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Abstract. Experimental vibrational (Raman and IR-absorption) spectra are obtained
for microcrystalline powder of quercetin in the spectral range of 400—1800 cm ™' at
the room temperature. Optimized geometries of two stable isomers of quercetin
molecule are calculated with a density-functional method at the level
CAM B3LYP/6-311++G(d,p). The isomers have an almost planar frame structure
and differ by mirror orientations of one of the rings with respect to the other rings.
Vibrational spectra of the isomers are calculated in harmonic approximation at the
same level of theory. The scaling factors determined experimentally for each of the
two isomers have been used when comparing the calculated and experimental data.
The vibrational spectra are interpreted in the whole frequency range under test.
Good correlation of the experimental and calculated vibrational spectra is obtained.
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1. Introduction

Quercetin is a plant flavonol of a flavonoid subgroup of polyphenols, which contains more than
6000 known compounds [1, 2]. According to the literature data, quercetin is ubiquitously found in
different plants (in particular, leaves) and food, in particular in vegetables and fruits, olive oil and
table olives, grape and wine, onion, tea, apple, flowers, and seeds. It reveals a broad range of
biological effects [3—5]. Like the other flavonoids, quercetin is active in balancing cellular
reactive-oxygen level and manifests a cyto-protective function [6].

Quercetin has a broad range of therapeutic properties useful for health of humans, in
particular anti-oxidant, anti-toxic, anti-cancer, anti-viral, anti-diabetic, anti-inflammation and
cardiovascular effects. It is also involved in drug delivery, with therapeutic targets [7—13].

The anti-oxidant activity of quercetin, which even exceeds that of such well-known anti-
oxidant molecules as rutin, ascorbyl and trolox, can be explained by several reasons: its ability to
reduce formation of free radicals via catching them; capability to transport protons or electrons;
formation of intramolecular hydrogen bonds; formation of stable radicals due to availability of
hydroxyaromatic groups at each of three rings, and extensive electronic delocalization spreading
over the whole quercetin molecule [14—19].

The vibrational spectra of quercetin have been earlier investigated using both Raman and IR-
absorption spectroscopy methods [20—31]. However, no exhaustive interpretation of the spectra
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has been given in the above works. Nonetheless, the latter information would be very important
when studying the mechanisms of binding quercetin to nucleic acids.
In the present work, we report the experimental vibrational (Raman and IR absorption)

spectra of microcrystalline quercetin in the range of 400—1800 cm . Together, we calculate the
vibrational spectra with a density-functional method for the two stable planar isomers of quercetin,

and then compare the experimental data with the theory.

2. Materials and methods

2.1. Quercetin

According to nomenclature of the International Union of Pure and Applied Chemistry, quercetin is
termed as 3, 3', 4/, 5, 7-pentahydroxyflavanone. Its chemical formula is C;sH;¢O; [6]. The
structure of quercetin molecule contains two aromatic rings A and B linked through a ring C
containing oxygen, and a number of hydroxyl OH-groups attached to the positions 3, 3’, 4, 5 and 7
(see Fig. 1). The substance is poorly soluble in water.

The structural data of a quercetin crystals (C;sH;oO;°2H,0, with the triclinic symmetry P1
and coordination number z=2) has been obtained with X-ray diffraction. Besides, it has been
demonstrated that conformational mobility of the quercetin molecule gives rise to polymorphism
of the corresponding crystals. This polymorphism can be controlled using different methods for
growing single crystals (anhydrous, monohydrate and dihydrate) or co-crystals [32—37].

Quantum-mechanical studies of the structure of quercetin have been reported in Refs. [34,
38—44]. According to the studies of spatial structure of quercetin isomers [45], the quercetin
molecule is either flat or almost flat for different isomers, while deviation from planarity occurs only
for the ring B, which is rotated with respect to the C2—C1' axis. We have determined optimized
geometry of the two stable isomers of the quercetin molecule (referred to as isl and is2 further on),
using the density-functional method at the CAM B3LYP/6-311++G(d,p) level. No structural
restrictions have been imposed. The spatial structures of the isomers are displayed in Fig. 1.

isl is2

Fig. 1. Optimized spatial structures of the isomers is1 and is2 of quercetin molecule, as calculated with density-
functional CAM method at the level B3LYP/6-311++G(d,p). Numbers of atoms correspond to standard notation.
Atoms C are denoted as grey circles, atoms O as red circles, and atoms H as small grey circles.

2.2. Experiments
The microcrystalline powder of quercetin (302 g/Mole from Borshchahivskiy CPP, Ukraine) was

used in our Raman scattering and IR-absorption experiments. When preparing samples for the
Raman analysis, quercetin powder was placed on a high-quality calcium fluoride plate (CaF, from
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Crystran Ltd, Poole, UK). This was done in order to minimize any possible spectral contributions
from a sample substrate. The Raman spectra were recorded using a custom-made inverted Raman
microscope equipped with a 40* objective (water immersion and numerical aperture equal to 1.0).

