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Solvent-induced spectral shifts of the four C40 carotenoids,â-carotene, echinenone, canthaxantin, and
astaxanthin, have been studied in supercritical CO2 and CF3H. In situ absorption spectroscopic analysis was
used to determine the maximum peak position of the electronic transitions from the ground state (11Ag

-) to
the S2 state (11Bu

+) of the carotenoids. The medium polarizability function,R(n) ) (n2 - 1)/(n2 + 2) of the
refractive index of the solvent was varied over the rangeR(n) ) 0.08-0.14, by changing the pressure of CO2

or CF3H between 90 and 300 bar at the temperature 308 K. For all the carotenoids studied here, a significant
hypsochromic shift of ca. 20-30 nm was observed in supercritical fluids as compared to that in nonpolar
liquids. The spectral shifts in supercritical fluids were compared with those in liquids and showed a clear
linear dependence on the medium polarizability. The temperature-dependent shift of the absorption maxima
was less significant. Interestingly, there was almost no difference in the energetic position of the absorption
maxima in supercritical CO2 and CF3H at a givenR(n) value. This is in contrast to previous extrapolations
from studies in liquids at largerR(n) values, which yielded different slopes of theR(n)-dependent spectral
shifts for polar and nonpolar solvents toward the gas-phase limit ofR(n) ) 0. The current experimental
results in the gas-to-liquid range show that the polarity of the solvent has only a minor influence on the
11Ag

- f 11Bu
+ transition energy in the region of lowR(n). We also obtain more reliable extrapolations of

this 0-0 transition energy to the gas-phase limitν0-0
gas-phase≈ (23 000( 120) cm-1 for â-carotene.

1. Introduction

The roles of carotenoids as light-harvesting and photopro-
tective pigments are determined by the photochemistry of their
low-lying excited electronic states.1,2 A knowledge base of the
energetics of these carotenoid excited electronic states and their
dependence on conjugation length, the presence of substituents,
isomeric structure, and solvent environment is a prerequisite
for understanding the interactions of carotenoids involved in
photobiology. Since direct gas-phase spectral measurements of
carotenoids are extremely difficult to perform, one needs to
estimate such energetics by extrapolating the transition energies
in solvents to vacuum as outlined next.

The solvatochromic shifts of electronic absorption spectra in
different solvents are the experimental evidence for the differ-
ence in solvation energies of the ground electronic state and
the Franck-Condon excited electronic state. The solvatochromic
shifts are generally related to dielectric interactions between
solute and solvent molecules when they depend only on
multipole and polarizability properties of the solute and solvent
molecules.3 In addition, specific interactions such as hydrogen
bonding can influence the spectral shape and the shift of the
peak positions.3

Especially, solvent-induced absorption spectral shifts of the
electronic transition from the ground (11Ag

-) state to the second-
excited state (11Bu

+) of carotenoids have been intensively
studied in liquids. Andersson et al. have measured the spectral
shifts of the absorption forâ-carotene, lycopene, spheroidene,
and spheroidenone in various nonpolar and polar solvents.4

These measurements showed that the shift depends linearly on
the solvent polarizability, and the energetic position of the
absorption band maximum ofâ-carotene is well-correlated with
the Lorentz-Lorenz functionR(n) ) (n2 - 1)/(n2 + 2) of the
refractive index of the solvent. This was attributed to a dispersive
effect resulting from the high polarizability of the S2 state.4

Noguchi et al. also observed that absorption maxima of
â-carotene, 8′-â-apo-8′-carotenal, and ethyl-8′-â-apo-8′-caro-
tenoate are linearly correlated withR(n) for each solvent.5

Interestingly, when the absorption maxima (in cm-1) are
plotted on theR(n) scale, polar and nonpolar solvents showed
different line slopes: the slope for polar solvents was flatter
than that for nonpolar solvents over the rangeR(n) ) 0.2-0.4,
and both lines were crossing at theR(n) value of about 0.3 (e.g.,
for spheroidene6,7 and for neurosporene andâ-carotene).7 In the
case of â-carotene, the maximum of the entire electronic
absorption band of the 11Bu

