Chin. Phys. B Vol. 22, No. 8 (2013) 083301
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We report on a temperature-dependent resonance Raman spectral characterization of the polyene chain of canthax-
anthin. It is observed that all vibrational intensities of the polyene chain are inversely proportional to temperature, which
is analyzed by the resonance Raman effect and the coherent weakly damped electron/lattice vibrations. The increase in
intensity of the CC overtone/combination relative to the fundamental with temperature decreasing is detected and discussed
in terms of electron/phonon coupling and the activation energy Uop. Moreover, the polyene chain studies using the density
functional theory B3LYP/6-31G* level reveal a prominent peak at 1525 cm~! consisting of two closely spaced modes that
are both dominated by C=C stretching coordinates of the polyene chain.
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1. Introduction

Carotenoids play an important role in various physio-
logical processes of critical importance for life in its present
form.!=3] In most natural processes, they are assumed to play
the roles of energy and electron carriers. The increasing in-
terest in the chemistry of carotenoids, such as f-carotene,
xanthophylls, and canthaxanthin, relates to many functions of
these biomolecules with their rich structural diversities. 46!
Carotenoids, containing a 7-electron conjugated double bond,
are chemically linear chain polyenic compounds, which
have multiple important functions in photo-protection, light-
harvesting, and photo-conducting devices.!”™"!

Canthaxanthin, as a chemically simple 7-conjugated
polyene, with a polyene chain consisting of the sequences of
carbon—carbon bonds (--- -C=C-C=---), is characterized by
a strong electron—phonon coupling due to the delocalized &

s.[19 The density of mobile 7-electrons between the

electron
adjacent carbon sites in the polyene chain strongly modulates
the strength of their covalent bonding, giving rise to a high
electron/phonon coupling and an effective nonlinearity for the
lattice motion. In fact, these properties directly relate to their
polyene chain structures, which are sensitive to the molecu-
lar environments around their polyene chain. During the last
several decades, it has attracted special attention and was con-
sidered as a unique research object.!! 12! Despite considerable
efforts, the temperature effect on the polyene chain still con-
tains some mysterious aspects, thereby attracting a lot of at-
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tention. The main reason for such a situation is that in real
samples, disorder has always obscured the true process of the
intrinsic excitations of the polymer chain.

As is well known, molecular spectroscopy, particu-
larly resonance Raman spectroscopy, has been proved to
be a very powerful technique with which a wide range
of compounds containing extended polyene —(CH=CH),-
sequences!!>!# have been successfully investigated. Mean-
while, density functional theory (DFT), as a quantum chemi-
cal calculated theory, has shown good performance in investi-
gating the structural characteristics of organic molecules. !
In the present paper, special attention is paid to the effect
of temperature on the polyene chain of canthaxanthin by the
temperature-dependent resonance Raman spectrum. In addi-
tion, the optimizations of geometry and frequency calculation
of canthaxanthin are performed by using the DFT B3LYP in
conjunction with the 6-31G* basis set to improve our under-
standing of the polyene chain

2. Experimental methods

Canthaxanthin was purchased from Sigma-Aldrich,
stored at —20 °C in the dark, and used without further pu-
rification. 1, 2-dichloroethane served as reagents of analyt-
ical grade. Canthaxanthin (0.0027 g) was dissolved in 10-
ml 1, 2-dichloroethane, and the concentration of canthax-
anthin was 10~* M. All Raman spectra were measured us-
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ing a microscope-based Raman spectrometer Renishaw inVias
with 514.5 nm for excitation (Spectra-Physics 160 M argon
ion laser), backscattered and collected using its 5x object
lenses. The spectra were collected at a lower laser power in
order to avoid the local heating effect. The laser power was
6 MW, and the typical integration time was 30 s for one mea-
surement. The temperature-dependent Raman spectra were
recorded in a temperature range of 20 °C——180 °C (to mi-
nus 180 °C). A temperature-controlled Raman spectrometer
(Linkam thms600) was used to control the temperature of the
samples.

3. Computational method

Quantum chemical calculations were performed with
the program package GAUSSIANO03.['®) The DFT has been
proved to be extremely useful in treating electronic structure
calculations. The geometry and frequency of the monomer
were optimized by using the DFT B3LYP in conjunction with
the 6-31G* basis set. The force constants were scaled with a
set of global scaling factors as described previously.!!”18] The
optimized structural parameters were used in the subsequent
vibrational frequency calculations by which all the stationary
points are also the minima. Redundant internal coordinates
were generated using the program MOLDEN, and the Raman
activities were calculated analytically.

