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In this study, we found that a recently discovered ECD-Raman effect
dominated over the natural Raman optical activity in a series of
atropisomeric naphthalenediimides, and we investigated the kind of
information about the molecular structure that could be obtained
from the spectra. The ECD-Raman effect is polarised Raman scattering
modulated by electronic circular dichroism. We showed that the
spectra significantly depended on the substitution of the solute and/
or the change of the solvent. Moreover, the spectra could be well-
predicted by the theory, thus providing an interesting tool to monitor
the chirality of the binaphthyl compounds.

While polarised Raman measurements and Electronic Circular
Dichroism (ECD) spectroscopy have been known for a long time,
the ECD-Raman (or eCP-Raman) effect was recognized only
recently.' It can be observed that some chiral species absorb light
within the Raman scattering range as an additional component of
the signal when Raman optical activity (ROA) is measured.”” The
ROA method is a form of chiroptical spectroscopy that is quickly
rising in popularity. This method is complementary to Vibrational
Circular Dichroism (VCD) in an analogous way to Raman and IR
spectroscopies. ROA offers easy measurements in water and in the
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800-100 cm ™" range, which is difficult to access by VCD. Moreover,
ROA enables the possibility to remarkably enhance a signal due to
resonance effects. This is why ROA can be successfully applied to
study the conformation, absolute configuration, and enantiomeric
excess of biomolecules in their native systems.

Until late 2020, the ECD-Raman response to a laser beam was
puzzling.®® For example, the response was attributed to resonance
ROA (RROA). In fact, the Single Electronic State theory predicted
monosignate RROA spectra that were often observed.”" In pre-
resonance and in the presence of more electronic states>™* or
conformers,">'® RROA can be bisignate."”

However, it was soon clear that the effect could not be
explained by RROA alone, as very strong bands of achiral solvent
were also seen. The solute bands, which were potentially attribu-
table to RROA, remained weak or even invisible.” The sign of the
strong bands did not clearly correlate with ECD only.®™®

Other mechanisms to which the ECD-Raman effect has been
inaccurately attributed include the resonance energy transfer
(RET)'® responsible for a chirality transfer from a chiral solute
to an achiral solvent.®® Eventually, Wu et al.* and then Machalska
et al.” and Li et al.®> showed that the effect was due to the ECD of
colour samples combined with circularly polarised (CP) Raman
scattering."® For the normalised ECD-Raman circular intensity
difference (CID) a Beer-Lambert-like formula was derived:*

I —
R L:aECDR-c~l (1)

CID =—
Ir + 1y

where I and I;, are the detected right and left CP light intensities,
¢ is the concentration, and [ = (L + 2L'), where L is the Raman
active pathlength and L’ is the ECD-active pathlength,

In 10 Aé
ECDR =~ " Ag - (A—g + DOC) ()

A¢ = & — er is the differential absorption coefficient at the
incident wavelength (532 nm), and the prime (') mark refers to
each Raman band, for a solvent or a solute. The In 10 factor was
absent in the first derivation," because natural absorption
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Scheme 1 N-Butyl naphthalenediimide enantiomers, X = NH,, NHCH3,
OH, OCHj3, NO,.

coefficients were used. The degree of circularity, DOC, depends on
the molecular polarisability.' ™

In this study we investigated how the ECD-Raman spectra
differed across a series of binaphthyl derivatives, and how the
spectra could be related to the molecular structure. We have
already reported on the ROA spectra of atropisomeric binaphtha-
lenylamine of N-butyl naphthalenediimide NDIB-X, (X = NH,,
Scheme 1).® An NDI core has universal properties for building low
molecular weight organic semiconductors with: electron (n), hole
(p), or ambipolar (n and p) semiconductivity.>® NDIs exhibit
electroluminescence and photoluminescence, as well as photo-
voltaic and field effects. They have low density and are solution-
processable. In addition, elastic surfaces can be covered with NDIs
using zone casting, epitaxial growth, or printing.

Furthermore, chiral NDIs are excellent for constructing
enantioselective biomedical sensors.>® The first NDI functiona-
lized voltammetric sensors were developed with our co-operation
to selectively determine (S)- or (R)-thalidomide in blood plasma
without the enantiomer separation.”!

The position of the longest wavelength (first) ECD band of
(S)-NDIB-NH, is solvent-dependent (475-545 nm) and has a
negative sign.® NDIB-NH, is soluble in polar and apolar, small
and bulky, slightly proton-donating and proton-accepting sol-
vents, but not in water or alcohols. The first band is due to the
HOMO — LUMO transition from electron-rich aminonaphtha-
lene (N-NH,) to an electron-poor, NDI moiety.®*>*" The close
vicinity of the NDI and N-NH, enables their strong intra-
molecular electron donor-acceptor (EDA) interaction stabilis-
ing the molecule with an extra 17 kcal mol *.®

In this study, we synthesised both enantiomers of NDIB-X,
X = OH, NHCHj3;, OCH3;, and NO, (ESL+ synthesis) and for the
latter three, we determined the X-ray structures (Fig. 1 and Fig.
S1-S7, Table S1, ESIf). The ECD-Raman spectra of the NDIB-X
varied with the ECD spectra which varied with the substituent.
The main ECD-Raman change came from the shift of the
HOMO — LUMO ECD band at 532 nm. For some substituents,
the solvent governed the ECD-Raman effect. Unlike in ref. 2, the
RROA signals remained unmeasurable.

