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Temperature dependencies (81 ◦C–18 ◦C) of visible absorption and Raman spectra of all-trans-β-carotene and

all-trans-retinol extremely diluted in dimethyl sulfoxide are investigated in order to clarify temperature effects on

different polyenes. Their absorption spectra are identified to be redshifted with temperature decreasing. Moreover,

all-trans-β-carotene is more sensitive to temperature due to the presence of a longer length of conjugated system. The

characteristic energy responsible for the conformational changes in all-trans-β-carotene is smaller than that in all-trans-

retinol. Both of the Raman scattering cross sections increase with temperature decreasing. The results are explained

with electron–phonon coupling theory and coherent weakly damped electron–lattice vibrations model.
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1. Introduction

Conjugated polyenes are electroluminescent ma-

terials which present high quantum efficiencies at

room temperature. There is a lot of research about

the polyenes.[1,2] This fact, combined with their func-

tional properties of semiconductor and their solu-

bility in common organic solvent, makes the conju-

gated polyenes a new class of electronic plastic mate-

rials with potential applications in electro–optical and

photovoltaic devices.[3,4] All-trans-β-carotene and all-

trans-retinol each consist of a β ionone core and a con-

jugated polyene chain. All-trans-β-carotene and all

trans-retinol are important in many essential biolog-

ical processes, including vision,[5] reproduction,[6−8]

glycoprotein synthesis,[8] and cell growth.[9] The

conjugated polyenes are sensitive to oxygen and

light.[10−15] Even though the main goal is to develop

a polymer working at room temperature, studies fo-

cusing on the temperature dependence of photophys-

ical phenomena[16−18] can provide valuable informa-

tion about the absorption and Raman characteristics

of conjugated polyenes materials.

The reduction of temperature can reduce the in-

herent conformational disorder which often reduces

the electron delocalization in these π-conjugated

systems.[19] The conformational changes can be re-

garded as thermal excitation of certain vibrational

modes into higher energy levels. We may assume a

single vibrational mode with energy ε to be responsi-

ble for the conformational change for simplicity.

In this paper, temperature dependencies (81 ◦C–

18 ◦C) of visible absorption and Raman spectra of all-

trans-β-carotene and all-trans-retinol extremely di-

luted in dimethyl sulfoxide (DMSO) are investigated

in order to clarify temperature effects on different

conjugated length polyenes. The temperature depen-

dence of the zero-phonon line in the absorption is
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attributed to an increase in the liquid density and

the concomitant increase in the refractive index by

the Lorentz–Lorenz relation at low temperature. The

enhancement of coherent weakly damped electron–

lattice vibrations leads to the increases of the Ra-

man scattering cross sections (RSCSs) of all-trans-β-

carotene and all-trans-retinol.

2. Experimental details

Retinoid powders (all-trans-retinol and all-trans-

β-carotene) were purchased from Sigma-Aldrich

Chimie (France) and stored at −20 ◦C in the dark.

The experiment was performed on a solution of all-

trans-retinol which was dissolved in DMSO, and all-

trans-β-carotene dissolved in benzene and DMSO.

DMSO was used as solvent, as had been done in pre-

vious papers.[20] The mixture of benzene and DMSO

was well used as a solvent in variable temperature ex-

periments. First, DMSO has a hard volatile charac-

teristic, for it is easy to freeze when being dissolved

in organic solvents at low temperature. Second, its

position of Raman band is far away from that of all-

trans-β-carotene. These factors have no influence on

our processing data. Fresh solutions were measured

immediately after their preparation to avoid degra-

dation. The peculiarities in the Raman spectra that

we observed at 1044 cm−1 of DMSO and 992 cm−1

of benzene can be used as interior indications for all-

trans-β-carotene and all-trans-retinol. The 514.5-nm

line from an Ar+ ion laser was used as the excitation

source, with a laser power of 3.6 mW. The spectra

were collected in a backscattering configuration by a

microscope using a 5× objective. The Raman spec-

tra of the more intense lines were measured at dif-

ferent temperatures in a Linkam thms600 system and

recorded on a Renishaw InVia Raman spectrometer

(Spectra Physics163-M42). The absorption spectra

were measured on a Purkinje General TU-1901 spec-

trophotometer with 1-nm step.

