QMD)27–38,

increased the possibilities to model the properties of Car molecules. It is of note that, for some

molecule,s like Cars with conjugated alkyne groups, the energy barriers to rotate around partic-

ular C–C bonds are low enough so that the non-minimum conformations become dynamically
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CHAPTER 5. Allene, keto and acyloxy group effect on carotenoid properties

populated in solution at room temperature. Calculating their molecular properties thus required

to take into account the ensemble of their configurations9.

In this chapter, the vibrational and electronic properties of three carotenoids: Vau, Fx, and

bFx (see Fig. 5.1) are addressed. They are representatives of the allene-containing carotenoid

family, in the presence/absence of an additional conjugated keto (C=O) and a non-conjugated

acyloxy groups. A combined experimental/theoretical approach was used, where the vibrational

properties in the ground state of Cars were measured in different solvents by resonance Raman

at room and cryogenic temperatures. Then, the experimental data was interpreted by extensive

modelling using DFT and TD-DFT methods and their combination with QM/MM calculations

or studies using ab initio molecular dynamics (QMD).

Fig. 5.1. Molecular structures of the studied carotenoids and the scheme of the dihedral angles
γ1 and γ2 used for modelling. γ1 is the rotation angle of the end-ring in respect to the carbon
back bone: a rotation of the C7’ carbon of the allene group C6’=C7’=C8’. γ2 is the rotation
angle of the single bond C9’–C8’ (s-cis).

5.2 Results and discussion

5.2.1 Absorption and resonance Raman of carotenoids in solution

Figure 5.2 (right) shows the room temperature absorption spectra of Vio (black) in n-hexane,

and of Vau (red), Fx (blue), and bFx (green) in n-hexane, acetonitrile (ACN), and carbon di-

sulfide (CS2). These absorption spectra are typical for Cars – with three clear vibronic peaks

denoted as 0–0, 0–1 and 0–2. The 0–0 absorption band of of Vio peaks at 470 nm (21276 cm−1),

which is close to the value expected for a 9 C=C carotenoid7. The three absorption bands are

located at at 467.8 nm (0–0), 439.0 nm (0–1) and 416.0 nm (0–2) for Vau, 477.0 nm (0–0),

448.6 nm (0–1) and 423.7 nm (0–2) for Fx, and 473.2nm (0–0), 444.7 nm (0–1) and 420.4 nm
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Results and discussion

(0–2) for bFx. The 0–0 transition energies for Vau, Fx, and bFx in n-hexane, ACN, and CS2 are

shown in Table 5.1. Fx and bFx carotenoids have a broad absorption spectra in ACN as already

described for carotenoids containing conjugated keto groups39,40.

Fig. 5.2. Absorption spectra of Vio (a), Vau (b), Fx (c), and bFx (d) in n-hexane (solid line),
ACN (dashed line), and CS2 (dotted line). Resonance Raman spectra of Vio (e), Vau (f), Fx (g),
and bFx (h) in n-hexane (solid line), ACN (dashed line), and CS2 (dotted line) in the ν1 and ν2
regions excited at 0–0 electronic transition. All spectra recorded at room temperature.

In order to characterize the vibrational changes induced by the substituent groups on the

carotenoid ground state, resonance Raman spectroscopy is used, which in addition to the reson-

ant effect, enhances the carotenoid signal proportionally to the absorption intensity. Figure 5.2

(left) displays the resonance Raman spectra of Vio, Vau, Fx and bFx at room temperature. The

Vio RR spectrum in n-hexane has a single band that contributes in the ν2 region at 1158 cm−1,

accompanied by two satellite bands at 1192 & 1215 cm−1. This region constitutes a fingerprint

for the carotenoid isomerization states (cis/trans)41,42, and such a profile with the absence of
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CHAPTER 5. Allene, keto and acyloxy group effect on carotenoid properties

Table 5.1. Values of 0–0 transition and resonance Raman modes in ν1 and ν2 regions for Vau,
Fx, and bFx in different solvents for different excitation wavelengths.ν2−1 & ν2−2 and ν1−1 &
ν1−2 represents symetric and antisymetric C–C and C=C streching modes, respectively.