The exchange of the NH, group modified the HOMO state
(Tables S2 and S3, ESIT) and the electronic wavelengths (Fig. 2
and Fig. S8-S11, ESIf). In NDIB-X, NDI is the most electron-
deficient and LUMO is always located at NDI (Table S3, ESIT).
HOMO remains at the linking naphthalene only for the n-
electron acceptor groups. The substituent orientation affects
the NDIB-X torsion angles that are important for the HOMO
localization and the ECD sign (Table S3 and Fig. S12-S15, ESIT).

This journal is © The Royal Society of Chemistry 2022
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Fig. 1 X-Ray structures of NDIB-X, X = NHCHz, OCHsz, and NO,. The
NHCHs and OCHsz derivatives crystallised from toluene (top) had the
solvent in the crystal cell.

In the experiment, the change of these torsion angles could be
induced by a solvent. In fact, the ECD sign of the (S)-NDIB-OH
first band was negative for the CHCI; or CgHsCN, but positive
for the proton-accepting DMSO, pyridine, and dimethyl acet-
amide (DMA) solvents (Fig. 2 and Fig. S11, ESIt). In general, the
shape and the localization of HOMO depended on: (i) the

solute: (S)- (R)- NDIB-X
solvent: CHCI, solvent: DMSO

100 517.  xe00 o, 401 501: xoo)
Lo
0.4
519 xio
Lo.4
C
- F-0.4
£ i
2 |444 im0 04
'TE) 40 -
mé 0
S0
®
< 40
0
-40
40
0
-40 ;
300 400 500 600 700

300 400 500 600 700

Wavelength / nm Wavelength / nm

Fig. 2 ECD spectra of (R/S)-NDIB-X for various substituents and solvents.
The green, dotted line and the green range indicate the 532 nm laser
excitation, and the detected scattering range (532-610 nm) in the ROA/
Raman experiment respectively. The 532-610 nm range corresponds to
the approximately 0-2400 cm™! spectral range in the Raman shift. The
intensity of the longest wavelength ECD band of (R/S)-NDIB-X's is
magnified 100 or 200 times and is presented in the grey boxes for clarity.
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substituent n-electron donor-acceptor ability, and (ii) the mole-
cular conformation/flexibility. The strong m-electron-donating
NH, and NHCHj, groups>? stabilised HOMO at the substituted
naphthalene moiety (Tables S2 and S3, ESIT), and the first ECD
band was near 500 nm (Fig. 2). For the weaker m-electron
donors, like OH and OCHj;, the band shifted to ca. 450 nm,
while the m-electron-accepting groups, like NO,, caused the
relocation of HOMO to the linking naphthalene moiety and
the first (HOMO — LUMO) transition was shifted to even lower
wavelengths (Fig. 2 and Fig. S9-S11, ESIt). The energy shift was
correlated with the amount of the m-electron charge supplied by
the substituent to the naphthalene system (Fig. S8 and Tables S2,
S3, ESIY).

However, the sign did not change with the solvent for the
NH, and NHCH; groups. For the OH there was a sign flip (Fig. 2
and Fig. S12, S14, S15, ESIt). The NDIB-OCHj3; in the CHCI; had
a sign opposite that for the NH, and NHCH;. This was related
to the direction of the OCH; group methyl towards the bulk
solvent, irrespective of the solvent proton donor-acceptor prop-
erties (Fig. S13, ESIt). The calculations also indicated that the
size of the substituent mattered. For example, the N(CHj3),
group, which is a stronger n-electron donor than the NH, and
NHCH;3,?>?’ did not shift the band towards longer wavelengths
than the NHCH; did (Tables S2 and S3, ESIt).

The ECD-Raman spectra predicted based on eqn (1)'~ were
concordant with the experimental spectra (Fig. 3, 4 and
Fig. S17-S19, ESIt). For all of the systems except for NDIB-
NO,, the intense CHCI; solvent bands were present, and except
for NDIB-NH, and NDIB-NHCHj; the solute bands were weak
and hidden in the noise. Furthermore, the OCH; derivative had
a different sign than the others (Fig. 3).