4. Results and discussion

4.1. Temperature-dependent resonance Raman spectral
analysis
The Raman spectra of canthaxanthin dissolved in 1, 2-
dichloroethane in a temperature range of 20 °C——180°C are
presented in Fig. 1 and exhibit two intensive fundamentals
with frequencies of 1520 cm~! and 1155 cm ™', respectively.

These two peaks could be assigned to the totally symmet-
ric C=C stretching v; and C-C stretching v, modes. The
other bands, located at about 2310 cm™!, 2670 cm~!, and
3050 cm™!, are reasonably assigned as overtone 2v,, com-
bination V| + o, and overtone 2v;, respectively.[!%2% Tt is
reported that the UV-Vis absorption spectra of canthaxan-
thin are generally shaped by a strong band in a range from
350 nm to 600 nm."?! This absorption band is attributed to
the A;' — B, ! transition. It means that the excitation wave-
lengths (514.5 nm) employed in our experiment lie in the enve-
lope of the ground state and the allowed lowest electronic state
of canthaxanthin. So, a resonance Raman spectrum of can-
thaxanthin is obtained in our experiment. The vibrational in-
tensity of the linear polyene molecule is determined mainly by
the resonance Raman effect and the coherent weakly damped
electron—lattice vibration. So here we discuss the tempera-
ture relation between Raman intensities and these two factors.
With temperature decreasing, the sample solution density in-
creases and the intermolecular distance shortens. As a result,
the space of molecular rotation and the space of molecular
vibration are reduced and the molecular thermal disorder is
also weakened accordingly, thereby effectively improving the
molecular structural order and enhancing the coherent weakly
damped electron—lattice vibrations. The improvement on the
molecular structural order extends the degree of the 7-electron
delocalization, lengthens the molecular effective conjugation,
and causes the electronic absorption band of polyenes to be
red-shifted with frequency decreasing between 514.5-nm ex-
citation band and electronic absorption band. As a result, the
resonance Raman effect is enhanced, which induces the inten-
sities of all bands to be enhanced (Fig. 1).

Furthermore, we observe the intensity of the CC over-
tone/combination relative to the fundamental increases with
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Fig. 1. Resonance Raman spectra of canthaxanthin dissolved in 1, 2-dichloroethane in a temperature range of 20 °C——180 °C (left), and temperature

dependence of the strength of the electron—phonon coupling (right).
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temperature decreasing in Fig. 2. Firstly, we consider the
electron/phonon coupling mechanism described by Castiglioni

1.12] The parameter A characterizes the strength of elec-

eta
tron/phonon coupling and drives the phonon frequency. The
relationship between the energy gap of the Peierls chain and
the electron—phonon parameter A is E, ~ exp(—A/2).123 The
Raman frequency v is related to A by the “product rule”. For
those small temperature-induced changes in the energy gap

and the Raman frequencies, we have**!
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Fig. 2. Variations of relative intensity changes of the CC over-
tone/combination with temperature.

Here, h = 6.626 x 1073*; v; = 1520 cm™! (C=C), and v, =
1155 cm™! (C—C); dv is frequency difference between the dif-
ferent temperatures. The electron—phonon parameter A can be
calculated from Egs. (1)-(3) with these data. As shown in
Fig. 1(b), the A slightly increases with temperature decreas-
ing meaning that the strength of electron/phonon coupling also
slightly strengthens with the temperature decreasing. Parker et
al.”?>! reported that the substantial reduction in intensity of the
overtone/combination peak of f—carotene relative to the fun-
damentals with excitation wavelength increasing resulted from
electron/phonon coupling. Their observation provides the fun-
damental case with a different enhancement mechanism and
reveals that the electron/phonon coupling process advanced is
the clear candidate. In our observed case for canthaxanthin
as a similar carotenoid, it is reasonable to conclude that the
A strengthening as a candidate factor interprets the fact that
the CC overtone/combination relative to the fundamentals in-
creases with temperature decreasing.