Car Solvent
0–0 transition Excitation ν1−1 ν1−2 ν2−1 ν2−2

(nm) (nm) (cm−1) (cm−1) (cm−1) (cm−1)

Vau
n-hexane 467.8 476.5 1527 1532 1153 1159

ACN 468.4 476.5 1527 1533 1153 1159

CS2 499.0 501.7 1523 1529 1150 1159

Fx
n-hexane 477.3 488.0 1527 1534 1152 1160

ACN 475.6 514.5 1527 1535 1152 1160

CS2 495.5 488.0 1524 1533 1151 1160

bFx
n-hexane 472.9 476.5 1528 1536 1151 1160

ACN 471.0 476.5 1527 1536 1151 1160

CS2 500.0 501.7 1524 1533 1151 1160

additional vibrational modes indicates that Vio is in all-trans configuration. For Vau, Fx, and

bFx RR spectra, the main band in this region appears as a doublet in all the solvents. Such

a spectral signature has never been observed for any other carotenoid molecule. The satellite

bands in ν2 region for Vau, Fx, and bFx are at similar energies: ca. 1180 & 1211 cm−1. Again,

the absence of additional bands in this region rules out the presence of trans isomers in these

samples. In the ν1 region, the band arising from the C=C stretching modes contribute as a single

(slightly asymmetric) component at 1531.0 cm−1 (width of 14 cm−1) for Vio. The frequency

of this mode for Vau, Fx and bFx in n-hexane is observed at 1532.9 cm−1, 1534.7 cm−1, and

1535.7 cm−1, respectively. However, the ν1mode also appears as a doublet and the width of the

band arising from this mode is 20% broader than that of Vio. The presence of the doubled is

observed in all the solvents used, and the frequencies of each of the component of the doublet

were obtained from the second derivative of the RR spectra (Table 5.1).

A doublet-component in the ν1 band might indicate the presence of a mixture of conformers

in the sample, as observed for alkyne carotenoids9. Due to selectivity of resonance Raman, it

is possible to distinguish conformers by tuning the energy of the excitation beam, as they are

exhibiting slightly different absorption properties. The selectivity increases substantially at

low temperature when the absorption bands used to induce the resonance become narrower.

Figure 5.3 shows the RR spectra in the ν1 region at 77 K of Vio in cyclo-hexane (c-hexane)

excited at 488.0 nm as a reference, Vau in c-hexane excited at 457.5, 488.0 & 514.5 nm, and
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Fx in pyridine excited at 488.0, 501.7 & 514.5 nm. In these experiments, the presence of

different conformers (with slightly different absorption properties) would result in changes in

the frequency and/or shape of the ν1 band, as the contribution of the red-absorbing conformers

(with lower ν1 frequency) should be favoured when the excitation is lying on the red side of the

transition, and unfavoured when the excitation is on the blue of this transition. The ν1 mode

of Vio appear as a single band peaking at 1528.8 cm−1 (FWHM = 12 cm−1). This vibrational

mode peaks at ca. 1533±0.5 cm−1 (FWHM = 18 cm−1) in Vau spectra for all three different

excitations. Fx in pyridine at 488.0, 501.7 and 514.5 nm excitation wavelengths have singlet

bands in the ν1 region peaking at ca. 1534±0.5 cm−1 (FWHM = 12 cm−1) . The constant value

of the frequency of the ν1 band at different excitation wavelengths suggests that no conformers

with relatively large changes on the 0–0 transition are detected for Vau or Fx. It is of note that

the ν1 doublet disappear at low temperature, however, the width of the ν1 band remains a bit

larger for the allene carotenoids as compared to Vio. The same phenomenon occurs for the ν2

band (data not shown).

aV i o  c - h e x a n e  7 7 K
E x  4 8 8 . 0  n m a

1 5 0 0 1 5 1 5 1 5 3 0 1 5 4 5 1 5 6 0

c

 R a m a n  S h i f t  ( c m - 1 )

F x  P y r i d i n e  7 7 K
 E x  4 8 8 . 0  n m
 E x  5 0 1 . 7  n m
 E x  5 1 4 . 5  n m

b

Int
 (a

rb.
u.)