+ state in nonpolar solvents was
expressed by Macpherson and Gillbro as:8

while in polar solvents

Nagae et al.7 suggested similar expressionsν̃(11Bu
+)nonpolar )

[24 976-12 178R(n)] cm-1 for nonpolar solvents andν̃(11Bu
+)polar

) [23 787-8268R(n)] cm-1 for polar solvents. They developed
a theory to explain this observation such that, in polar sol-
vents, an electric field that is generated by fluctuation of the
solvent dipoles affects the conjugated chain of the carotenoid
in a long spheroidal cavity; it stabilizes the 11Bu

+ energy through
* Corresponding author. E-mail: koum@gwdg.de; tel:+49 551 3912598,
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ν̃(11Bu
+)nonpolar) [25 080-12 060R(n)] cm-1

ν̃(11Bu
+)polar ) [23870- 8181R(n)] cm-1 (2)
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the polarization effect (leading to a larger stabilization relative
to nonpolar solvents when extrapolatingR(n) to 0) and
substantially reduces the dispersive interaction (resulting in a
smaller slope). Renge et al. also assigned different linear
regression parameters for the dependence of absorption maxima
of â-carotene in nonpolarn-alkanes,ν̃(1Bu

+)nonpolar) [24 260-
8994R(n)] cm-1, while in polar solvents,ν̃(1Bu

+)polar) [22 298-
428{R(ε) - R(n)}] cm-1, whereR(ε) ) (ε - 1)/(ε + 2), and
the difference between{R(ε) - R(n)} can be used as a measure
of (di)polarity.9

Such different line slopes and consequently different inter-
cepts at the limitR(n) f 0 for nonpolar and polar solvents seem
to fit well with experimental data in liquids over theR(n) range
of 0.2-0.4. However, these expressions can certainly not be
extrapolated to lowR(n), as they should yield the same value
in the limit of isolated gas-phase molecules (R(n) ) 0).

In this respect, it is desirable to measure spectral shifts at
small values ofR(n) for solvents of different polarity. Note that
the solubility and vapor pressure of carotenoids are generally
very low,10,11 and it is a very difficult task to perform such an
experiment in the dilute gas phase. In this study, we employed
supercritical fluids, which allow us to access the range of low
R(n). Furthermore, supercritical fluids such as CO2 or CF3H
have the clear advantage that the medium polarizability is varied
just by the density change without alteration of the chemical
identity of the solvent species, in contrast to studies using
liquids, where parameters such as polarizability, polarity,
hydrogen-bonding capability, or molecular size are varied at
the same time. In our case, we can therefore avoid possible
complications by minimizing effects of multiparameter influ-
ences.

In the following, we present the density and temperature
dependence of the absorption spectra ofâ-carotene, echinenone,
canthaxanthin, and astaxanthin in supercritical CO2 and CF3H
over the pressure range of 90-300 bar atT ) 308 K. In this
density range, we can varyR(n) between 0.08 and 0.14 for
nonpolar supercritical CO2 and for polar supercritical CF3H.
Next, we provide strong experimental evidence that the absorp-
tion maxima in the gas-to-liquid region are very similar for
supercritical CO2 and for supercritical CF3H, and therefore, the
extrapolation toR(n) f 0 yields a single value for the gas-
phase species.

2. Experimental Procedures

An optical high-pressure cell was used for the quasi-static
absorption measurement of solid solutes in supercritical fluids.
This cell can be used at pressures up to 500 bar and temperatures
up to 100°C. It consists of two separate optical compartments.
Both beam paths have an identical length (80 mm) and are
sealed with two sapphire end windows (diameter 10 mm,
thickness 10 mm). One of the compartments contained only
supercritical CO2 or CF3H and was used as a reference. The
second compartment for the sample was connected to the mixing
chamber via a particle filter (5µm pore size). The total volume
of the sample cell and the mixing chamber was 18 mL. Two
heat cartridges were embedded in the high-pressure cell body,
and the temperature was regulated by a controller (Eurotherm).
A syringe-type high-pressure pump (ISCO, DX100) was used
to keep the chosen constant pressure. Compressed CO2 or CF3H
was preheated to the desired temperature and passed on to the
high-pressure cell. Our portable high-pressure cell was small
enough to be installed inside the sample chamber of the
spectrometer (Varian CARY 5E). Absorption spectra were
measured over the wavelength range of 200-800 nm with a

spectral resolution of 0.1 nm. Each spectrum in the sample cell
was corrected by the reference spectrum measured in the
supercritical fluid only. (There was, however, no significant
change in reference spectra of CO2 and CF3H at different
pressures.)