Secondly, the Boltzmann distribution of a set of
molecules at vibrational levels v; gives the following relation-
ships between the intensity and temperature for Stokes Raman
lines: %]

for a fundamental v;
I~ [1—exp(—1.44v;/T) " “)
for an overtone 2v;,
I~ [l —exp(—1.44v;/T)]72; 6))
for a combination frequency v; + v,
I~ [1—exp(—1.44v;/T)] 7" x [1 —exp(—1.44v;/T)]". (6)

In our experimental observed intensities (Fig. 1), each integral
intensity (/) has a negative temperature coefficient d1/9T > 0,
which conflicts with the above theory. The reason is that there
has been no direct consideration of the T dependence of I for
the second harmonics. In similar cases of the compounds such
as CCly, CS,, C¢Hg, CH30H, and C,H4Cl», each of their sec-
ond harmonics has a negative d//ds.!”’->° Equations (5) and
(6) indicate that I for overtone and combination frequency
should increase with T more rapidly than for fundamental har-
monics, which accord with the result that the experimentally
observed fundamental harmonics differ in behavior from the
overtones and combination in Fig. 2. The effect is related
to molecular reorientation consequent on short-range order.
When the molecular motion becomes more nearly free, this
turns evident because the difference in / for the fundamen-
tal harmonic between the liquid and solid decreases as T in-
creases. The T dependence is not linear and may be described
fairly closely using activation energy U, required for orienta-

tion change against the forces exerted by nearest neighbors. >4
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For Uy, < 1 keal/mole, we express the I with the following
equation as:

Uop/KT

=[1 —exp(—1.44v;/T)] ' xe (7)

Here, the values of Uy, for CCly and CS; are calculated from
Eq. (7) using I data at the liquid—vapor transition, and show
that they are in good agreement, which indicates that equa-
tion (7) is correct.!?®! It enables us to predict the following
features of the T dependence: negative dI/dT for all Stokes
lines, since the exp(Uop/kT) factor decreases more rapidly
than the second factor [1 —exp(—1.44v;/T)]~! in Eq. (7) in-
This fall in I should be virtually the same for all
lines of a compound in a given range of 7. The trends should

creases.

also be roughly the same for fundamental harmonics and over-
tones/combination.

The exp(Uop/kT) factor means that the T dependence of /
for second harmonic is taken into account. In our experiment,
we observe that the liquid—solid phase transition appears at
about —75 °C. The intensity ratios of the C—C overtone and
combination to fundamental harmonic in the liquid and solid
states have no obvious increase while they dramatically in-
crease at the cirtical point of phase transition (Fig. 2). The
T dependence of [ has no direct relation to the dipole moment
of the molecule nor to the refractive index, since here Uy, is
a decisive factor. As the orientation potential and molecular
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size usually govern the thermal motion. The rotational mo-
tion of larger molecules is to be treated as rotational diffu-
sion. Compared with the more nearly free molecular motion
in liquid, the rotational diffusion is damped by mixed solid
molecules during the phase transition. Due to the fact that Uy,
means the orientation change of the activation energy against
the force acting by the nearest neighbors, the Uy increases in
the co-existing surrounding of liquid and solid molecules dur-
ing phase transition. According to Eq. (7), the exp(Uop/kT)
factor increases more rapidly and leads to a greater negative
dI/dT during phase transition.

4.2. Geometry optimization and spectrum calculations

The fully optimized (unconstrained) structure of canthax-
anthin, obtained by DFT calculations, is shown in Fig. 3.
There is no strict rule of mutual exclusion; most of the modes
display Raman activity. The calculated frequencies and Ra-
man intensities are displayed in Table 1. A more detailed
comparison reveals that the frequencies of most of the bands
are reproduced by calculations with an average deviation. The
calculated Raman intensities accord well with the experimen-
tal values except for the overestimations of some modes. Fig-
ure 4 shows the calculated Raman spectrum that accords very
well with the experimental spectrum obtained with 514.5-nm
excitation, except the peak at nearly 1525 cm™!
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Fig. 3. (color online) Fully optimized polyene chain structure of canthaxanthin obtained by using the DFT method.

Table 1. Calculated frequencies and Raman intensities of the polyene chain structure of canthaxanthin.