V a u  c - h e x a n e  7 7 K
 E x  4 5 7 . 5  n m
 E x  4 8 8 . 0  n m
 E x  5 1 4 . 5  n m

Fig. 5.3. 77 K resonance Raman spectra in the ν1 region of Vio in c-hexane excited at 488.0 nm
(a), Vau in c-hexane excited at 457.5, 488.0 and 514.5 nm (b), and Fx in pyridine excited at
488.0, 501.7 and 514.5 nm (c).
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CHAPTER 5. Allene, keto and acyloxy group effect on carotenoid properties

5.2.2 Modelling of carotenoid conformations

An extensive simulations of Vau and Fx were performed in order to determine the origin of the

ν1 and ν2 doublet in resonance Raman spectra of the allene-containing carotenoids. Following

the conclusions of RR experiments, only all-trans conformers were modelled. First, all-trans-

Vau and all-trans-Fx molecules were simulated in vacuo using the B3LYP/cc-pVDZ method.

In order to test whether the splitting of the ν1 and ν2 bands could arise from the presence of

conformers due to different configuration of the allene group, two possible dihedral (rotation)

angles, γ1 and γ2, both involving the allene group, must be taken into account (Fig. 5.1 & 5.4).

γ1 is the rotation angle of the end-ring in respect to the carbon back bone: a rotation of the C7’

carbon of the allene group C6’=C7’=C8’, and γ2 is the rotation angle of the single C9’–C8’

bond named s-cis (Fig. 5.1). These two rotation angles were used to seek for local minima

of Vau and Fx following a strategy applied for the alkyne carotenoid modelling9. It is worth

noting that Fx presents a third dihedral angle (γ3) at the keto group (see Fig. 5.1), however, as

the splitting of the Raman bands seem to be correlated with the presence of an allene group, the

role of γ3 is not explored.

Fig. 5.4. Rotation angles γ1 and γ2 in vaucheriaxanthin molecule: γ1 is a highly energy-
demanding rotation of the allene group, whereas γ2is the rotation of the single bond before the
allene group.

The standard optimization procedure search for global minima without taking into account

the possible intermediate configurations. However, by generating the starting geometries for

the defined dihedral angles, an energy map can be created, which contains information on the

rotation energy barriers. This energy map may also indicate a small local minima possible for

metastable configurations9. Therefore, to calculate the potential energy surfaces of the end-

groups in all-trans-Vau and all-trans-Fx, the dihedral angle γ1 was changed stepwise from 0

to 360 deg, and the ground state energy is calculated for each of the steps, while γ2 is fixed in

the global minimum. The same procedure was performed changing γ2 stepwise, and keeping

γ1fixed. Figure 5.5 shows similar potential energy surfaces for both Cars for the rotation of the

dihedral angles γ1 and γ2. The energy barriers in the ground state obtained for γ1 rotation reach

up to 3.5 eV, a value consistent with the strong and rigid bonds forming the allene group. The
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potential energy values for the dihedral angle γ2 rotation go up to 0.4 eV. This value is much

higher than that obtained for Cars containing alkyne groups (0.1 eV), where metastable con-

figurations are present9, but smaller than that of all-trans-to-s-cis isomerization energy barrier

calculated for standard carotenoids with conjugated end-cycles, e.g. for β -carotene43 this value

is ca. 1.7 eV. A more precise potential energy surface maps were generated as well, performing

γ2 rotation by the smaller steps (Fig. 5.5, insets). These results as well show no additional local

minima.

Fig. 5.5. Vau and Fx relative ground-state energies according to the end-group and polyene
chain position upon rotation of the γ1 and γ2 from the minimized conformations. Insets show
more precise potential energy surfaces of γ2 rotation obtained by the smaller steps.

The potential surface energies show no evidence of values of the dihedral angle γ2 which

could lead to stable conformers out of their s-cis/trans conformations. However, small undetec-

ted local minima could be still present. In order to detect those, a super-molecular approach

based on introduction of solvent molecules to stabilize the conformers by increasing the energy

barriers between the local minima was used9,44. This strategy is particularly efficient when

using solvents which have strong hydrogen bonding properties such as water molecules. The

results then, obtained by the super-molecular strategy were compared to the results addressed

by the polarizable continuum model (PCM) for Vau and Fx in n-hexane, vacuum or water
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CHAPTER 5. Allene, keto and acyloxy group effect on carotenoid properties

(Table 5.2). The entire set of vibrational modes obtained for Vau and Fx show two Raman

peaks with significant intensities in ν1 and ν2 regions, which arise from the symmetric and an-

tisymmetric C=C and C–C stretching modes, respectively. The frequencies, corresponding to

ν1−1 (symmetric) and ν1−2 (antisymmetric) C=C stretching modes are about 10 cm−1 apart,

and the same difference in frequency is observed for ν2−1 and ν2−2 modes (Table 5.2). For

simple carotenoids, like lutein, the intensity ratio between bands arising from the symmetric

and antisymmetric C=C stretching modes is close to 10 (Table 5.2). As a consequence, the anti-

symmetric mode induces only negligible asymmetry in the ν1 band in the RR spectra of simple

Car molecules. In the case of allene Cars, even in a planar conformation, the ratio between

symmetric and antisymmetric ν1 modes is around 4 in vacuum, and goes up to 2.5 in n-hexane.