Samples were prepared in the following way: first, we
measured the solubility of carotenoids in supercritical fluids.
For solubility measurements, about 1 mg of the carotenoid was
loaded in the mixing cell and dissolved in supercritical fluids
at a particular pressure and temperature with the help of a motor-
driven magnetic stirrer. By doing this, only dissolved carotenoids
were transferred into the sample cell through a particle filter.
Absorption spectra were measured as a function of mixing time
until they reached the solubility limit at a particular pressure
and temperature of CO2. Usually, this took about 1-3 h. For
absorption measurements, we kept the carotenoid concentration
far below the solubility limit. This required only a very small
amount of the carotenoid (a few micrograms). Stock solutions
of carotenoids were prepared in acetone (10-5 M), and the
required amount (typically ca. 1× 10-8 M) was pipetted directly
into the mixing chamber. The liquid acetone was allowed to
evaporate by heating the cell at 313 K. The sample cell and the
mixing chamber were then pressurized at 90 bar, and sample
stirring was initiated. By doing this, the loaded trace amount
of carotenoids was completely dissolved in the supercritical
fluid. Measurements were performed in the order of increasing
pressure from 90 to 300 bar.

Carbon dioxide of 99.995 mass % purity (Praxair) and CF3H
of the same purity (Gerling Holz Co.) were used as received.
Figure 1 contains structures for the C40 carotenoids studied in
this paper. The highly purifiedâ-carotene, echinenone, can-
thaxanthin, and astaxanthin were in all-trans (all-E) configura-
tions with purity>97% and generously provided by BASF AG.
The organic solvents had a purityg99%.

3. Results and Discussion

3.1. Solvent-Dependent Absorption Maxima of C40 Caro-
tenoids. Figure 2 shows steady-state absorption spectra of
â-carotene, echinenone, canthaxanthin, and astaxanthin in
supercritical CO2 (p ) 300 bar,T ) 308 K). The absorption
band near 450 nm corresponds to the S0 (11Ag

-) f S2 (11Bu
+)

transition. For comparison, we show their absorption spectra
in n-hexane or in toluene. Interestingly, for all four carotenoids,
a significant hypsochromic spectral shift was seen in super-
critical fluids relative to the absorption maxima inn-hexane
(∼20 nm) or toluene (∼30 nm). This is consistent with a
preliminary investigation by Hui et al. of the behavior of the
electronic absorption spectra ofâ-carotene, lycopene, zeaxan-
thin, canthaxanthin, and astaxanthin in supercritical CO2.12

Figure 1. C40 carotenoids investigated in this paper.
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Absorption spectra of astaxanthin, for example, were struc-
tureless in the visible region both in supercritical CO2 and in
supercritical CF3H. They were almost identical in terms of the
position of the absorption maximum and the bandwidth (fwhm
of ca. 100 nm). In Figure 3, we compare absorption spectra of
astaxanthin in various room-temperature liquids (polar and
nonpolar)13 with those in supercritical CO2 and CF3H. Absorp-
tion maxima of the band near 450 nm are shifted to longer
wavelengths in liquids as the solvent polarizability increases.

The effect of density change on the absorption maximum of
astaxanthin in supercritical CO2 is seen in Figure 4 over the
pressure range of 100-300 bar at 308 K. Table 1 summarizes
all experimental data mentioned in this paper. At higher

pressures, the position of the main peak of the S0 (11Ag
-) f S2

(11Bu
+) transition was shifted by ca. 6 nm to a longer wavelength

(447.6-453.7 nm). In addition to the main absorption in the
visible region, a weaker absorption band was observed between
250 and 300 nm, which is assigned to the 11Ag

- f 21Bu
+

transition.1 Interestingly, the shift of this peak was insignificant,
and the position of its absorption maximum was almost
independent of pressure (see Figure 4). Obviously, the 11Bu

+

and 21Bu
+ transitions are affected to a different extent by the

solvent polarizability, in a similar way as Hui et al.12 and Kuki
et al.6 interpreted. We also mention that the so-called cis-peak,
which is assigned to the1Ag

+ transition and expected to appear
near 350 nm,14,15was not observed in Figure 4, indicating that
no complications with thermally- or photochemically-induced
trans-cis isomerization occurred in our experiments.

