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Resonance Raman (RR) spectroscopy is gaining consider-
able popularity as a method for studying molecules of bio-
logical interest (1, 2). The value of this technique lies in its
sensitivity and selectivity for certain pigments (3). The ca-
rotenoids, which exhibit an especially large RR effect, can be
detected at 0.01 uM (4). Two articles in THIS JOURNAL (5, 6)
have discussed RR spectroscopy and some of its applications,
but no experiments are available which demonstrate the ex-
perimental and theoretical principles.

The theory of the RR effect which has been developed by
Albrecht and Tang (7, 8) is quite complicated, but for carot-
enoids the theory can be greatly simplified. This paper dis-
cusses the theory of RR spectroscopy as it applies to the fa-
miliar (8-carotene and lycopene which have the following
structures:
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Lycopene and [3-carotene are the major pigments in tomatoes
and carrots, respectively. In addition, an experiment is dis-
cussed which demonstrates the theoretical principles involved.
This experiment has been tested over the past three years as
part of our physical chemistry laboratory and has received
excellent acceptance by the students.

Theory

Raman spectroscopy involves observing the frequency shifts
which oceur when laser radiation is scattered from a sample.
The frequency shifts are due to inelastic scattering from the
vibrational or rotational energy levels of a molecule. For
molecules in solution the vibrational states are involved, and
the spectrum consists of a series of Raman lines due to inter-
action of the radiation with all of the 3N — 6 vibrational modes
in the molecule.

Resonance Raman spectroscopy is performed in the same
manner, except that the laser exciting frequency is close to the
frequency required for electronic excitation. As this condition
is approached certain substances have the ability to scatter
the laser radiation with greatly increased intensity (as large
as 10° times greater than normal Raman scattering). However,
only certain vibrational transitions are selectively en-
hanced.

For most, if not all, of the carotenoids there are intense
spectral lines at about 1525 and 1155 ¢cm™! shifts from the
laser wavenumber (~20,000 cm~1). Figure 1 shows the spec-
trum of lycopene at a concentration of about 1 uM in acetone.
The 1525 cm ™! peak is due to a C=C stretching vibration (1),
the 1155 em ™! peak is a C-C stretching vibration (vs), and the
weak peak at about 1000 cm™1 is due to C—-CHj stretching (v3).
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Figure 1. The resonance Raman spectrum of lycopene in acetone at 0.2 uM
concentration. The spectrum was observed with the 514.5 nm line of the laser
and the acetone peaks were removed by computer subtraction. (Reprinted from
ref. (9)) ’

l B o
.9} l/ \
.BF I \
> .7t \
— | \
— .6F -
2 sk [ \
(W /i \ TN\
~ .4} \ i
- .3F / 3
/ N /
.2 /
A
B A | 'l I A
19 20 2l 2e
EXCITATION WAVENUMBER
(x1873)
Figure 2. The RREP for the 1155 cm™' Raman line of lycopene based on egn.
(1) (- — line) and eqn. (4) (solid line). The theoretical parameters are given in
ref. (9).

As the laser wavelength is changed these peaks vary in in-
tensity in a rather complicated manner. Figure 2 shows the
variation of the intensity of the 1155 cm~! peak for different
laser excitation wavenumbers. Such a plot is called a resonance
Raman excitation profile (RREP).

For a RR transition from the ground vibrational state to a
state v (0 — u) with a frequency v, o, the intensity of the RR
line is given by (6-8)
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Figure 3. Energy-level diagram for lycopene or [3-carotene showing the RR
transition for v, (solid line) and the virtual transitions (broken line). The transitions
in the visible spectrum are indicated by the (broken) arrows from the bottom to
top.
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where vy is the frequency of the laser of intensity Iy and «,,
(p,0 = x, ¥, z) are the components of the scattering tensor.
Even for carotenoids without high symmetry a single diagonal
component of the scattering tensor is dominant (zz) (9) and
is given by

Io=
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where v is the vibrational level in the excited electronic state
m, I is the homogeneous broadening factor, (g| M, |m)y is the
transition moment for the electronic transition, (0|v) and
(v|u) are vibrational integrals called Franck-Condon integrals
(5) and are evaluated in reference (9), and the frequency Vyo
is given by

Vpo = Voo + 2 0w (3)
where v; is the vibrational frequency of vibration i and v is
the frequency of the transition from the lowest vibrational
energy level in the ground electronic state to the lowest vi-
brational level in the excited electronic state (0-0 transition).
Figure 3 shows the RR transition for v; along with the first
four virtual transitions (v, o in eqn. (2)).

Equation (2) and Figure 3 show that the intensity of a RR
line depends in a rather complicated manner on the properties
of the vibrational levels in the excited electronic state, and a
detailed calculation is beyond the scope of this work. However,
the largest contribution to the intensity is due to the lowest
vibrational level in the excited electronic state (0, 0, 0). This
is seen as the large peak in the excitation profile in Figure 2.
If we include only the term for this virtual transition, then (10)
eqn. (1) reduces to

SN N
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where C is a constant. Equation (4) can be put in linear form
by writing
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Figure 4. The visible spectrum of lycopene based on eqn. (6) (- — line). The

spectral line for the 0-0 transition based on eqn. (7) is shown as the solid
line.