3. Results and discussion

3.1.Temperature evolutions of visible

spectra of all-trans-β-carotene and

all-trans-retinol

All-trans-β-carotene is characterized structurally

by a short, conjugated, π-electron chain of 9 conju-

gated double bonds in its hydrocarbon backbone and

spectrally by strong visible absorption in the 400 nm–

500 nm region.[21,22] And all-trans-retinol has 4 repeat

units and is characterized by strong visible absorption

in the 300 nm–380 nm region.[23] The structures are

given in Fig. 1. The absorption of all-trans-β-carotene

is due to an intense, allowed S0(1
1A−

g ) → S2(1
1B+

u )

transition. Transition between S0(1
1A−

g ) and the low-

est excited singlet state, S1(2
1A−

g ) is forbidden by

symmetry.[21,24] Figure 2 shows the absorption spec-

tra for the all-trans-β-carotene and all-trans-retinol at

different temperatures.

(a) (b)

Fig. 1. Structures of all-trans-β-carotene (a) and all-

trans-retinol (b).
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Fig. 2. Visible absorption spectra of all-trans-β-carotene

(a) and all-trans-retinol (b) dissolved in DMSO in a tem-

perature range from 81 ◦C to 18 ◦C. The zero-phonon

peaks and the first and second vibronic bands are denoted

as the 0-0, 0-1, and 0-2 peaks, respectively.

Figure 3 shows the temperature dependencies of

the wavelength of all-trans-β carotene and all-trans-

retinol in DMSO. The slopes of both bands are pos-

itive, but the former increases more rapidly than the

latter.
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Fig. 3. Temperature dependencies of absorption elec-

tronic (0–0) transition peak wavelength of all-trans-β-

carotene (a) and all-trans-retinol (b). The slopes (S) ob-

tained from line fitting are also presented with wavelength

being in nm and temperature in ◦C.

We have already described the changes of spec-

tra on cooling the all-trans-β-carotene and all-trans-

retinol. The measurements are summarized in Table 1.

As already noted, the all-trans-β-carotene and all-

trans-retinol on cooling to about 18 ◦C, exhibit values

of displacement λmax of about 7.68 nm and 2.81 nm of

the central maximum toward longer wave-lengths, and

the values of ratio εmax of increasing about 6 and 5

percent. Ratio εmax itself, though frequently involved

in theoretical discussion, has little physical meaning,

and offers only a rough hint of whether the band area

has changed. As shown by the polyenes examined, the

all-trans-β-carotene exhibits special behaviour. Cool-

ing it shifts λmax more than cooling all-trans-retinol.

The major different feature of them is that they pos-

sess different conjugated systems of alternate single

and double bonds in linear array.

Resonance, or the presence of π-electrons, low-

ers the energy required to raise an electron from the

ground state to the first excited state, hence poising

the absorption at relatively long wave-lengths; and

also greatly increases the probability of such tran-

sitions, resulting in a consequent intensification of

absorption.[23]

The peak shift of the optical spectrum, induced

by a change in the refractive index, is generally de-

scribed by[25,26]

E = E0
0 + p

n2 − 1

n2 + 2
. (1)

Here, (n2 − 1)/(n2 + 2) = ϕ(n2) is the Lorentz–

Lorenz function, and E0
0 and p are the intercept peak

energy and the slope in the plot of peak energy E

against ϕ(n2), respectively. In this case, the refrac-

tive index function ϕ(n2) reflects the interaction of

traveling light with matter[27,28] and varies with tem-

perature. The temperature variation of ϕ(n2) can be

evaluated by

ϕ(n2) ∝ ρ/M ∝ l−3, (2)

where ρ and M are the density and the molecular

weight of surrounding matter, respectively, and l is

the length of the sample.

Table 1. Parameters of absorption spectra for all-trans-β-carotene and all-trans-retinol.

Sample
81 ◦C 18 ◦C Ratio of εmax Shift of λmax/nm

εmax/10−3 λmax/nm εmax/10−3 λmax/nm (18 ◦C/81 ◦C) (18 ◦C/81 ◦C)

All-trans-β-carotene 16.91 495.17 17.98 502.85 10633 7.68

All-trans-retinol 21.69 329.23 22.94 332.04 1.0576 2.81

In the temperature range studied it is found that

the measurements of density and refractive index vary

linearly with temperature. For T = 60 ◦C: ρ =

1.060398 g/cm3 and n = 1.4620 while for T = 20 ◦C:

ρ = 1.100401 g/cm3 and n = 1.4793.[27] So the

red shifts of the absorption spectrum of all-trans-

β-carotene and all-trans-retinol in the visible region

upon temperature decreasing should be explained as

arising from the increase in liquid density and the con-

comitant increase in refractive index by the Lorentz–

Lorenz relation.