The larger intensity of absorption signals at higher pressures
in Figure 4 points to a better solubility of astaxanthin in
supercritical CO2. So far, there has been no report on the
solubility of astaxanthin in supercritical fluids. Assuming that
the absorption coefficients in supercritical CO2 are the same as
the values observed in liquids (εM ≈ 105 M-1 cm-1), we could
determine the solubility of astaxanthin to be in the range of
10-8 to 10-7 M under our experimental conditions. However,
in several cases, it has been found that the experimentally
recoveredεM values in supercritical fluids were different from
those in liquids and even they were density-dependent. This
will be discussed in more detail next.

The absorption spectrum (in units of cm-1) for â-carotene in
300 bar CO2 at 308 K is shown in Figure 5. The vibronic
structure of the spectrum is broadened presumably because
nonplanarity between the central polyene chain and the terminal
â-ionone rings results in a distribution of slightly differently
absorbing species.1 The absorption maxima of the 0-0 up to
0-4 transitions were analyzed by a sum of Gaussian peaks with
a constant energetic width for the five individual peaks. An
example for the analysis is shown in Figure 5. For instance, in
300 bar CO2 at 308 K, the 0-0, 0-1, 0-2, 0-3, and 0-4
transitions occurred at 21 723, 23 152, 24 580, 26 009, and
27 438 cm-1, respectively. As the pressure decreased to 90 bar,
the five individual peaks ofâ-carotene shifted to higher energy,
and the bandwidth decreased (e.g., from 1238 cm-1 at 300 bar
to 1150 cm-1 at 90 bar). In the case ofâ-carotene, the absorption

Figure 2. Steady-state absorption spectra of four different C40

carotenoids in supercritical CO2 (p ) 300 bar,T ) 308 K, left solid
line) and in room-temperature liquids (right solid line). Carotenoids
are (A) â-carotene, (B) echinenone, (C) canthaxanthin, and (D)
astaxanthin. For panel A, data inn-hexane are compared, while for
panels B-D, data in toluene are shown for comparison.

Figure 3. Steady-state absorption spectra of astaxanthin. From left to
right: in supercritical CF3H (p ) 200 bar,T ) 308 K) from this paper,
in supercritical CO2 (p ) 200 bar,T ) 308 K) from this paper, and in
room-temperature liquids (n-hexane, methanol, acetone, tetrahydrofuran,
toluene, and chloroform, respectively) from ref 13.

Figure 4. Absorption spectra of astaxanthin in supercritical CO2 at
308 K at pressures of 100, 125, 150, 175, 200, 250, and 300 bar (from
bottom to top). The crosses indicate the absorption maxima of the 11Bu

+

(near 450 nm) and the 21Bu
+ transitions (near 280 nm).
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maximum of the band was almost identical to the fitted value
of the 0-1 transition. We also measured pressure-dependent
absorption spectra ofâ-carotene in supercritical CF3H at 308
K. There were still noticeable vibronic features of the 11Ag

- f
11Bu

+ absorption band, and the absorption maxima were almost
identical to those in supercritical CO2 at the sameR(n) value.
TheR(n) values for supercritical CO2 and CF3H were estimated
from the work of Lewis et al.16

