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ABSTRACT: Chiral metal complexes exhibit rich photophysical properties and RROA

are important for applications ranging from biosensing to photocatalysis. We .

present a combined experimental and computational approach leading to 437 nm

information about energies and transition moments of excited electronic states, | s030m

documented on two chiral metal complexes. The experimental protocol for

measurement of the resonance Raman optical activity comprises multiple W
techniques, ie., absorption, circular dichroism, and polarized and differential A 12'0 R 16I00

Raman scattering. An accurate formula for subtraction of the interfering circular
dichroism/polarized Raman scattering effect is given. An analysis of the spectra Wavenumber / cm’”

based on density functional theory calculations unveils the geometric and

electronic structures of the molecules. Such insight into molecular electronic states of chromophores may be useful for
understanding and tuning photochemical properties of metal-containing complexes, biomolecules, and supramolecules.

I{nowledge of the dynamics and structure of photochemi- circular dichroism and circularly polarized Raman scatter-
cally active excited states in a metal complex is important ing.zo—zz The observed Iy — I} imbalance originates in circular
for tuning their molecular properties in photochemical dichroism, with different absorption of left and right circularly
applications."”” Resonance Raman scattering not only probes polarized light, and is particularly strong for metal com-

the ground-state structure but also reflects the excited-state
structure. Dependence of the intensities upon the excitation
wavelength provides us with information about state energies,
transition dipoles, and molecular potential energy surfaces. The
“resonance” when the energy of the photon is close to a
difference of molecular electronic levels can be conveniently
used, for example, in conformational studies of peptides, where
smaller sample amounts are needed than in conventional
spectroscopies.” The resonance may have even a bigger potential

plexes.”'.**** This imbalance is further changed during Raman
scattering; we therefore refer to the whole phenomenon as ECD-
Raman.” The recorded I — I; signal is thus a mixture of “true”
RROA and ECD-Raman.

Only the latest works proved that the ECD-Raman
contribution can be predicted and controlled.”” In the present
study, we use an improved ECD-Raman formula and correct the
Raman and ROA intensities for autoabsorption (cf. Supporting

for explorations of molecular vibrational Raman optical activity Information), so that accurate RROA spectra can be obtained.
(ROA)." A typical realm of ROA studies consists of biologically Quantum chemical simulations then reveal unique information
relevant systems, such as saccharides, proteins, nucleic acids, but about the geometry, electronic excited states, and local
also whole viruses.”® molecular moieties.

The resonance not only increases the differential ROA and The two investigated molecules comprise a cobalt catalyst
total Raman signals but also their ratio. The ratio is usually (BuCo) and a newly synthesized tetracopper complex (cubane;
referred to as the (normalized) circular intensity difference, CID Figure 1). The first molecule belongs to a family of similar
= (Ix = I)/(Ig + I),” where Iy and I; are detected intensities of compounds widely used in asymmetric catalysis and also studied

the right and left circularly polarized light and the sample is
irradiated by unpolarized light. In resonance, the vibrational
transitions borrow the larger chirality of the electronic
transitions, and CID (typically ~107*) increases about 10
times. ™’

First resonance ROA (RROA) spectra were reported in the
1990s."" As time went by, RROA found a range of applications,
including gases,“’12 complexes,13 nanotubes,'* vitamins,"®
aggregated dyes.,16 and proteins.17_19 Until recently, however,
some samples never provided RROA because the spectra were
masked by another phenomenon, a combination of electronic

in connection with molecular chirality.”>** Its relatively small
molecular size facilitates the theoretical analysis. The second
molecule was made from a poly-$-diketone ligand** and serves
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Figure 1. Two model complexes and their electronic spectra. (a and b)
(R,R)-(=)-N,N'-Bis(3,5-di-tert-butylsalicylidene)-1,2-
cyclohexanediaminocobalt(Il) (R-BuCo) and the tetrametallic copper-
(II) complex [R-cubane, on the basis of R-(+)-camphor]. (c and d)
Corresponding absorption (&) and ECD (Ae) spectra of the
experiment (blue) and DFT computations (black). The position of
the 532 nm laser excitation is indicated by the green line, and individual
computed transitions are marked by the red lines.

as an example of more complicated systems, ie., metallo-
supramolecular framework.'>*°

Both complexes are paramagnetic, with multiplicities M-
(BuCo) = 2 and M(cubane) = 5. Even at low concentrations,
their solutions are dark, and at 532 nm, they exhibit a relatively
strong ECD signal (Figure 1, right). This is, in general, a good
condition for resonance RROA.””” The calculated spectra agree
reasonably well with the experimental spectra, within errors
usual for the time-dependent density functional theory
(TDDEFT).*® The error and low spectral resolution, however,
prohibit determination of which electronic state(s) are
responsible for the resonance effect solely from the theory.