Otherwise, the increase of the effective conjuga-

tion length with temperature decreasing can be de-

scribed in terms of the chain conformational order
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through the expression[30]

n(T ) = n0 e
εKT , (3)

where n0 is the effective conjugation length at high

temperatures, k is the Boltzmann constant, and ε is

the characteristic energy responsible for the conforma-

tional changes in the polymer chains.

Figure 4 shows the temperature behaviors of the

00 absorption peak energy of all-trans-β-carotene and

all-trans-retinol. The fit curves (dot lines) are ob-

tained from the empirical expression[31−33]

E = E0 +
∆

n (T )
, (4)

where E0 is the respective gap energy in the absorp-

tion case and ∆ is a fitting parameter, dependent on

the polymeric material. For practical purposes we re-

fer to ∆/n0 as ∆E in order to simplify the fitting

process. For E0, we use the gap energy at 298 K in

Fig. 4.
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Fig. 4. Temperature dependencies of the absorption zero-

phonon peak energy of all-trans-β-carotene (a) and all-

trans-retinol (b). The dot lines are the curves fit to exper-

imental data as explained in the text.

The energy ε for all-trans-β-carotene [ε =

0.0313 eV, Fig. 4(a)] is lower than that obtained from

the fit in the all-trans-retinol [ε = 0.0592, Fig. 4(b)].

The energy ε represents the characteristic value of

energy to change the conformation of the polymeric

chain. Another parameter which is very sensitive to

the electronic delocalization is the bond length alter-

nation (BLA), i.e., the average difference between sin-

gle and double C–C bond length. An increase in delo-

calization length implies an increasing equalization of

the chain length. It is shown that there is a decrease

of BLA as the chain length increases. The param-

eter λ̄ is an a dimensional parameter introduced by

Ehrenfreund et al.[34] to express the electron–phonon

coupling in polyene chains of a given length. It is

shown that λ̄ decreases with the conjugation length

increasing.[35] So the value of λ̄ of all-trans-β-carotene

(9 repeat units) is smaller than of all-trans-retinol (4

repeat units). In the all-trans-retinol (preponderance

of small conjugation length segments) we should have

a higher ε than that in the all-trans-β-carotene, which

is in agreement with the obtained parameter.

3.2.Temperature evolutions of Raman

spectra of all-trans-β-carotene and

all-trans-retinol

The Raman scattering experiments demonstrate

that the vibration frequencies 1520 cm−1 and

1590 cm−1 correspond to the carbon–carbon double

bond stretches of all-trans-β-carotene and all-trans-

retinol which contain 9 and 4 alternate double bonds

respectively. In Fig. 5 the microsoft Raman spectra

obtained at different temperatures are shown.

The Raman shift in the carbon–carbon double

bond region behaves as a function of inverse conju-

gation. Since the polyenes we have examined are fully

conjugated, i.e., the conjugation length is equal to the

length of the molecule, we can ask what the present

data suggest for the conjugation length of polyenes.

The Raman shift increases with conjugation length

decreasing[36]

We can obtain the RSCSs of all-trans-β-carotene

and all-trans-retinol in DMSO at different tempera-

tures using the following equations:[37,38]

σS = σR ·
(
IS
IR

)[
v0 (v0 − vR)

3

v0 (v0 − vS)
3

](
CR

CS

)
L (v0) , (5)

L(v0) =

(
n2 + 2

3

)4

, (6)

where subscripts S and R denote solute and interior

respectively; σ is the RSCS; C is the molar concen-

trations; I represents the Raman intensity; v0 is the

incident excitation beam wavenumber (cm−1); L(v0)
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is the local field correction factor obtained from On-

sager’s theory; n is the solvent refractive index. How-

ever, σR varies with temperature. So we set the value

of σR at room temperature as the label to amend the

parameter. It is clear that the values of relative RSCS

of all-trans-β-carotene and all-trans-retinol increase

linearly with temperature decreasing (see Fig. 6).
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Fig. 5. Temperature dependencies of Raman spectrum