The pure thermochromic shift can be easily analyzed in
supercritical fluids because the density can be kept constant
when varying the temperature by adjusting the pressure. For
example, the absorption maxima forâ-carotene dissolved in
supercritical CO2 were found to be insensitive to the temperature
change itself: when the pressure and temperature were varied
at a constant density ofF ) 0.93 g/mL (p ) 300, 338, 376, and
414 bar at temperatures of 308, 313, 318, and 323 K,
respectively), the positions of the absorption maxima were
almost constant at a value of (433.4( 0.4) nm. Inn-hexane,
the situation was slightly more complicated. Figure 6 shows

the effect of the temperature change on the wavelength for the
maximum absorption ofâ-carotene and astaxanthin inn-hexane.
The peak position (in cm-1) was shifted from 22 220 to 22 390
cm-1 for â-carotene and from 21 200 to 21 530 cm-1 for
astaxanthin over the temperature range of 299-333 K. These
changes are probably due to a combined effect of temperature
and density variation. For instance, in the case ofâ-carotene in
supercritical CO2, the change of density at a constant temper-
ature of 308 K from 0.66 to 0.93 g/mL (from 90 to 300 bar,
see Table 1) resulted in a shift of-315 cm-1. In then-hexane
case in Figure 6, the density changes only from 0.62 to 0.65
g/mL over the temperature range of 299-333 K, and still a
spectral shift of-169 cm-1 is observed. Therefore, there appears
to be an additional temperature effect forn-hexane. In any case,
on an absolute scale, this effect is very small as compared to
the solvatochromic shifts, which are of primary interest in this
paper. As a fine detail, we note that the slopes for the two C40

carotenoids in Figure 6 are different, so the absolute size of the
shift is also carotenoid-dependent.

TABLE 1: Absorption Maxima of â-Carotene and Astaxanthin in Various Solventsa

â-carotene in nonpolar solvents

solvent R(n) R(ε) νmax (cm-1) λmax (nm) ref solvent R(n) R(ε) νmax (cm-1) λmax (nm) ref

n-hexane 0.229 0.228 22220 450.0 8 n-octane 0.241 0.240 22092 452.7 9
cyclohexane 0.255 0.255 21980 455.0 8 n-decane 0.248 0.248 22080 452.9 9
toluene 0.293 0.315 21570 463.6 8 n-undecane 0.255 0.249 21990 454.8 9
CS2 0.357 0.352 20700 483.1 8 n-tetradecane 0.258 0.256 21925 456.1 9
n-pentane 0.219 0.220 22304 448.4 9 n-hexadecane 0.261 0.259 21906 456.5 9
n-hexane 0.229 0.228 22163 451.2 9 PVB 0.287 0.404 21625 462.4 9
n-heptane 0.236 0.236 22134 451.8 9 PSt 0.338 0.339 21330 468.8 9

â-carotene in polar solvents

solvent R(n) R(ε) νmax (cm-1) λmax (nm) ref solvent R(n) R(ε) νmax (cm-1) λmax (nm) ref

acetone 0.220 0.867 22030 453.9 8 quinoline 0.354 0.731 21010 476.0 8
diethyl ether 0.217 0.526 22200 450.5 8 diethyl ether 0.217 0.526 22198 450.5 9
ethanol 0.221 0.890 22120 452.1 8 acetonitrile 0.212 0.921 22060 453.3 9
THF 0.246 0.688 21830 458.1 8 methyl acetate 0.220 0.653 22070 453.1 9
dichloromethane 0.255 0.726 21620 462.5 8 acetone 0.220 0.867 22032 453.9 9
benzonitrile 0.308 0.892 21320 469.0 8 aniline 0.336 0.669 21095 474.0 this paper
benzyl alcohol 0.314 0.784 21280 469.9 8

â-carotene in supercritical fluids at 308 K

p(CO2) (bar) R(n) R(ε) νmax (cm-1) λmax (nm) ref p(CF3H ) (bar) R(n) R(ε) νmax (cm-1) λmax (nm) ref

90 0.099 0.115 23386 427.6 this paper 90 0.085 0.615 23546 424.7 this paper
100 0.106 0.124 23321 428.8 this paper 150 0.098 0.661 23419 427.0 this paper
150 0.121 0.141 23214 430.8 this paper 200 0.103 0.677 23359 428.1 this paper
200 0.128 0.150 23164 431.7 this paper
250 0.133 0.156 23129 432.4 this paper
300 0.137 0.161 23071 433.4 this paper

astaxanthin in liquids

solvent R(n) R(ε) νmax (cm-1) λmax (nm) ref solvent R(n) R(ε) νmax (cm-1) λmax (nm) ref

n-hexane 0.229 0.228 21240 470.8 this paper ethanol 0.221 0.890 20877 479.0 13
toluene 0.293 0.315 20540 486.8 13 THF 0.246 0.688 20717 482.7 13
methanol 0.203 0.914 21000 476.2 13 chloroform 0.267 0.559 20321 492.1 13
acetonitrile 0.212 0.921 20972 476.8 13 DMSO 0.283 0.938 20273 493.3 13
acetone 0.220 0.867 20919 478.0 13

astaxanthin in supercritical fluids at 308 K

p(CO2) (bar) R(n) R(ε) νmax (cm-1) λmax (nm) ref p(CF3H ) (bar) R(n) R(ε) νmax (cm-1) λmax (nm) ref