For cis conformation, the ratio between the bands arising from the antisymmetric/symmetric

C=C stretching modes reaches 2 in water. Using a super-molecular approach, where 8 water

molecules are explicitly present around Vau molecule, the intensity of the band arising from

the antisymmetric C=C stretching becomes equal to the symmetric mode (Table 5.2). Careful

analysis of Vau configuration described in Table 5.2, shows that although the antisymmetric

C=C stretching mode is already active in the fully relaxed state of this molecule, its intensity

correlate with the deviations of the γ2 angle, which bring the whole allene group out of the plane

of the C=C conjugated chain. And already 25 deg out-of-plane deviation of this group results

in a similar contribution of both the symmetric and antisymmetric stretching modes to the Ra-

man spectra. Figure 5.6 shows the modelled spectra for all-trans-Vau compared to all-trans-Lut

(used as a reference), where allene Car spectrum account for the experimental splitting of the

C=C and C–C Raman modes.

Modelling of Vau and Fx by using PCM and supra-molecular approach show that the di-

hedral angle γ2 cannot be stabilized in any conformation different than s-cis (ca. 0 or 330 deg)

or all-trans (ca. 180 deg). The energy barrier for conformers rotating the dihedral angle γ1 is

3.5 eV, which makes this process impossible at room temperature. The energy barrier to switch

between s-8’-cis and all-trans in the dihedral angle γ2 is 0.4 eV. Hence, the energy is too high as

well to have conformations in dynamic equilibrium at room temperature. The presence of only

one conformer is in a good agreement with the experimental RR results obtained at low tem-

perature, where the frequency of the ν1 mode remains constant for different excitation energies.

The models realized using PCM and super-molecular approach on Vau and Fx proves that the

all-trans conformation exhibits symmetric and antisymmetric modes in ν1 and ν2 regions. The

PCM modelling of Lut also predicts symmetric and antisymmetric modes in ν1 and ν2 regions

but the intensity of the antisymmetric mode is considerably lower than for allene carotenoids

(5.1 & 5.6). Hence, the higher intensity of the antisymmetric mode in allene Cars allows this

frequency to be observed experimentally generating the doublets observed in ν1 and ν2 regions.
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Table 5.2. Vau and Fx symmetric (ν1−1; ν2−1) and antisymmetric (ν1−2; ν2−2) vibrations and
calculated Raman activity for different configurations. Note that Fx has a third isomerization
spot due to the dihedral angle by the keto group (γ3).

Structure γ1, ° γ2, ° 
ν1-1 

(cm-1) 
Int1-1 
(%) 

ν1-2 
(cm-1) 

Int1-2 
(%) 

ν2-1 
(cm-1) 

Int1-1 
(%) 

ν2-2 
(cm-1) 

Int2-2 
(%) 

Comments 

s-cis-8’-Vau + 8 water 89 336 1571 100 1581 98 1200 30 1191 11 vacuum 

s-cis-8’-Vau 87 337 1567 100 1577 50 1197 31 1186 4 PCM: water 

s-cis-8’-Vau 269 2 1570 100 1581 26 1201 21 1196 8 vacuum 

s-cis-8’-Vau 270 0 1569 100 1580 31 1201 27 1191 11 PCM: n-hexane 

s-cis-8’-Vau 89 0 1570 100 1582 23 1200 16 1195 18 vacuum 

s-cis-8’-Vau 90 0 1569 100 1581 29 1199 21 1195 17 PCM: n-hexane 

s-cis-8’-Vau 85 331 1572 100 1581 30 1199 33 1193 1 vacuum 

s-cis-8’-Vau 85 333 1571 100 1581 42 1200 31 1194 3 PCM: n-hexane 

all-trans-Vau 269 179 1571 100 1583 26 1201 21 1194 14 vacuum 

all-trans-Vau 269 179 1569 100 1582 36 1201 24 1192 12 PCM: n-hexane 

all-trans-Vau 90 181 1571 100 1582 23 1201 23 1195 12 vacuum 

all-trans-Vau 90 180 1570 100 1582 40 1202 32 1194 13 PCM: n-hexane 

s-cis-8’-Fx 272 359 1568 100 1582 27 1211 4 1195 26 
PCM:  

