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Recognition of the True and False Resonance Raman Optical Activity
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Abstract: Resonance Raman optical activity (RROA) pos-
sesses all aspects of a sensitive tool for molecular detection, but
its measurement remains challenging. We demonstrate that
reliable recording of RROA of chiral colorful compounds is
possible, but only after considering the effect of the electronic
circular dichroism (ECD) on the ROA spectra induced by the
dissolved chiral compound. We show RROA for a number of
model vitamin B12 derivatives that are chemically similar but
exhibit distinctively different spectroscopic behavior. The
ECD/ROA effect is proportional to the concentration and
dependent on the optical pathlength of the light propagating
through the sample. It can severely alter relative band
intensities and signs in the natural RROA spectra. The spectra
analyses are supported by computational modeling based on
density functional theory. Neglecting the ECD effect during
ROA measurement can lead to misinterpretation of the
recorded spectra and erroneous conclusions about the molec-
ular structure.

Chiroptical spectroscopy offers detailed insight into molec-
ular handedness,[1] which is particularly useful in the natural
product characterization and detection.[2,3] It also allows for
monitoring the conformation or other morphological charac-
teristics of biopolymers.[4] Most common chiroptical methods
include vibrational and electronic circular dichroism (VCD,
ECD), arising from different absorption of the left- and right-
circularly polarized light (CPL), and Raman optical activity
(ROA), which measures the intensity difference in Raman
scattering of right- and left-CPL.[5] For natural compounds,
ECD spectroscopy enables to study small changes in the
electronic structure, as demonstrated successfully on a set of

corrinoid compounds differing in the upper axial ligand,[6]

while ROA method has found a number of applications in
cancer diagnostics[7] and biomolecules sensing.[8]

Recently, several developments have been made in the
experimental[9–14] and computational[15–18] methodologies of
the pre-resonance and resonance ROA (RROA). The effort is
stimulated by the weakness of the “classical” non-resonance
ROA scattering. We estimate that one photon in a million
passing through a typical sample is Raman-scattered in our
experiments. ROA is typically four orders of magnitude
weaker than Raman scattering, and due to statistical nature of
photon detection (shot noise) we need to record � 1010 (!)
such events in order to detect ROA with reasonable (10:1)
signal to noise ratio. Under resonance when the energy of
incident laser radiation matches energy of an electronic
transition the efficiencies of Raman scattering and ROA
measurement significantly increase. RROA can be detected
at low concentrations (ca. 10�5 M)[19–22] while maintaining
structural sensitivity.[12, 21, 23] Single state resonance usually
leads to single signed RROA,[1, 19,24] whereas pre-resonance
and more resonance states provide RROA spectrum with
positive and negative bands, similarly as for the “conven-
tional” non-resonance case. However, up to now there is
a limited number of reports on RROA, due to the challenges
arising during the measurement, including artifacts related to
absorption and fluorescence.[12–14, 21, 23,25]

RROA is associated with an interesting phenomenon of
“chirality transfer” which sheds new light on molecular
interactions. A chirality induction/transfer can be observed
either when achiral molecules are in a close proximity to the
chiral ones[19] or due to a plasmonic resonance.[8] A strong
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induced optical activity under resonance conditions was
reported to occur from chiral metal complexes[26] or
dyes[22, 27,28] to numerous (a)chiral organic solvents. The
phenomenon was initially explained by a phenomenological
model named “ring of fire”,[26] partially predicting the spectra,
in particular signs of the ROA bands. More recently, an
interference between the ROA and ECD better explained the
effect, including prediction of band intensities.[27] The impor-
tance of ECD became evident in double-cell experiments,
where there was no chemical contact between the solute and
the solvent.

Intrigued by the ECD/ROA interference, we envisaged
that it would be significant not only for the solvent spectra but
also for chiral, light-absorbing solutes. Indeed, in the present
study, we show that the measured ROA of chiral colorful
compounds is a sum of the true RROA and the ECD-induced
parts (ROAECD):

RROA ¼ RROAtrue þ ROAECD ð1Þ

Since the ROAECD/Raman ratio is dependent on the
concentration, the same holds for measured RROA. Because
ROAECD can be more or less accurately simulated, also the
true molecular part (RROAtrue) can be extracted from the

experimental spectra. This is explored for a series of chiral
organometallic vitamin B12 analogues (Figure 1),[29–31] which
strongly scatter light. Their fluorescence, which would other-
wise compete with ROA measurement, is reasonably weak.
The analogues differ in structure around the main chromo-
phore. The different substitutions on the corrin ring lead to
large variations in the intensity and shape of UV/Vis and
ECD absorption bands, and they also determine the behavior
in ROA experiments.