Since the long-wavelength absorption edge for quercetin lies in the region ~ 500 nm [23], a
785-nm continuous-wave Ti:sapphire tunable laser (Coherent) was employed for exciting a
sample. This provided a laser-power density of 30 mW/um?® at the sample. A back-scattered light
from the sample was collected by an objective and filtered using two laser-blocking filters
(RazorEdge 0° Longpass filter, Semrock). The Raman-scattered light was focused onto an
entrance slit of a monochromator (IsoPlane 320, Princeton Instruments) and set at 30 pm in order
to reject off-focus light and obtain high spectral resolution. The monochromator was equipped
with a 600 line/mm diffraction grating.

Finally, the spectra were acquired using a back-illuminated CCD (PyLoN:400BR-eXcelon
CCD, Princeton Instruments) cooled cryogenically at —120°C. To improve signal-to-noise ratio, a
signal accumulation mode was used, with the exposure time amounting to 30 s. The measurements
were performed at the room temperature in the spectral range 3502000 cm ', with the spectral
resolution not worse than 2 cm .

Fourier-transformed infrared absorption spectra in the mid-IR range were measured with a
Thermo Scientific Nicolet iS50 spectrometer. The samples were probed in a microcrystalline phase,
using a single-bounce attenuated total-reflection technique. The appropriate powders were
mechanically pressed on a diamond surface. The spectra were measured in the range
!, Built-in
attenuated total reflection corrections were used to compensate for the effective path length of

375-2000 cm ', with the maximum spectral resolution being slightly less than 1 cm™

evanescent wave over the entire wavelength range.
In some cases, the experimental spectra were processed using Origin and PeakFit programs. This
enabled correcting the data with respect to the band positions, the number of band components, etc.

2.3. Calculations
Optimized geometries of the stable isomers isl and is2 of the quercetin molecule were calculated
with the density-functional method at the CAM B3LYP/6-311++G(d,p) level. No structural
restrictions were imposed in our calculation procedures (see Fig. 1). The two isomers differ by the
mirror orientations of the ring B with respect to the rings A and C. At the same level of theory,
their vibrational (both Raman and IR-absorption) spectra were calculated in a harmonic
approximation. The density-functional calculations were performed using a Gaussian(09 program
package [46]. Our calculations demonstrated that the isomers of the quercetin molecule have
indeed an almost planar frame structure, and deviations from the planarity are practically absent.

Since the density-functional technique usually overestimates the frequencies, the scaling factors of
0.976 (for is1) and 0.974 (for is2) were used when comparing the calculated and experimental data.
This correction can easily be understood following from to the known errors present in the calculations
of interatomic interactions due to a limited set of basic functions [47]. Usually the experimental and ca-
Iculated Raman spectra are more similar to each other than the IR-absorption spectra. As a
consequence, they were more convenient when finding the correspondence among the experimental and
calculated frequencies and, therefore, determining the scaling factors. The values 0.976 (is1) and 0.974
(is2) provided the best correspondence between the calculated and experimental data. The scaling
factors proved to be close to unity in our case, thus indicating that the basic set used by us was sufficient
for the molecule under study.

The frequencies and the relative intensities of the spectral lines with regard for the corrections
mentioned above are presented in Table, along with a detailed interpretation of all of the vibrations.
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3. Results and discussion

As already mentioned, the quercetin crystal C;sH;¢O;-2H,0 is described by a triclinic symmetry
(P1 and z=2) [32-37]. Due to a low symmetry, there are no degenerate vibrations in the
vibrational spectra. The correspondence between the ‘crystalline’ and ‘molecular’ modes is
unambiguous. The most essential difference between the spectra typical for ‘free’ and crystalline
quercetin had to reveal itself in the region of very low frequencies (i.e., for so-called external
vibrations). In the range of intermediate and high frequencies (i.e., internal vibrations), the
influence of crystal structure is very weak. A duplication of the number of vibrations (because of
the fact z=2) and some shift in the vibrational bands take place. However, the splitting is
insignificant so it can be neglected in any practical situation. Therefore we believe that the
comparison of the experimental vibrational spectra of microcrystalline quercetin with the spectra
calculated for the quercetin molecule is fairly correct in our operation range 400—1800 cm ™' (see
Fig. 2 and Fig. 3). This fact has been further confirmed by a subsequent analysis.
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Fig. 2. Raman spectra calculated for quercetin isomers is1 and is2 and corrected using the scaling factors

(upper panels), and experimental Raman spectrum obtained in the range 400-1800 cm' (lower panel). The
excitation wavelength is Aex = 785 nm.
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The calculated spectrum for the quercetin molecule, C;5sH;¢O7, contains 90 (332 — 6) non-

1

degenerate vibrations. About 60 of these vibrations lie in the region 400—1700 cm ~ and ~ 15 in

! The frequencies up to 400 cm ™' correspond to the out-

1

the most relevant region 1300—1700 cm™
of-plane vibrations of the rings and/or attached atoms (or groups). The region 400—1000 cm™
contains both the out-of-plane and in-plane vibrations of the rings and the attached atoms, whereas
only the in-plane vibrations of the aromatic rings and the attached atoms can be found above
1000 cm ™.
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Fig. 3. IR-absorption spectra calculated for quercetin isomers is1 and is2 and corrected using the scaling factors