100 0.106 0.124 22341 447.6 this paper 160 0.100 0.667 22260 449.2 this paper
125 0.115 0.135 22245 449.5 this paper 180 0.102 0.674 22252 449.4 this paper
150 0.121 0.141 22221 450.0 this paper 200 0.104 0.679 22249 449.4 this paper
175 0.125 0.146 22194 450.6 this paper 225 0.106 0.685 22161 451.2 this paper
200 0.128 0.150 22154 451.4 this paper 250 0.108 0.690 22153 451.4 this paper
250 0.133 0.156 22094 452.6 this paper 275 0.110 0.694 22151 451.5 this paper
300 0.137 0.161 22041 453.7 this paper 300 0.111 0.697 22144 451.6 this paper

a R(n) ) (n2 - 1)/(n2 + 2) andR(ε) ) (ε - 1)/(ε + 2), with the index of refractionn and dielectric constantε of the solvent.

11294 J. Phys. Chem. A, Vol. 110, No. 39, 2006 Chen et al.



The spectral shifts ofâ-carotene and astaxanthin in various
liquids as well as in supercritical CO2 and CF3H are summarized
in Figures 7 and 8, respectively. These two figures are the main
results of the current paper. Both figures show approximately
linear relationships between the 11Ag

- f 11Bu
+ transition energy

and the value ofR(n) for the set of nonpolar and polar solvents.
In liquids, the absorption maxima for the polar solvents are on
average located at lower energies than those for the nonpolar
species. Deviations of some solvents from a strictly linear
relationship are not surprising and show that a simple correlation
with a single parameter likeR(n) will not be able to describe
all details of spectral shift data. Interestingly, the difference in
absorption maxima between polar and nonpolar solvents be-
comes less significant in supercritical CO2 and CF3H over the
R(n) range of 0.08-0.14: absorption maxima are very similar
for â-carotene (Figure 7) and slightly smaller in the case of the
polar CF3H for astaxanthin (Figure 8). This is in contrast to
previous extrapolation curves, which were solely based on the
investigations in liquids. For comparison, we have also plotted
the estimates of Macpherson and Gillbro8 based on eqs 1 and
2 as dotted and dashed-dotted lines in Figure 7. Their
extrapolations clearly deviate from the experimental data in

supercritical CO2 and CF3H. Including all data points of
nonpolar and polar solvents together with our supercritical fluid
data, we extrapolated to theR(n) f 0 limit and obtained the
following expressions for the absorption maxima ofâ-carotene
in nonpolar solvents over theR(n) range of 0-0.35:

while in polar solvents

In a similar way, we summarize our results of absorption
maxima of astaxanthin in Figure 8 with the following expres-
sions over theR(n) range of 0-0.30 in nonpolar solvents:

while in polar solvents

The statistical error limits in eqs 3-6 correspond to 2σ standard
deviations.

Figure 5. Steady-state absorption spectra ofâ-carotene in supercritical
CO2 (p ) 300 bar,T ) 308 K). Experimental data (open circles) are
compared with a simulation result (thick line), which is the sum of
five individual vibronic features of the transition (assumed to have a
Gaussian shape). Simulation parameters: bandwidth) 1238 cm-1,
centers of transitions) 21 723 cm-1 (0-0), 23 152 cm-1 (0-1), 24 580
cm-1 (0-2), 26 009 cm-1 (0-3), and 27 438 cm-1 (0-4).

Figure 6. Temperature dependence of absorption maxima ofâ-carotene
and astaxanthin inn-hexane over the temperature range of 299-
333 K.

