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Resonance Raman optical activity (RROA) enables increasing very-
low analytical sensitivity of ROA, essential for its applications in
biomedicine. Since discovery of the ECD-Raman effect, there is dis-
cussion if RROA is measurable. Here, we present a straightforward
strategy for registration of RROA of nonpolar compounds based on
their encapsulation in micelles, enabling nearly complete elimination
of the ECD-Raman contribution.

ROA is a method that seems to be cut out for analysis of biological
systems, due to its remarkable sensitivity to the stereostructure
combined with the capability for measurements in aqueous solu-
tions. Yet, low analytical sensitivity of ROA, caused by the weakness
of the ROA signal (typically 10 -10"* of the Raman intensity),
currently makes its true biological and medical applications practi-
cally impossible. Therefore, scientists have been exploring different
techniques of signal enhancement, including resonance (RROA),"”
aggregation-induced resonance (AIRROA),**° exciton-coupling,**
nonlinear phenomena (CARS-ROA),">™* or surface enhancement
(SEROA),”™® summarized in the recent reviews.'>*° RROA is a
simple, hence convenient, approach, as it only requires coupling
of the laser excitation energy with the energy of the electronic
excitation (in analogy to Raman resonance). Additionally, the
theory of RROA is developed.”" As typically ROA excitation in the
visible range is used, many of the candidates for the potential
RROA are nonpolar, metal-containing molecules/supramolecules.
However, RROA measurements of such systems are complicated
due to the recently discovered ECD-Raman (eCP-Raman) effect”>>*

“Faculty of Chemistry, Jagiellonian University, 2 Gronostajowa Str., 30-387 Krakow,
Poland. E-mail: agnieszka.kaczor@uj.edu.pl

b poctoral School of Exact and Natural Sciences, Jagiellonian University,
11 Lojasiewicza Str., 30-348 Krakow, Poland

¢ Department of Physical and Quantum Chemistry, Faculty of Chemistry, Wroclaw
University of Science and Technology, Wybrzeze Wyspianskiego 27 Str., 50-370,
Wroclaw, Poland

+ Electronic supplementary information (ESI) available: Experimental proce-

dures, additional spectra and tables necessary for data analysis. See DOI:

https://doi.org/10.1039/d5cc00879d

5954 | Chem. Commun., 2025, 61, 5954-5957

@ Aleksandra Orlef,® Tomasz Misiaszek,
“ and Agnieszka Kaczor (&) *@

¥ ROYAL SOCIETY
PP OF CHEMISTRY

A simple strategy for measuring the genuine
resonance Raman optical activity (RROA) of
nonpolar moleculesT

C

where ECD or e denotes electronic circular dichroism and CP -
circularly polarized. It caused a stir in the scientific community, as it
initially cast doubt on the possibility of measuring genuine RROA
and questioned the previously published RROA results. The ECD-
Raman phenomenon is caused by the ECD undergoing in the
ROA cuvette in combination with polarized Raman scattering
(of both the solute and the solvent).”>?** The polarized Raman
scattering is related with the degree of circularity (DOC) defined
for backscattering:

_R-I

as the difference in the co-rotating and Raman spectrum (I§ — I)
spectrum divided by their sum (Ix + IF)***® and related with the
polarizability changes during vibrational transitions (superscripts
and subscripts refer to polarization of the incident and scattered
light, respectively).”>** The effect is particularly problematic for
nonpolar solvents for which DOC values are large. In such cases,
ECD-Raman can completely obscure native RROA. Currently, it is
known that the effect can be minimized in polar solvents
(characterized by low DOC values) and when short path lengths
are used (to reduce the ECD influence).”® Additionally, an experi-
mental protocol for subtracting ECD-Raman was proposed, how-
ever it is rather elaborate.”” The effect is also negligible for
systems generating very intense natural RROA.? Yet, the pool of
non-polar, often metal-containing compounds producing weak-
to-medium resonance conditions is significant. We have realized
that for such compounds a simple idea is their encapsulation in
micelles enabling registration of the ECD-Raman-free, ie., the
genuine RROA signal in the aqueous environment. In this work,
we prove that such approach works, eliminating the ECD-Raman
contribution from both the solute and the solvent.