Vitamin B12 (cobalamin) is a chiral organometallic
molecule (Figure 1) possessing a number of functional
groups available for chemical modifications, thereby it is
possible to combine its native structure with various biolog-
ically active molecules.[32] Consequently, vitamin B12 was
applied as a delivery tool into bacterial[33] or mammalian[34]

cells and used to alter the bioavailability of proteins[35] or anti-
cancer drugs.[36] Cobalamins exhibit all relatively strong ECD
close to the excitation laser wavelength (532 nm) and there-
fore may induce not only ROAECD signals in the solvent, but
also in their own vibrational bands. We believe that this
phenomenon has been either overlooked or misinterpreted in
earlier studies.

The ROAECD interference is due to different absorption of
the incident and scattered left and right circularly polarized

Figure 1. Structures of studied vitamin B12 analogues, divided into two groups according to their behavior in RROA experiments. Variations from
the native vitamin B12 structure are marked in red.
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light, as it passes through the sample solution. For the ratio of
ROA and Raman intensities (CID—circular intensity differ-
ence), a simplified equation has been proposed.[27] We use
a slightly modified [Equation (2)],

CID ¼ IR � IL

IR þ IL
ffi f

De0 þDOCDe

4
cLlnð10Þ ð2Þ

where IR and IL are intensities of right- and left-CPL detected
by the ROA/Raman spectrometer; De and De’ are decadic
absorption coefficients (ECD intensities) at the incident and
scattered light frequency, respectively, DOC is the degree of
circularity characteristic for each vibration, and c is concen-
tration of the compound that exhibits the ROAECD effect. In
the correction factor, f ¼ 1þ 2L0

L , L’ is the part of optical path
length not involved in the scattering, and L is a Raman active
path length (length of the focal range, cf. Figure S6). We used
L = 2 mm and L’= 1 mm. DOC can be related to the Raman
depolarization ratio, and varies from + 5/7 for depolarized
bands to �1 for completely polarized bands, in the conditions
far from the resonance.[1] As it was described recently,[27] there
are several limit cases according to ECD intensities at the
incident and the scattered light wavelengths. If De’�De�
const. (ECD signal is constant in the scattering ROA
range), ROAECD is monosigned, and the sign is the same as
for ECD. For jDe’ j< jDe j the DOCDe product may domi-
nate, and the ROAECD signal may be in general both positive
and negative, according to the DOC values. Similarly for j
De’ j>jDe j ROAECD follows the ECD sign in the scattering
range.

By studying vitamin B12 analogues, we discovered that the
level of ROAECD interference strongly depends on the ECD
of the studied chiral compound, its concentration, and the
pathlength of the light propagation through the sample. This
interference can be easily observed for molecules with
a relatively high ECD signal in the range of ROA scattering
(0–2500 cm�1, which corresponds to 532–610 nm).

We have found that some vitamin B12 derivatives exhibit
a concentration dependence of the RROA signal, showing
even RROA signal sign flipping. The pronounced depend-
ence on the concentration is observed for the analogues with
pronounced De values, (CN)13-epi-Cbl(e-lactone), (CN)13-
epi-Cbl, (CN)13-epi-Cbl(e-CO2Me)(13-OH), and (CN)Cbl-
(10-NO2). In contrast, nearly independent of the concentra-
tion are RROA spectra of native (CN)Cbl and (CN)Cbl(c-
lactone) which exhibit small ECD.

The behavior of (CN)13-epi-Cbl(e-lactone) and (CN)Cbl
is documented in Figure 2, other examples are given in ESI.
For (CN)Cbl, only slight changes in RROA intensities are
observed, which is also reflected in the weak dependence of
CIDs (1500 cm�1 band, mainly C=C corrin ring stretching)[21]

on the concentration (Figure 2). Note that the Raman and
RROA spectra were normalized to maximum in the Raman
spectrum, but the CID values (ROA/Raman ratios) are
preserved. A more pronounced dependence is observed for
the (CN)13-epi-Cbl(e-lactone), where RROA and CID are
positive for the two lowest concentrations (0.1 and
0.2 mgmL�1), RROA is bisignate and CID of 1500 cm�1 is
close to zero for 0.4 mgmL�1, and for the three highest
concentrations (0.6, 0.8 and 1.0 mg mL�1) RROA and CIDs
are negative.