The process of obtaining the RROA differential signal is
relatively complicated and is indicated for BuCo in panels a and
b of Figure 2. Raw ROA spectra or more precisely measured Iy —
I;, differences are quite different for toluene and dichloro-
methane as a solvent. The solvent Raman scattering combines
with ECD of the solute, producing “false” signals also in place of
solvent Raman bands.””~>*** With our procedure, we could
nevertheless subtract this ECD-Raman part and, thus, arrive at a
pure RROA signal.

The derivation is given in detail in the Supporting
Information. Briefly, to obtain RROA spectra, we also measured
absorption and ECD to obtain natural molar extinction
coefficients at the incident (e, Ae) and scattered (e, Ae’)
wavelengths. The laser was focused in the sample close to the
front cell window to minimize the ECD-active only path length
(L' ~ 0; cf. Supporting Information). Then, the ECD-Raman
intensity was calculated as
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originally unpolarized light passing through the sample is circularly
polarized as a result of electronic circular dichroism; (2) circular
polarization is changed during Raman scattering (“CP-Raman”); and
(3) finally, RROA of chiral molecules contributes to the total Iy — I,
circular polarization difference. (c) R-BuCo Raman spectra. Asterisks
() indicate incomplete subtraction of solvent Raman bands.

o 1 =14 (e+ ¢')CL]e~ e+t
dif — 7
2(e + e/)(l _ e—(e+e)CL)

(I(ﬁfAe + IﬁmAe’)

(1)
where C is the molar complex concentration, L is the Raman-
active path length, and I}, and I§; are total and differential
Raman intensities obtained with right circularly polarized
excitation light. The subtraction of ECD-Raman to obtain
RROA based on eq 1 works for a wide range of absorptions and
relative ECD-Raman/RROA signal ratios, as also qualitatively
investigated before.”” In the derivation, we only assumed that
ECD is much weaker than absorption, which is always true for
molecules.

Corresponding Raman spectra (Figure 2c) exhibit a broad
background at higher frequencies, coming from a fluorescence
band centered around 3500 cm™'. The RROA/Raman
normalized CID ratio for the strongest C=C stretching 1600
cm ™! band is 4.8 X 10~* which is not extreme but slightly above
the strongest non-resonance ROA signals produced by rigid
organic molecules, such as camphor or a-pinene.

At the higher frequency part, the RROA spectrum (lower part
of Figure 2a) approximately obeys the single electronic state
theory,”” which says that CID should be equal to —g/2, where g
is Kuhn’s dissymmetry factor, i.e., ratio of ECD and absorption
intensities of the one resonant electronic transition. Indeed, in
our case, —g/2 = 4.1 X 10™* at 532 nm. At lower wavenumbers,
negative bands appear as well (e.g,, Co—N and Co—O stretching
containing modes at 513 and 544 cm™’; see also Table S2 of the
Supporting Information). This indicates the involvement of
more than one electronic transition in RROA.

Although the TDDEFT calculations reproduced the main
experimental features in Figure 1, their accuracy is not sufficient
to point out the actual resonating state(s). This can be done
more precisely on the basis of the RROA spectra. The Raman
and ROA spectra calculated in the pre-resonance approximation
by the Gaussian software”” already very much depend upon the
color of the excitation light (Figure 3a). Many kinds of intensity
patterns are produced, depending upon which part of the
molecule is excited, and the intensity magnitudes vary by several
orders, depending upon how close the light frequency is to the
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Figure 3. Assignment of the resonating electronic transition in the BuCo complex. (a) Raman and ROA spectra calculated for different excitation
wavelengths do not provide much specific information. (b) This was obtained from spectral contributions from individual transitions (red numbers),
for the 532 nm excitation, normalized to the biggest band, with calculated wavenumbers scaled by 0.977, and the experiment for CH,Cl, solution. (c)
Integral spectra errors (A f ISex, — Scaldr/ f IS_,ldv, for spectra normalized to unit area) and (d) relative Raman intensities (r) for different states. (e)
Transition charge density for the electronic transition number 8, most likely dominating the RROA effect.

electronic frequency. However, none of them fully reproduces
the experiment. The plain pre-resonance TDDFT method does
not seem to be able to provide realistic simulated spectra
because of the approximations involved. For example, the static
limit (light wavelength goes to infinity) provides one sign ROA,
as in the experiment, but the sign is opposite.

More detailed and realistic insight is obtained when we
simulate contributions of the electronic transitions to Raman
and ROA spectra individually. The normalized spectral
intensities stemming from the first 18 transitions to the lowest
energy electronic states are compared to the experimental
spectra in Figure 3b. Only transition 8 provides a realistic
pattern, for both Raman and ROA. The agreement can be
quantified if we calculate the integral spectral error between the
normalized shapes (Figure 3c). In the vicinity of the 532 nm
excitation, this transition provides the smallest error. When the
resonating states are assigned, one must take into account not
only spectral shapes (Figure 3b) but also the enhancement
(absolute strength) of the signal (Figure 3d). For example,
spectral intensity coming from states 1—6 is by several orders
smaller than that from the others. In this respect, the assignment
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of state 8 to the resonance is consistent, because it provides a
very strong signal. States 15 and 16 give even stronger
enhancements but are also much further from the excitation
frequency. They may contribute to the measured signal, but
currently, the extent of this contribution cannot be estimated
precisely. All of these transitions (8, 12, 15, and 16) comprise a
charge transfer across the aromatic system of the ligands through
the cobalt d-electron system. This can be seen in Figure 3e
where the transition electron density for state 8 is plotted. This
localization of the electronic transitions also explains the
relatively selective enhancement of the C=C aromatic bond
stretching bands at 1603 cm™.