For evaluation of the effectiveness of our concept, we used
R,R and S,S enantiomers of the Ni-complex: ((R,R)-bis(pyrrol-2-
ylmethyleneamine)-cyclohexane nickel(u), Fig. 1) that was stu-
died in the original works on ECD-Raman,”*** so is a valid
reference point. Ni-complex is highly nonpolar and does not
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Fig. 1 Significant ECD-Raman effect for Ni-complex in THF. Experimental:
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calculated ECD-Raman (F) spectra of R,R and S,S enantiomers of Ni-complex dissolved in THF ((A): ¢ = 0.0030 mol L™, (B): ¢ = 0.0003 mol L™, (C)-(E):
¢ =0.0200 mol LY. DOC, resonance Raman and ‘ECD-Raman/RROA’ spectra are presented as recorded, without any manipulations, ECD spectra were
submitted to the necessary procedure of solvent subtraction only. The structure of R,R enantiomer of Ni-complex is shown. Electronic absorption

spectra in Fig. S4A and B (ESIT). The Raman spectrum of THF is provided in

(even in trace amounts) dissolve in water. Ni-complex has a weak
ECD in the 532-595 nm range (i.e., the ROA range of 0-2000 cm
for the 532 nm excitation), so it generates a significant ECD-
Raman effect. The ECD-Raman effect (denoted here as Iz — I, in
accordance with the previously introduced convention) can be

predicted according to the following equation:*>>*
/

where Ae and A¢’ denote ECD intensity (in L mol~* em™") for the
excitation and scattering, respectively, L is the optical path length
(in em), ¢ is the concentration of the solute (in mol L"), DOC is
the degree of circularity of either the solvent or the solute and I +
I, is the Raman intensity at the given wavenumber. To evaluate
the ECD-Raman contribution, it is convenient to use experi-
mental values of Ag, A¢’, DOC and I + I.

Firstly, we considered the Ni-complex in a nonpolar solvent
to assess the precision of our DOC measurements and refer to the
previous works.?*?** R,R and S,S enantiomers of Ni-complex were
synthesized according to the known procedure>® and their struc-
tures were confirmed by NMR (Experimental details in, ESL¥
spectra in Fig. S1). Experimental ECD, DOC, Raman and ‘ECD-
Raman/RROA'’ (i.e., the spectra registered in ROA spectrometer in
the resonance conditions, resulting from both the ECD-Raman
and RROA contributions) as well as predicted ECD-Raman spec-
tra for the Ni-complex in tetrahydrofuran (THF) are given in
Fig. 1A-F. The respective spectra of S,S and R,R enantiomers are
perfect mirror images both for all experimental spectra and for

This journal is © The Royal Society of Chemistry 2025

Fig. S5 (ESIF).

predicted ECD-Raman spectra. In agreement with the previous
works where the solvents were chloroform and dichloromethane,
ECD bands of the Ni-complex in THF are weak (also refer to Fig. S2
and S3, ESIf). ‘ECD-Raman/ROA’ spectra contain mostly bands
from the achiral solvent (most intense denoted by the asterisk and
blue colour in Fig. 1F) and a few signals due to the solute, in
particular bands at 1586 or 1092 cm™', (denoted in black in
Fig. 1F). The predicted ECD-Raman spectra confirm indisputably
that these bands originate primarily from the ECD-Raman effect,
with only a very small contribution from the natural RROA.

The essential aim of the work was to eliminate the ECD-
Raman contribution, and to do so we have encapsulated the
Ni-complex in micelles formed by Pluronic F-127, a copolymer
built from poly(ethylene oxide)(PEO)-poly (propylene oxide)(PPO)-
poly(ethylene oxide)(PEO). In the aqueous solutions, Pluronic F-
127 forms reversed micelles with the hydrophilic PEO groups
directed outwards and the hydrophobic PPO core inwards
(Fig. 2), creating space that can accommodate the hydrophobic
Ni-complex molecules. The experimental ECD, DOC, Raman
and RROA spectra together with the predicted ECD-Raman
spectra for the Ni-complex encapsulated in micelles are shown
in Fig. 2A-F. Although in ROA measurements the concentration
of Ni-complex in nanostructures (¢ = 0.0012 mol L ') is 20 times
lower than for the Ni-complex in THF (¢ = 0.0200 mol L"), the
RROA spectra are clearly pronounced. No induced ROA signal of
THF embedded in micelles or empty micelles themselves is
observed, in agreement with the low-intensity Raman bands of
micelles in the conditions of the experiment (Fig. S5, ESIT).