We originally considered that at higher concentrations the
chemical structure of the studied compound might change
due to e.g., laser-induced decomposition. However, ECD/
UV/Vis spectra of all studied compounds, measured before
and after the ROA measurements remained unchanged
(ESI). Also a dilution of previously measured (CN)13-epi-
Cbl(e-lactone) solutions, from 0.8 mgmL�1 to 0.1 mgmL�1,
gave the same ROA as freshly prepared 0.1 mgmL�1 solution
(ESI). Therefore, we concluded that the observed concen-
tration dependence can be attributed to the ROAECD

interference.
The presence of ROAECD is also indicated by ECD of

(CN)13-epi-Cbl(e-lactone) in the scattering region, which is

Figure 2. ROA and Raman spectra, and CID values measured for various concentrations of (CN)13-epi-Cbl(e-lactone) and (CN)Cbl in water. The
spectra are normalized to the strongest Raman band.
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much higher in the absolute value than for (CN)Cbl (Fig-
ure S12, ESI). ECD of (CN)13-epi-Cbl(e-lactone) is negative
and approximately constant in the range of the most
prominent ROA bands (532–581 nm–0–1600 cm�1), for
which [Equation (2)] gives monosigned negative ROAECD.
This is consistent with the experiment and simulated spectra
discussed below.

The two compounds provide different ECD spectra
because of the propionate side chain is projected up instead
of down to the plain of the corrin ring, and the presence of the
spiro-lactone group at this position. This affects the corrin
ring electronic structure and leads to the slight difference in
the nature of the corrin ring electronic transitions (ESI).
Because the observed RROA signal is a sum of molecular
RROAtrue and ROAECD contribution, the lower the concen-
tration, the closer we are to the pure (true) RROA effect.
Due to the low ECD of (CN)Cbl in the ROA scattering spot,
the ROAECD here does not contribute significantly.

Another way to minimize ROAECD interference is to shift
the focal range closer to the cell wall. The focal range is given
by instrumental optics transferring the scattered radiation
towards the spectrograph. When it is in the middle of the cell
(L’ is comparable to L), the contribution of the interference is
more pronounced or even dominant. Indeed, this was
observed for (CN)13-epi-Cbl(e-lactone) (Figure 3).

Similarly to previously described compounds,[27] cobala-
mins can induce ROA in the solvent. Contrary to water
solutions, Raman spectrum of (CN)Cbl in DMSO is domi-
nated by the solvent signal and a strong ROAECD interference
(Figure S24, S25, ESI). Both (CN)Cbl and (CN)13-epi-Cbl(e-
lactone) give negative ROAECD solvent ROA bands, due to
negative ECD in the scattering range. The effect is much
more pronounced for (CN)13-epi-Cbl(e-lactone), due to its
bigger ECD. An increased ROAECD interference in the case of
(CN)13-epi-Cbl(e-lactone) is observed both for vibrational
bands of the compound and DMSO. Similarly as for water
solutions the registered ROA signal of (CN)13-epi-Cbl(e-
lactone) in DMSO is linearly dependent on the concentration
of the solute, and becomes negative at higher concentrations.
ROAECD bands of DMSO are always negative and linearly

dependent on a concentration. Worth mentioning is that for
both compounds the ECD intensity at (532–610 nm) is higher
for DMSO solutions compared to water (Figure S12, ESI).
The solvent dependence is especially strong for (CN)Cbl
where ECD signal changes from about�1 dm3·mol�1·cm�1 for
water to about -5 dm3·mol�1·cm�1 for DMSO. This causes
a substantial increase of the ROAECD interference observed in
ROA spectra of the compound itself and of the solvent.

In the modelling the solvent dependence is difficult to
account for, as the bulk simulations of spectroscopic proper-
ties are quite time-demanding.[37] On the other hand, our
simulations of B12 ECD and ROA spectra conducted in
vacuum and with PCM solvent model provided qualitatively
similar results, indicating that the solute-solvent interactions
do not significantly change the properties of the inner metal/
corrin core.