n-hexane (γ3 16°) 

s-cis-8’-Fx 272 359 1563 100 1582 29 1211 8 1195 16 
PCM:  

n-hexane (γ3 12°) 

s-cis-8’-Fx 87 349 1567 100 1582 26 1207 3 1195 22 
PCM:  

n-hexane (γ3 15°) 

s-cis-8’-Fx 90 355 1564 100 1582 27 1207 5 1195 21 
PCM:  

n-hexane (γ3 16°) 

all-trans-Fx 270 180 1569 100 1584 28 1205 7 1198 20 
PCM:  

n-hexane (γ3 16°) 

all-trans-Fx 271 180 1566 100 1583 35 1207 11 1199 20 
PCM:  

n-hexane (γ3 15°) 

all-trans-Fx 88 181 1568 100 1583 27 1206 8 1198 16 
PCM:  

n-hexane (γ3 12°) 

all-trans-Fx 90 180 1565 100 1582 30 1206 6 1198 24 
PCM:  

n-hexane (γ3 18°) 

all-trans-Fx 88 183 1571 100 1583 26 1202 17 1199 16 
PCM: n-

hexane (γ3 179°) 

all-trans-Fx 91 181 1569 100 1582 26 1204 17 1199 15 
PCM: n-

hexane (γ3 180°) 

all-trans-Fx 91 181 1569 100 1582 26 1204 17 1199 15 PCM: n-hexane 

all-trans-lutein - - 1562 100 1575 9 1194 27 1197 8 PCM: n-hexane 
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CHAPTER 5. Allene, keto and acyloxy group effect on carotenoid properties

Fig. 5.6. Modelled Vau and Lut vibrational modes in ν1 and ν2 regions.

5.2.3 Functional group effect on the ground state

The ν1 (symmetric stretching) frequency and the energy of the 0–0 transition of allene Cars

with the polarizability of the environment (Table 5.1) show the same behaviour as regular Cars

(Supplementary Information, Fig. S5.1). The plots are constructed representing the values for

ν1 mode (Fig. 5.7a) and 0–0 transition (Fig. 5.7b) in n-hexane dependent on 1/Neff for regular

carotenoids: lycopene, spheroidene, β -carotene, Lut, Vio, neurosporene7,8. These plots are

used to determine if the presence of allene, keto and acyloxy groups has a measurable and

constant effect on the Neff.

Vau exhibits 8 C=C bonds and an allene group C=C=C in the conjugated chain. The geo-

metry of the allene group imposes that only one double bond can be conjugated, which could

lead to a nominal conjugation length of 9.0. However, the properties of Vau in respect to

Vio (which has N = 9.0) suggest that the Neff of Vau is shorter (as discussed above). To

explain this effect, the energetics of the conjugated C=C bonds can be addressed. The hy-

bridization of the two carbon atoms forming the alkene bond for a regular carotenoid is sp2:

standard C=C. The double bond is formed by a non-hybrid p-orbital and a hybrid sp2 atomic

orbitals: C(sp2)=C(sp2). The allene group has sp hybridization of the central carbon atom:

C(sp2)=C(sp)=C(sp2)45,46. The energy of the hybrid sp orbital is higher than that of the hybrid

sp2 orbital, since the energy of p- and s-orbitals are -10.7 eV and -19.4 eV, respectively47. Elec-

trons in sp orbital (50% s-character) experience a greater attractive force to the nucleus than
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Fig. 5.7. Correlation between the position of the ν1 (symmetrical stretching) mode (a), and
the 0–0 electronic transition (b) as a function 1/Neff in n-hexane. The black dots represent
the values (ν1, 0–0) for the regular carotenoids with different conjugation lengths: lycopene
(Lyc), spheroidene (Sph), β -carotene (β -car), lutein (Lut), violaxanthin (Vio), neuroporene
(Neu)11. The fitting is shown as the red line and the light-red area represents the 95% confidence
bands. Note that the x-axis shows the values of Neff for clarity but the scale is proportional to
1/Neff. The positions for Vau (red) and Fx (blue) are obtained using the Neff calculated from the
energetic approach. The ν1 frequency for bFx (green) was used to estimate the Neff.