Figure 7. Solvatochromic shifts of the S0(11Ag
-) f S2(11Bu

+) transition
of â-carotene in various solvents. Data of nonpolar liquids are from
ref 8 (2) and ref 9 (4). Data for polar liquids are from ref 8 (+) and
ref 9 (]). Additional data in aniline are from this paper (0).
Supercritical fluid data in CO2 (b) and in CF3H (O) are from this paper.
Lines are the results from linear regression: (thick solid line) from
this paper for nonpolar solvents, (thin solid line) from this paper for
polar solvents, (dotted line) from ref 8 for nonpolar solvents, and
(dashed-dotted line) from ref 8 for polar solvents.

ν̃(1Bu
+)nonpolar)

[(24 376( 120)- (9431( 175)R(n)] cm-1 (3)

ν̃(1Bu
+)polar )

[(24 376( 120)- (10 178( 178)R(n)] cm-1 (4)

ν̃(1Bu
+)nonpolar)

[(23 370( 83) - (9549( 170)R(n)] cm-1 (5)

ν̃(1Bu
+)polar )

[(23 370( 83) - (11175( 140)R(n)] cm-1 (6)
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We have further considered the influence of solvent polarity
on the extrapolation of the location of absorption maxima,
especially for some liquids with a dipolar character, following
the method suggested by Renge et al.9 with a bilinear function:

where theb term is used to account for the effects of solvent
(di)polarity.9 All experimental data forâ-carotene in both polar
and nonpolar solvents in Table 1 are then expressed as

and for astaxanthin

with the linear regression coefficients 0.986 and 0.989, respec-
tively. Much smaller values of theb terms as compared to the
a terms in eqs 8 and 9 indicate that the spectral shifts are much
more sensitive to the change of the solvent polarizability
functionR(n). In any case, the resultingν̃0 values in eqs 8 and
9 are in good agreement with the simpler extrapolation based
on the polarizability of solvents in eqs 3-6.

For â-carotene, where the vibrational structure is well-
resolved, we can further give an estimate for the 0-0 vibronic
transition of the S0 (11Ag

-) f S2 (11Bu
+) band. Assuming that

the difference between the 0-0 and the 0-1 peaks in the gas
phase is similar to that in supercritical CO2 at the lowest pressure
measured in this study (ca. 1400 cm-1), we can estimate that
the 0-0 transition ofâ-carotene occurs at ca. (23 000( 120)
cm-1 (∼435 nm). The use of eqs 3-9 yields a reasonable
extrapolation to the limitR(n) f 0 because of the collection of
experimental data over a wide range ofR(n) values from the
gas-to-liquid transition region into the liquid phase.

3.2. Density-Dependent Molar Absorption CoefficientεΜ

of C40 Carotenoids. On-line ultraviolet/visible absorption
spectroscopy is a standard procedure for the analysis of
carotenoids by high-performance liquid chromatography. For
such spectroscopic measurements of the solubility of solid
samples, empirical calibration curves for the absorption-to-
concentration conversion are required for a proper estimate of
solubilities in supercritical fluids. Therefore, it is essential to
obtain absorption spectra of C40 carotenoids in supercritical
fluids and accurate information on solute molar absorption
coefficients (εM). Furthermore, one has to consider thatεM values
of solutes in supercritical fluids are often temperature- and
density-dependent. For example, Inomata et al. observed that
IR absorption coefficientsεM for naphthalene in supercritical
CO2 increased by a factor of 1.6 when changing the CO2 density
from 0.3 to 0.9 g cm-3, by monitoring the intensity of an
aromatic C-C vibrational mode at about 1600 cm-1.17 Frank
and Roth observed an even more dramatic increase of the molar
absorption coefficient associated with the O-D stretching mode
of dilute HOD in water, which varied by nearly 2 orders of
magnitude in the density range of 0.02-0.9 g cm-3.18 Specific
mechanisms are, however, operative in such a hydrogen-bonded
system. Closely related to our study, Rice et al., using electronic
absorption spectroscopy, found thatεM for anthracene and
pyrene in supercritical CO2 increased by a factor of 1.3-2.7
over the density range of 0.3-0.9 g cm-3.19 The origin of such
density-dependentεM values observed in supercritical fluids
from the IR to the UV-vis range is still not understood.