In accord with the experiment, simulations based on
[Equation (2)] predict almost no ROAECD for (CN)Cbl, while

Figure 3. ROA spectra of (CN)13-epi-Cbl(e-lactone) at 0.8 mgmL�1

concentration measured for different cell positions: focal range of
length L located close to cell wall (RROA dominates) and focal range
located at distance L’ from the wall (ECDROA dominates).

Figure 4. Simulated ROA spectra of (CN)13-epi-Cbl(e-lactone), the
RROA, and ROAECD components and ROAECD + RROA sum as
dependent on the concentration, for L = 2 mm and L’= 1 mm in
[Equation (2)].
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for (CN)13-epi-Cbl(e-lactone) the bands are negative, rela-
tively strong, and linearly dependent on the concentration
(Figure 4, Figure S7, ESI). Also simulations of ROAECD of
DMSO are consistent with the experimental results (ESI).

An increasing number of reports on the use of ROA of
absorbing molecules proves the importance of this subject for
the physicochemical community. In the reviewing process of
this paper an interesting question how much the ECD effect
affects circular polarized luminescence (CPL) appeared. CPL
is often recorded during ROA experiments,[38, 39] however, it is
often stronger and the role of the ECD influence on it needs
to be examined in future studies.

Herein, we investigated the influence of the ECD on the
RROA or pre-RROA spectra and showed that neglecting this
phenomenon may lead to misinterpretation and wrong
conclusions about sample properties. Fortunately, the inter-
action of RROA and ROAECD can be reasonably well
estimated from experimental molar extinction coefficient,
molar circular dichroism and circularly polarized Raman
spectra. The RROAtrue component can thus be extracted from
the experimental data. This was shown here for model vitamin
B12 analogues, but the procedure is general for other
absorbing chiral compounds. We are convinced that the
presented results will be of interest particularly to the
spectroscopic community as they will allow us for a better
control of the experimental conditions and lead to the proper
interpretation of the experiment.
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P. Bouř, E. W. Blanch, Nat. Chem. 2015, 7, 591 – 596.
[9] S. Haraguchi, M. Hara, T. Shingae, M. Kumauchi, W. D. Hoff, M.

Unno, Angew. Chem. Int. Ed. 2015, 54, 11555 – 11558; Angew.
Chem. 2015, 127, 11717 – 11720.

[10] S. Haraguchi, T. Shingae, T. Fujisawa, N. Kasai, M. Kumauchi, T.
Hanamoto, W. D. Hoff, M. Unno, Proc. Natl. Acad. Sci. USA
2018, 115, 8671 – 8675.

[11] G. Zajac, J. Lasota, M. Dudek, A. Kaczor, M. Baranska,
Spectrochim. Acta Part A 2017, 173, 356 – 360.

[12] C. Merten, H. Li, L. A. Nafie, J. Phys. Chem. A 2012, 116, 7329 –
7336.

[13] C. Shen, G. Loas, M. Srebro-Hooper, N. Vanthuyne, L. Toupet,
O. Cador, F. Paul, J. T. L�pez Navarrete, F. J. Ram�rez, B. Nieto-
Ortega, J. Casado, J. Autschbach, M. Vallet, J. Crassous, Angew.
Chem. Int. Ed. 2016, 55, 8062 – 8066; Angew. Chem. 2016, 128,
8194 – 8198.

[14] C. Shen, M. Srebro-Hooper, T. Weymuth, F. Krausbeck, J. T. L.
Navarrete, F. J. Ram�rez, B. Nieto-Ortega, J. Casado, M. Reiher,
J. Autschbach, J. Crassous, Chem. Eur. J. 2018, 24, 15067 – 15079.

[15] L. N. Vidal, F. Egidi, V. Barone, C. Cappelli, J. Chem. Phys. 2015,
142, 174101.

[16] L. N. Vidal, T. Giovannini, C. Cappelli, J. Phys. Chem. Lett. 2016,
7, 3585 – 3590.

[17] A. Baiardi, J. Bloino, V. Barone, J. Chem. Theory Comput. 2018,
14, 6370 – 6390.

[18] J. Mattiat, S. Luber, J. Chem. Phys. 2019, 151, 234110.
[19] G. Zajac, A. Kaczor, A. Pallares Zazo, J. Mlynarski, M. Dudek,

M. Baranska, J. Phys. Chem. B 2016, 120, 4028 – 4033.
[20] M. Dudek, E. Machalska, T. Oleszkiewicz, E. Grzebelus, R.
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