electrons in an sp2 (33% s-character) orbital. This difference in hybrid orbitals produces an

increase of energy of this C=C double bond of around 5% in respect to a standard C=C. Then

this contribution of 0.95 to the N gives the Neff equal to 8.95 for Vau. The calculated Neff (8.95)

can be then used to place ν1 (1532.9 cm−1), and 0–0 transition (21385 cm−1) in n-hexane at

room temperature in Fig. 5.7. The values for ν1 mode and 0–0 transition are perfectly aligned

with the calculated line for the regular Cars and is also in an agreement with the values obtained

in comparison to Vio in methanol17.

Fx contains 7 C=C bonds, an allene group C=C=C, and a C=O group in the conjugated

chain. The oxygen atom exhibits sp2 hybridization employing a non-hybrid p-orbital and a

hybrid sp2-orbital to bond to the carbon atom. The energies of the oxygen s-orbital (–32.4 eV)

and p-orbital (–15.9 eV) are higher than that of carbon orbitals: the C=O bond (799 kJ/mol) is

more energetic than the C=C bond (610 kJ/mol)47,48. Using the C=C bond energy as a standard
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and knowing that the relationship of energy is inverse to Neff, a simplified approximation can

be made that the keto bond contributes as 0.75 of a regular C=C bond. Hence, the estimation

of Neff for Fx is equal to 8.70 (using the value of 0.95 for the allene group). This Neff value

is used to place the pair of parameters of Fx (ν1 , 0–0; 1534.2 cm–1, 20951 cm−1) in n-hexane

at room temperature in Fig. 5.7. It is observed that the values of ν1 mode match well the line

obtained for the regular Cars. The energy of the 0–0 transition is ca. 600 cm−1 lower than the

one corresponding to the regular Cars with 8.70 Neff due to the strong ICT character of the S2

state of Fx.

The effect of the non-conjugated acyloxy group is more complicated to interpret. It has been

shown that this non-conjugated acyloxy group deactivates ICT character in bFx25 or enhances it

in siphonein26 depending on the position in the molecular structure. It may be hypothesized that

the electron-rich bulky group could distort the ground state electronic π-cloud but this distortion

may or may not be the same depending on the exact position. Assuming that the energetic

changes in the ground state energy due to the acyloxy group are reflected by the position of the

ν1 mode, the Neff of bFx can be calculated by using the value of ν1 (1535.5 cm−1) in n-hexane

and the linear fitting on Fig. 5.7a. This would correspond to the Neff of 8.55, which is 0.2

shorter than the value for Fx.

5.3 Conclusions

The presence of the allene group in the conjugated part of carotenoids leads to the gain in

intensity of the antisymmetric C=C and C–C stretching modes. The increased intensity of these

modes results in an appearance of the doublet band in the resonance Raman spectra at room

temperature, which for the regular Cars appears as a singlet band, mainly consisting of the

symmetric C=C and C–C stretching modes. The Neff was calculated by using the bond energies

in the carotenoids containing conjugated allene and keto functional groups. This approach

enabled the determination of the allene group contribution of 0.95 and of the keto group – of

0.75 to the conjugated chain instead of 1.00 as for a standard C=C bond. The non-conjugated

acyloxy group was shown to have an effect on the energetics of the ground state.

5.4 Materials and methods

5.4.1 Pigment purification

Cells were separated from the culture medium by centrifugation (7000g, 5 min), and the pig-

ments extracted in three solubilisation steps - in methanol twice, and finally acetone. In each

132



Materials and methods

step, the pellet was suspended in the solvent and sonicated to induce pigment release. The cell

material was then removed by centrifugation (13000g, 1 min), to be used in the following step.