Mode No. Vibrational assignments (polyene chain) Calculated frequencies Intensities (Ir,)
1 C-H out of —plane (2); (3); (18); (19) 991 1.4
2 Methyl rock (20); (23) 1006 3.2
3 Methyl rock (21); (22) 1015 4.5
4 C-Cstr (11, 12); C-C str (9,10) 1153 3.8
5 C-Cstr (3, 4); (5, 6); (15,16); (17,18) 1166 64.8
6 C-H rock (2); (6); (10); (15); (19) 1283 5.7
7 C=C str (14, 15); (16, 17) 1307 1.6
8 C=C str (10, 11) 1316 0.8
9 C-H rock (3); (5); (7); (14); (16); (18) 1325 2.4
10 Asym methyl def. (21); (22) 1452 8.9
11 Asym methyl def. (20); (23) 1464 1.2
12 C=C str (8,9); (12, 13) 1523 433
13 C=C str (6, 7); (10, 11); (14,15) 1531 100
14 C=C str (4, 5); (16, 17) 1580 1.7
15 C=C str (2, 3); (18, 19) 1586 5.5

a Relative Raman intensities with respect to the strongest Raman mode (13) that is normalized to 100. Frequencies less than 990 cm ™!

and more than 1600 cm™" are not shown.
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In the region between 1800 cm~! and 990 cm~! which
is considered in this work, the Raman-active modes can be
grossly classified into five groups according to frequency and
normal compositions. Between 1500 cm~! and 1650 cm™!,
the C=C stretchings of the polyene chain make the main con-
tributions to the modes, a closer inspection of the prominent
band at 1523 ¢cm~!, however, reveals small but clearly de-
tectable shifts of the peak maximum, among which the mode
1523 cm™! is associated with the strongest Raman intensity
1531 cm™!. The modes mainly involve the C—C stretching co-
ordinates with the two most prominent modes 1153 cm~! and
1166 cm™! in the range of 1250 cm~!-1150 cm~!. Between
1500 cm ™! and 1400 cm™!, the modes mainly involve methyl
deformations and only a few of them exhibit appreciable Ra-
man intensities, giving rise to a composite peak at 1452 cm™.
The C—H rocking is the internal coordinate that dominates the
modes between 1400 cm™—! and 1250 cm™!, leading to an
asymmetric peak at 1279 cm~!. Finally, the methyl rocking
prevails in the modes between 1050 cm™! and 990 cm .

experimentjl B3LYP/6-31G*
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Fig. 4. Calculated Raman spectrum of canthaxanthin in the fully re-
laxed geometry (right) serving as a comparison with the experimental
Raman spectrum obtained from a solution in 1,2-dichloroethane using
514.5-nm excitation (left).

Note that there is a prominent peak at nearly 1525 cm™!
consisting of two closely spaced modes based on above anal-
yses. From viewing the characteristic structure of canthax-
anthin in Fig. 3, one of C atoms in some specific CC dou-
ble bond such as Cg=Cy, C1,=C;3, C4=Cs5, and C;,=C;7 con-
jugates with an extra methyl compared with other CC dou-
ble bonds.
beit with an alternating pattern, i.e. Cg=Cg and C;,=C3 for
1523 em™!, C4=Cs and C;6=C;7 for 1531 cm™!, and C,=C3
and Cg=C;9 for 1586 cm™!, the different types of the C=C co-
ordinates in the polyene chain are attributed to the distribution

The C=C stretching of the polyene chain al-

of wavenumbers. Additionally, the CC single bond stretchings
of the adjacent methyl (C3—C4, C5—Cg, C15—Ci6, C17-Ci3)
for 1166 cm™~! are comparable to the stretchings of central
isolated single bonds (C9—Cjg and C;;—Cy3) for 1153 cm~ L.
Meanwhile, the methyl coordinates in the polyene chain have
an apparent effect on the C=C and C—C stretchings. Concomi-
tantly, the lengths of the adjacent single bonds are reduced by

about the same quantity, leading to nearly the same average
bond length so that the single and double bonds of the polyene
chain become very similar. Consequently, it may be possible
that C—C stretching modes mix with the C=C stretching.

5. Conclusions

In this paper, the temperature-dependent resonance Ra-
man spectra are measured in a temperature range from 20 °C
to —180 °C. It is observed that all vibrational intensities of the
polyene chain are inversely proportional to temperature, which
is further analyzed by the resonance Raman effect and the
coherent weakly damped electron/lattice vibrations. Mean-
while, it is observed that their combination and overtone in-
tensities increase more rapidly with temperature than those of
fundamental hamonics, and the results are discussed in detail
with electron/phonon coupling and the activation energy Uyp.
Moreover, the polyene chain studies are complemented by the
DFT B3LYP/6-31G* level. The calculated frequencies, com-
pared with the experimentally observed spectral features, re-
flects a prominent peak at 1525 cm™! that is composed of two
closely spaced modes and both of them are dominated by C=C
stretching coordinates of the polyene chain.
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