Chem. Commun., 2025, 61, 5954-5957 | 5955
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Fig. 2 Genuine RROA of Ni-complex encapsulated in micelles. Experimental: ECD (A) and (B), DOC (C), Raman (D) RROA (E) and calculated ECD-

Raman (F) spectra of R,R and S,S enantiomers of Ni-complex encapsulated in

Pluronic-127 micelles ((A)—(E): ¢ = 0.0012 mol L™%). DOC, resonance Raman

and RROA spectra are presented as recorded, without any manipulations, ECD spectra were submitted to the necessary procedure of solvent subtraction
only. The structure of R,R enantiomer of Ni-complex is shown. Electronic absorption spectra in Fig. S4C and D (ESI{). The Raman spectrum of empty

micelles with the addition of THF (trace amount) is provided in Fig. S5 (ESI{

The natural RROA provenience is confirmed by a very weak
DOC signal (as expected for the aqueous solution with a minor, in
this case 6%, THF content) and the predicted ECD-Raman spectra
close to zero. The CID (the ratio of ROA to Raman intensity, Table
S1 and Fig. S7, ESIt) is between 3 x 10”*and 1 x 10~ indicating
weak enhancement (as expected) and resonance via more than one
excited state as otherwise, according to the single electronic state
(SES) resonance theory,”" CID should be equal for all the bands.
Overall, this is a very encouraging result showing that even for
‘difficult cases’ of near resonance conditions and low analyte
concentrations (Fig. 2E and Fig. S8, ESIt) the ECD-Raman effect
can be entirely eliminated by a simple and straightforward strategy
of encapsulation of a studied hydrophobic analyte in micelles.
Overall, such an approach reduces the value of the ECD-Raman by
nearly two orders of magnitude.

Finally, we asked ourselves what is the contribution of
polarized Raman scattering in the ECD-Raman effect observed
for the Ni-complexes in THF and the micelle environment.
Analyzing this factor can let us evaluate the impact of DOC on
the overall ECD-Raman effect and therefore also the effective-
ness of our strategy that is mostly based on minimizing DOC
values. To answer this question, we separated two terms from
the formula for the ECD-Raman effect, as shown below:

feeememmmmmmmmmmmsssmesnns e ———— o — — .
i/In10 i 1/Inl0

-1 _E(HTCLAg/) (I + IL)§+:<nTcLAsDOC) (IR + 1))
S-S 1 S A 3
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). Ni-complex is stable in nanocarriers as shown in Fig. S6 (ESIT).

The second term of the equation shows the polarized Raman
scattering contribution (magnified by the ECD intensity via Ag)
from both the solvent and the solute and is graphically separated
for the Ni-complex in THF (Fig. 3A) and encapsulated in micelles
(Fig. 3B). For the Ni-complex in THF where the ECD-Raman is
significant, the DOC-related factor is considerably more pro-
nounced than the A¢’-dependent first term of the equation. The
importance of DOC-related factor has been noticed in the original
work explaining the origin of the ECD-Raman effect.>

Contrarily, in the aqueous environment with 6% of THF, the
term related to the DOC factor is extremely small and practically
negligible compared with the RROA signal as shown by the lack
of even a trace intensity of the most intense ECD-Raman band at
ca. 915 cm ™' in the experimental RROA spectra (Fig. 2E). In this
case, the A¢’-dependent term is more important, however is can
mostly impact the baseline.

Although ECD-Raman can be perceived as a new type of
chiral spectroscopy® and some applications of this effect have
been already demonstrated,® it is usually an undesirable phenom-
enon obscuring the RROA signal. The ECD-Raman effect is
particularly significant for nonpolar solutions, where polarized
Raman scattering is significant. So, it is substantial for a broad
range of nonpolar molecules, often metal complexes, that provide
ECD bands in the visible range and hence result in resonantly
enhanced RROA if excited with the visible light. The polarized
Raman scattering of both the solvent and the solute is a predo-
minant contribution to the ECD-Raman effect via DOC. Therefore,

This journal is © The Royal Society of Chemistry 2025
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we have developed a simple strategy to measure of genuine RROA
of nonpolar compounds based on minimizing DOC factor
achieved by the change of the solvent. Practically it was realized
through encapsulation of the nonpolar metal complex in reversed
micelles. Such approach enabled nearly complete elimination of
the ECD-Raman contribution of both the solvent and the solute.
Taking into account the wide range of micelle types, the proposed
strategy is universal and can be applied to a variety of structurally
different systems.
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