of all-trans-β-carotene and all-trans-retinol dissolved in

DMSO in a range from 81◦C to 18 ◦C

The solution volume density becomes large and

the intermolecular distance diminishes with the de-

crease of temperature. It reduces the vibrations out

of the planes of the chain of all-trans-β-carotene and

all-trans-retinol. At the same time, the decrease

of the thermal disorder causes the electrons to stay

in a low delocalization condition. This reduces the

concentration of thermal defects in the chain, and

the conjugated chain tends to increase the structure

ordered,[39] thereby increasing the coherent weakly

damped electron–lattice vibrations. The π-conjugated

system is thought to be a highly sensitive super-

structure which can be easily disturbed by structural

defects.[40] Thus, the temperature drop increases the

liquid density and the refractive index which leads to

the red shifts in the absorption spectra of all-trans-

β-carotene and all-trans-retinol. So the 514.5-nm ex-

citation line can clearly drop in the absorption band

of all-trans-β-carotene and approach the absorption

band of all-trans-retinol, which enhances the resonant

Raman effects . Therefore, the RSCS of the CC bond

increases with temperature decreasing.
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Fig. 6. Relative RSCSs of C=C of all-trans-β-carotene

(a) and all-trans-retinol (b) versus temperature.

4. Conclusion

Optical absorption and Raman measurements at

different temperatures are performed to characterize

the optical properties of all-trans-β-carotene and all-

trans-retinol. Their absorption spectra are identi-

fied to be redshifted with the decrease of tempera-

ture. The former is more sensitive to temperature

because it possesses a larger conjugated system of

alternate single and double bonds in linear array.

An increase in chain length implies a reduction in

electron–phonon coupling parameter, so it will ex-

pend lower characteristic energy on the conforma-

tional changes in the all-trans-β-carotene chains than

in the all-trans-retinol chains. The enhanced coherent

weakly damped electron–lattice vibrations lead to the

increased RSCSs of the CC double bonds of all-trans-

β-carotene and all-trans-retinol with the decrease of

temperature.

127802-5



Chin. Phys. B Vol. 21, No. 12 (2012) 127802

References

[1] You R Y and Huang X J 2012 Chin. Phys. B 21 017807

[2] He P L, Si N, Fan R W, Li X H, Xia Y Q, Yu X and Chen

D Y 2012 Chin. Phys. B 21 027801

[3] Tessler N, Denton G J and Friend R H 1996 Nature 382

695

[4] Friend R H, Gymer R W, Holmes A B, Burroughes J H,

Marks R N, Taliani C, Bradley D D C, Dos Santos D A

and Brédas J L 1999 Nature 397 121

[5] Wald G 1978 Nature 219 800

[6] Ross C and Gardner E 1994 Nutrient Regulation Dur-

ing Pregnancy Lactation and Infant Growth (New York:

Plenum) pp. 55–60

[7] Eskild W and Hansson V 1994 Vitamin A in Health and

Disease (New York: Marcel Dekker) pp. 65–80

[8] De Luca L, Bhat P, Sasak W and Adamo S 1979 Fed.

Proc. 38 2535

[9] O’Connell M J, Chua R, Hoyos B, Buck J, Chen Y and

Derguini F 1996 J. Exp. Med. 184 549

[10] Lerner D A and Mani J C 1970 Bull. Soc. Chim. Fr. 5

1968

[11] Mousseron-Canet M, Mani J C and Dalle J P 1967 Bull.

Soc. Chim. Fr. 2 608

[12] Rosenfeld T, Alchalal A and Ottolenghi M 1973 Chem.

Phys. Lett. 20 291

[13] Manan F, Baines A, Stone J and Ryley J 1995 Food Chem.

52 267

[14] Krinsky N I 1979 Pure Appl. Chem. 51 649

[15] Krinsky N I 1968 Photophysiology 3 123

[16] Pichler K, Halliday D A, Bradley D D C, Burn P L, Friend

R H and Holmes A B 1993 J. Phys.: Condens. Matter 5

7155

[17] Sheridan A K, Lupton J M, Samuel I D W and Bradley

D D C 2000 Synth. Met. 531 111

[18] Peeters E, Ramos A M, Meskers S C J and Janssen R A

J 2000 J. Chem. Phys. 112 9445

[19] Pina J, Seixas de Melo J, Burrows H D, Bünnagel T W,
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