The cell material remained colourless after the third step. The extracts were then pooled and

dried under vacuum before dissolving in methanol prior to purification. The pigments were

purified using an HPLC system consisting of a Pump Controller Delta 600, a manual injection

system and a PDA 2996 detector (Waters, USA). The pigments were separated on a reverse-

phase Zorbax SB-C18 column (4.6 × 150 mm, 5 µm, silica-based, non-endcapped; Agilent,

USA), using a linear elution gradient at a 1 ml/min flow rate. A ternary solvent system was

used as follows: 0–4 min linear gradient from 100% Solvent-A to 100% Solvent-B, 4–18 min

linear gradient from 100% B to 20% B/80% C (Solvent-A – 80:20 methanol : 0.5M ammonium

acetate (aq., pH 7.2 v/v); Solvent-B – 90:10 acetonitrile : water; Solvent-C – 100 % ethyl acet-

ate)49. The pigments were identified based on their absorption spectra and retention times. The

peaks of interest were collected, dried out in the dark under vacuum and stored at –80°C. Sample

preparation was performed in the dark, on ice. The purity of the final pigment preparation was

verified by HPLC using the same protocol49.

5.4.2 UV–Vis Absorption

Absorption spectra were measured using a Varian Cary E5 Double-beam scanning spectropho-

tometer with a 1.0-cm-path length cuvette.

5.4.3 Resonance Raman spectra

Resonance Raman spectra were recorded at room temperature and 77 K, the latter with an

LN2-flow cryostat (Air Liquide, France). Laser excitations at 476.5, 488.0, 501.7 & 514.5 nm

were obtained with an Ar+ Sabre laser (Coherent). Output laser powers of 10–100 mW were

attenuated to < 5 mW at the sample. Scattered light was focused into a Jobin-Yvon U1000

double-grating spectrometer (1800 grooves/mm gratings) equipped with a red-sensitive, back-

illuminated, LN2-cooled CCD camera. Sample stability and integrity were assessed based on

the similarity between the first and last Raman spectra.

5.4.4 Modelling methods

B3LYP functional in combination with the 6-311G(d,p) and cc-pVDZ basis set was used which

provide reasonably good geometries30,50. DFT-based methods are able to perform calculations

of the vibrational frequency with an overall root mean square error of 34–48 cm−1, significantly

less than that reported for MP2 theory (61 cm−1)31. A scaling factor of 0.96 can be used for fre-

quencies calculated by the B3LYP/6-31G(d) method, in order to obtain reasonable agreement
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with the experimental data31,50,51. A polar environment can cause the shift of Raman frequen-

cies50, which can be determined for specific solvents by the PCM method, with a proportional

shift between experiment and calculations32,44,50. We chose the B3LYP/cc-pVDZ method avail-

able in the Gaussian 09 package (Rev D.01)52. The data were analyzed and visualized using

the Chemcraft 1.653, GaussView 5.052 and VMD 1.9.254 programs.

Vau, Vio, Lut and Fx structures where produced artificially and optimized by using a stand-

ard procedure. The end-group rotation dihedral angles were chosen for γ1 between atoms 9’-

8’-6’-5’, for γ2 between atoms 10’-9’-8’-7’ (Fig. 5.1). The dihedral angle γ3 were used for

Fx as the second end-group which was between atoms 10’-9’-8’ and O atom (Fig. 5.1, Fx).

The energy surfaces were calculated by changing the dihedral angles only. Such type of ap-

proximation allows to see the small local minima which could not be detected by optimizing

every calculation step. A shift of the vibrational modes is expected between polar and non-polar

environments, with a proportional shift between experiment and calculations32,44,50. The first

step of the super-molecular approach is to make models with water molecules by adding them

with PACKMOL55. The solvent molecules (water) are packed around Car in a simple cube.

Then, the solvent molecules are removed stepwise until reaching the minimum number neces-

sary to stabilize the allene end-group. These calculations resulted to s-cis-8’-Vau with 8 water

molecules around the allene group.

It is known that n-hexane solvent should show similar results as in-vacuum approximations

due to the pure interactions with other molecules. This is the reason why the super-molecular

approach with n-hexane could not reach convergence criteria. For the better understanding of

solvent effects on deformations of the Car isomers the PCM method was used despite the fact

that the intensity values of Raman are underestimated.
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Supporting information

Fig. S5.1. Correlation between the position of the 0–0 electronic transition and the ν1 band
frequency, as a function of solvent polarizability for lutein (black circles), Vau (red circles),
Fx (blue circles), and bFx (green circles). The solvents employed are marked; Lut was meas-
ured in many different solvents. Solid lines represents the relationship of (ν1, 0–0) at constant
polarizability. Data was fitted as described in Ref. [11].11.
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