The metallo-supramolecule (CCDC database registered
number 2043703 for R-cubane) behaves similarly to BuCo;
i.e,, RROA is masked by the ECD-Raman effect, and true RROA
must be extracted using eq 1. However, the g factor at 532 nm is
smaller (—g/2 = 2.7 X 107*), and the ROA spectrum has many
positive and negative bands, with CID ~ 1 X 10™*. Only for the
strongest signal at 1556 cm ™', CID is somewhat higher, ~3.8 X
10~*. The weakness and bisignate character suggest that the
effect of resonance is more complex for the copper compound.

https://doi.org/10.1021/acs.jpclett.2c00653
J. Phys. Chem. Lett. 2022, 13, 38733877
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Indeed, the spectra calculated at the 532 nm pre-resonance
conditions using molecular fragments already reasonably well
reproduced the experiment (Figure 4a). The C=0 stretching
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Figure 4. Raman and RROA of R-cubane. (a) Calculated (B3LYP/6-
311++G**/CCT/PCM) and experimental spectra. For better
visibility, calculated intensities below 1450 cm™" were multiplied by
4. (b) Transition charge density of electronic transition number 46,
identified as the dominant transition for the resonance Raman/RROA
effect. (c) Raman intensities coming from camphor atoms, generated
separately for the two camphor residue kinds indicated, at 532 and 2000
nm excitations. (d) Calculated RROA with the camphor atoms only
and the experiment.

signal (>1590 cm™'; cf. Supporting Information for the mode
assignment) is calculated stronger than observed. The RROA
spectrum is dominated by a W-shape pattern around 1535 cm™
of predominantly C=C stretching in the ketone part of the
molecule, which is reproduced by the calculation. Within 1100—
1450 cm™!, there are about 190 fundamental vibrational
transitions, mostly assigned to CH bending but also to C—C
stretching and other deformations. The pyridine breathing
mode (1044 cm™") gives a relatively strong Raman intensity;
RROA in this region is relatively weak and predominantly
positive. The last lowest frequency RROA feature, a W shape
within 400—520 cm™', belongs to delocalized vibrations
spanning the whole molecule, and the computation reproduces
it quite well.

For cubane, more electronic transitions occur in the vicinity of
the 532 nm excitation line. For example, within 490—550 nm,
the calculations suggest 3 transitions for BuCo but 13 for
cubane. The analysis of the contributions of individual excited
electronic states to Raman and ROA spectra suggests that state
number 46 (transition wavelength calculated at 464 nm) is the
best candidate for the dominant contributor to Raman/RROA
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intensities, giving a Raman shape close to the experiment. Its
RROA is also negative, as observed, and the overall enhance-
ment is extremely high. Its transition charge density is visualized
in Figure 4b. In the transition, all four ligands with all of the
double-bond electronic systems and copper d electrons
participate, which presumably makes its contribution to the
Raman signal so strong.

A very interesting and potentially useful feature of resonance
Raman and ROA spectroscopy is documented in Figure 4c.
Here, we generate Raman intensities coming from the two types
of the camphor residues: camphors attached through the
carbonyl group to a copper atom (I) and the other type (II). At
the 2000 nm excitation (non-resonance case), the two camphor
residue types contribute about equally, which corresponds to
their similar chemical and optical nature. At the 532 nm
excitation, however, type II carbonyl groups are heavily involved
in the resonance (cf. also the transition charge density; Figure
4b), and their signal dominates the spectrum. The carbonyl
group in type I bonded to copper apparently loses the ability of
the 7 electrons to participate at the electronic transitions with
energies close to the laser excitation. In comparison to the main
Raman and RROA bands at ~1556 cm™’, the camphor moieties
do not contribute to the RROA spectra so much; however, they
can be identified in the experimental spectrum, and the
simulated shape agrees well with the observation (Figure 4d).

The RROA spectra of the metal complexes thus seem to be
capable of distinguishing states close in energy, which could not
be resolved by other means. The electronic spectra provided
limited resolution only, and the errors of computed electronic
transition energies and pre-resonance spectral intensities were
too large. We show that delocalized electronic states, spread over
all of the ligands and with a significant participation of metal d
electrons, are the most important for the resonance intensities.
Theoretical analysis revealed an interesting possibility to “light”
a particular molecular moiety, in this case, different camphor
residues, by the laser excitation frequency. The probing of
electronic excited states may be used in molecular studies
concerning bioinorganic and metallo-supramolecular chemistry,
asymmetric catalysis, or photochemically active materials.
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