If 1/1 is plotted versus (¥po — ¥0)? then the slope is 1/C and the
intercept is I'?/C. Figure 2 shows the comparision between
eqns. (1) and (4) using the same values of vop and T'.

The absorbance (A) in a visible spectrum can be calculated

from (9)
_ ; vu,0] (0]) |2
A = const % m (6)

The transitions involved are indicated in Figure 3. As the
spectrum is scanned with increasing wavenumber (decreasing
nanometer), the first peak in the spectrum is due to the 0-0
transition, and the absorbance due to this transition is given
by the first term in eqn. (6)

A= B e (7)

(oo — v)? + T2

where D is a constant. (Note that eqns.«(4) and (7) have the
same form.) While there is considerable overlap in the visible
spectrum due to other states, eqn. (7) does show that vy is
approximately the wavenumber of the maximum of the first
peak in the visible spectrum. The visible spectrum of lycopene
and a plot of eqn. (7) are shown in Figure 4. The peaks at
higher wavenumbers are due to transitions to the higher vi-
brational levels shown in Figure 3.

Experimental

Samples of lycopene and -carotene were prepared from hexane
extracts of tomato paste and carrot root, respectively. The samples
were purified by using a 20 ¢cm silica gel TLC plate with a developing
solvent of 90% petroleum ether-10% benzene. The bands on the plate
were removed, dissolved in acetone, and centrifuged to obtain a stock
solution. Total time for sample preparation was about 30 min. The
concentrations were adjusted to about 0.5 pM? using the molar ab-
sorptivities (11) of 1.39 X 1051 em~1 mol~! for S-carotene and 1.85
X 1051 em~1 mol~! for lycopene.

The spectra were obtained using a Jarrel-Ash model 25-400 Raman
spectrometer equipped with a Spectra Physics 164 argon laser. A
10-cm~! spectral slit width was used with a counting rate of 103 cps
and laser power of about 50 mW. The visible spectrum was run on a
Perkin-Elmer model 555 spectrophotometer.

Three determinations were made of the intensity of the 1155 cm™!
peak relative to the 1068 cm™1! peak of acetone using the 514.5, 501.7,
496.5, and 488 mm lines of the laser for excitation.

' The exact concentration is not important, but this value gives good
relative intensities for the carotenoid and the internal standard line of
acetone.
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Intensity Data for the 1155 cm™~' Peak of Lycopene and the 1068
cm~' Peak of Acetone

Lycopene Acetone
Laser Line Peak Height Peak Height Relative
(em™") (cm) (cm) Intensity
19436
(514.5 nm) 5.96 3.90 0.65
19932
(501.7 nm) 10.62 4.52 1.00
20141
(496.5 nm) 8.17 4.16 0.84
20492
(488 nm) 7.72 7.66 0.43

Results and Discussion

The table gives measured intensities for the v, Raman line
of lycopene at 1155 cm™1! and the internal standard Raman
line of acetone at 1068 cm~! as determined by a student
group.? The relative intensities (I) of lycopene were deter-
mined from I(lycopene)/I(acetone) and are given in the last
column of the table. The most intense line was normalized to
unity. The intensities were measured as peak heights from a
baseline drawn for each peak. Since the peaks are separated
by less than 100 cm™1, the spectral scan time is only about 5
min.

The low wavenumber peak in the visible spectrum gave vgo,
and this was used to obtain a linear least-square fit of 1/1
versus (rgpp — »p)? using the relative intensities at laser
frequencies »y. The final parameters were: voo = 19,845 cm™1,
I' =545 cm—1, and C = 3.03 X 10°. The final plot based on eqn.
(5) is shown in Figure 5 and the corresponding RREP based
on eqn. (4) is given in Figure 6. Figure 4 shows the calculated
visible spectrum based on eqn. (7), where D was chosen for a
best fit.

An alternative analysis of the data could be performed if
the students have access to a nonlinear regression program on
a computer (12). In this case vgg, I', and C could be fixed using
just eqn. (4) and the excitation intensities. It would not be
necessary to obtain vy from the visible spectrum since it
corresponds to the maximum in the RREP.

Equations (4) and (7) show that the visible spectrum and
the RREP are dependent on vog and T, both of which vary
with carotenoid and solvent. Values of vgo may differ by about
1000 cm~1 and solvents may cause corresponding shifts of the
same magnitude (11). The I" varies markedly for different
carotenoids (200-1000 cm™1!), but is not strongly solvent de-
pendent. Therefore, rop and I are only characteristic of a ca-
rotenoid in a particular solvent.

As a student experiment, it is recommended that both the
v; and »; lines of 3-carotene be examined using the procedures
given above. For 3-carotene, the broadening parameter I' is
much larger than for lycopene. The visible spectrum and the
RREP should be interpreted using the energy-level diagram
in Figure 3.
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2 To demonstrate the experimental results and data analysis only the
lycopene data are included. [3-carotene is left as a student “un-
known™'.
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Figure 5. The experimental data and the best fit line to eqn. (5).
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Figure 6. The experimental data and excitation profile of lycopene. The curve
is a plot of eqn. (4) using the parameters determined from Figure 4 and eqn.
(5).
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