In this paper, we estimated the molar absorption coefficients
of â-carotene, echinenone, canthaxanthin, and astaxanthin in
supercritical CO2 over the pressure range of 90-300 bar at 308
K in the following way: a known amount of C40 carotenoids
was loaded in the high-pressure cell and dissolved in super-
critical CO2. The concentration was typically in the range of 1
× 10-8 M, which is at least 3-10 times lower than the solubility
limit at the particular pressure at 308 K such that all carotenoids
were completely dissolved already at the lowest pressure. This
was confirmed by constant absorption signals ofâ-carotene as
the CO2 pressure was increased from 90 to 300 bar. However,
surprisingly, the absorption signals of the other three carotenoids
(astaxanthin, canthaxanthin, and echinenone) were consistently
much weaker at lower CO2 pressures than those expected in
liquids for the same concentration. Since the number of
carotenoid molecules should stay constant during the compres-
sion, the origin of such density-dependent absorption signal
intensities is not clear. The decrease in absorption intensity at
lower pressures was more visible in the order astaxanthin≈
canthaxanthin> echinenone (see Figure 9). The experimental
uncertainty (less than 10%) is too small to explain the difference
in absorption intensities between 90 and 300 bar data. In Figure
9, we summarize the experimental observations for the four
different C40 carotenoids and indicate apparent molar absorption
coefficients at different densities in supercritical CO2, in
comparison with those measured in liquids. At this point, it is
only possible to speculate on the reason for the observed effect.
Aggregation of carotenoids at low densities could take place;
however, it is likely to be accompanied by changes of the
spectral shape (e.g., the appearance of additional bands to the
red or blue of the monomer spectrum, which arise from exciton
interactions). However, we observed that within our signal-to-
noise ratio, the band shape was independent of concentration.
It could also be that the observed changes are due to a pressure-
dependent equilibrium between carotenoid molecules in solution
and molecules adsorbed on the metal walls of the high-pressure

Figure 8. Solvatochromic shifts of the S0(11Ag
-) f S2(11Bu

+) transition
of astaxanthin. Data for nonpolar (0) and polar (2) liquids are from
ref 13. Supercritical fluid data in CO2 (O) and in CF3H (b) are from
this paper. Lines are the linear regression results from this work:
(dashed line) for nonpolar solvents and (dotted line) for polar solvents.

ν̃(1Bu
+) ) [ν̃0 + aR(n) + b{R(ε) - R(n)}] cm-1 (7)

ν̃(1Bu
+) ) [(24 443( 50) -

(9796( 190)R(n) - (318( 50){R(ε) - R(n)}] cm-1 (8)

ν̃(1Bu
+) ) [(23 546( 50) -

(10713( 250)R(n) - (423( 60){R(ε) - R(n)}] cm-1 (9)
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cell. Finally, it is interesting to note that this unusual effect of
the density-dependent absorption coefficient becomes weaker
when the number of OH and CdO substituents is reduced.
Further experimental studies are currently underway in our group
to study this effect in more detail.

4. Conclusion

We have investigated solvent-induced spectral shifts of the
C40 carotenoidsâ-carotene, echinenone, canthaxanthin, and
astaxanthin in supercritical CO2 and CF3H. Our experimental
data in theR(n) range of 0.08-0.14 provide a clear way to
extrapolate spectral shift data to the gas-phase limit such that
one can more reliably estimate the 0-0 transition of the 11Ag

-

f 11Bu
+ transition energy of carotenoids. In addition, we have

reported apparent density-dependent molar absorption coef-

ficients for echinenone, canthaxanthin, and astaxanthin in
supercritical CO2. The origin of such a variation is not yet clear.
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Figure 9. Density dependence of the apparent molar absorption
coefficient in supercritical CO2 over the pressure range of 90-300 bar
at 308 K for (9) â-carotene, (O) echinenone, (2) canthaxanthin, and
(3) astaxanthin. Values for liquids are from this paper in methanol (Fr

) 2.77), tetrahydrofuran (Fr ) 2.80),n-hexane (Fr ) 2.81), acetone (Fr

) 2.94), and toluene (Fr ) 2.94).
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