In the DMSO, the spectra of all of the derivatives followed
the changes of the first ECD band and seemed to be mono-
signed. The OH and OCH; derivatives, exhibited the opposite
signs to that of the NH, and NHCH; derivatives (Fig. 4).
However, the simulations indicated, that for the NDIB-OH
and NDIB-OCHj;, some bands could have the opposite sign
but were too weak to be observed (Fig. 3 and 4). The weak solute
bands had the same sign as the solvent, which suggested that
they had the ECD-Raman origin as well, and they were weak
because of the low solute concentration (¢f. eqn (1)). Moreover,
the intensity of the solute and the solvent bands increased with
the solute concentration as predicted by eqn (1) (Fig. S16, ESIT).
The DFT computations indicated that if the (true, natural)
RROA bands of the solute were present, they should have had
the sign opposite that of the ECD-Raman bands (Fig. S20-S29,
ESIT). A similar situation was noticed for the transition metal
complexes.”'** Furthermore, one could expect that the possi-
ble RROA signal was not due to the resonance with the low-
intensity CT transition, but with the more pronounced ECD
bands located at ca. 400 nm. However, the same sign of the
calculated and experimental ROA band could only be obtained
at much lower excitation wavelengths, closer to the second
electronic transition with the sign of the ECD band opposite to
the first transition one (Fig. $20-529, ESIt). In contrast, for the
vitamin B, derivatives, a superposition of the ECD-Raman and
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Fig. 3 The effect of the functional groups on the experimental (left) and
simulated (right) ECD-Raman spectra of the NDIB-X derivatives. The
intensity of the solute bands is magnified 10 or 40 times and is presented
in the grey boxes and marked by asterisks.

RROA effects was observed because the change of the concen-
tration or the pathlength allowed the ECD-Raman and RROA
signals to be distinguished.” Weak RROA was also seen for a
vanadium complex, but only after subtraction of the strong ECD-
Raman solvent bands.>* Thus, the RROA bands could be detected/
filtrated from the strong ECD-Raman spectra when the strong ECD
bands satisfied the resonance condition.>** The NDIB-X ECD
bands in resonance were weak which disfavoured the presence of
the RROA bands. Although the ECD-Raman signal reflected the
electronic properties of the studied compounds well, simultaneous
measurement of the natural RROA was still desirable.

For the case of the NDIB-X molecules, we were able to
control the ECD-Raman spectra of the solvent by shifting the
NDIB-X first ECD band by changing the n-electron activity of
the X substituents. The strong m-electron donors located the
band near 530 nm while the strong n-electron acceptors shifted
the band below 450 nm, i.e., off the resonance. Thus, the ECD-
Raman bands of the solvent changed intensities or even signs
in a manner that was predictable with eqn (1).

The sign flip of the first ECD band of the NDIB-OH with the
change of the solvent (inert vs. proton-accepting) suggested that
it could be possible to prepare a system with equal concentra-
tions of the intramolecularly and intermolecularly bound
solutes. Then, both of the first ECD bands would have opposite
signs and could disappear as a result of mutual compensation,

This journal is © The Royal Society of Chemistry 2022
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ROA (ECD-Raman) solute: (S)- (R)- NDIB-X  solvent: DMSO
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Fig. 4 Experimental (left) and simulated (right) ECD-Raman spectra of
NDIB-X derivatives (as shown in Fig. 3) for the DMSO solvent. The intensity
of the solute bands is magnified 5, 40 or 100 times and is presented in the
grey boxes and marked by asterisks.

while the other ECD bands could still be observed, as well as, the
first UV-vis bands. In this type of system, light absorbed by the two
forms of solute would not be circularly polarised and the ECD-
Raman spectra of the achiral solvent would vanish. For the same
reasons, the solute RROA signals could be mutually compensated
for. However, the ordinary resonance Raman effect of the solute
and ROA spectra of a chiral solute should have been observed.

In conclusion, the ROA measurements performed on chiral
molecules absorbed in the Raman scattering range revealed the
ECD-Raman signals (polarised Raman scattering modulated by
electronic circular dichroism) that dominated the natural Raman
optical activity signals. This effect was correctly recognized only in
late 2020." For a series of atropisomeric naphthalenediimides, we
showed that the ECD-Raman spectra measured with the ROA
apparatus were largely dependent on the solute substitution and/
or solvent change. The series was the first consistent set of organic
compounds exhibiting the ECD-Raman effect. The spectra were
well predicted by theory.’?®

The effect can be observed for any chiral molecule (bearing a
chirality centre'™ or a chirality axis®) exhibiting an ECD band
providing (pre)resonance conditions for the incident laser beam
light. The ECD-Raman spectrum can show a non-obvious pattern of
achiral solvent bands (bisignate or monosignate but negative) with
the apparent absence of bands of the chiral solute. In such a case, a
distinct ECD-Raman pattern of an achiral solvent can be predicted
by the theory' ™ and can indirectly confirm the presence of the chiral
solute in the specific enantiomeric form, and provide an additional

This journal is © The Royal Society of Chemistry 2022
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tool for monitoring the presence of chiral molecules. Due to the
resonance, the ECD-Raman spectral response could be much
enhanced in comparison to common ROA spectra, and the signal
specificity could be much enhanced in comparison to ECD ones.
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