(upper panels), and experimental IR-absorption spectrum obtained in the range 400-1800 cm™” (lower panel).
The high-frequency region, 3200-3900 cm™', contains the modes corresponding to the

valence vibrations of CH-bonds, with small displacements of the other atoms, mainly C. Here, we

are more interested in the region 1300-1700 cm™

. The in-plane vibrations of quercetin in this
region are the most intense. Moreover, resonance interactions of the vibrations of quercetin and the
bases of large molecules (e.g., DNA and RNA) are possible in this region. It is in this region that
we have earlier observed a resonance interaction of berberine and DNA vibrations in the Raman

spectra of an aqueous berberine-DNA solution [48, 49].
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The experimental and calculated Raman and IR-absorption spectra in the range
400-1800 cm " are presented in Fig. 2 and Fig. 3, respectively. A fairly good correlation between
the experimental and calculated Raman spectra is observed in the whole spectral range. This
concerns both the frequencies and the intensities of vibrations. The correlation between the
! the
intensities of the calculated vibrations are very small (by some orders of magnitude) when

intensities of vibrations in the IR-spectra is somewhat worse. In the region up to 1200 cm™

compared with the experimental data. It is worthwhile that some of weak calculated modes (e.g.,
that located at 1547 cm ') have been found to be high-intensity modes in the experimental spectra,
while some modes calculated as intense ones have not been observed in the experimental spectra —
or they have had very low intensities (e.g., the mode located at ~ 1650 cm™"). Furthermore, a few
lines of an unknown nature have been revealed in the experimental spectra. For instance, this
concerns the lines located at 1560 and 1407.5 cm ™" in the IR spectrum and the line at 1408 cm ™' in
the Raman spectrum.

We attribute some discrepancies between the experimental and calculated spectra to the fact
that the calculations are usually based upon ions or molecules, while the experiments are
conducted on crystallohydrates. Since dipolarity of the vibrations in IR-absorption processes is
important, a presence of dipole water molecules (or OH-groups) in the samples might have led to
dipole-dipole interactions with the molecules. The results of these interactions might be revealed
in the IR-absorption spectra. The appropriate influence on the Raman spectra is weaker, since the
Raman scattering processes are associated with the electronic system, and the effect of dipole-
dipole interactions on the vibrational system is less direct.

The frequencies obtained from the experiment and the corresponding frequencies calculated
using the scaling factors are presented in Table. We note that our experimental Raman spectrum
appears to be quite similar to the Raman spectrum presented in the study [28]. In particular, the
frequencies presented in Ref. [28] (16 modes) and Ref. [26] (8 modes) coincide very well (up to
1-2 cm™") with our data. The frequencies of the IR-modes reported in Ref. [27] also agree well
with our data, although only for 4 modes. For a comparison, we have included in Table some of
the results obtained by the other authors [21, 26—28].

4. Conclusion

Summing up, in the present work we have calculated the Raman and IR-absorption spectra for the
two planar isomers of the quercetin molecule, using the density-functional theory at the CAM
B3LYP/6-311++G(d,p) level. The optimized geometry of the quercetin molecule has also been
deduced. The results of calculations correlate fairly well with our experimental data obtained for

microcrystalline quercetin in the spectral range 4001800 cm ™

. Note that this range is significant
from the viewpoint of interaction of quercetin with DNA.

The interpretation of the Raman bands of quercetin suggested by us can be used when
analyzing the interactions of quercetin with nuclei acids and some other biomolecules. We have
also demonstrated that the density-functional method can be successfully used for this aim and
manifests a satisfactory reliability. This can be utilized when calculating the vibrational spectra for
the other flavonoid subgroups of polyphenols, for which it could be complicated (or even

impossible for some reasons) to obtain the Raman vibrational spectra.
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Anomauin. [{ns MIKpOKpUCMATIYHO20 NOPOWKY KEEPYEUHY 00EPAHCAHO eKCNePUMEHMATbHI
KOMueHI cnekmpu (Kombinayitine poscianns ma I9-noenunanmns) 6 cnekmpaivHoOMy O0ianazomi
4001800 cm™" 3a  ximmamnoi memnepamypu. Onmumizosani eeomempii 060X CMAGINLHUX
i30Mepie MOAeKYIU KeepyemuHny OOUUCTIeHO 3a MemoOOM @QYHKYIOHALY WilbHOCMI HA Pi6HI
CAM B3LYP/6-311++G(d,p). Buwesasnaueni izomepu maiome maudice MIOWUHHY CMPYKINYPY
Kapracy i 8iOpI3HAIOMbCS 03ePKAIbHOIO OPIEHMAYIEI0 00H020 3 Kileyb wodo inwux. Ha yvomy dic
Pi6HI meopii 8 2apMOHIUHOMY HAOIUICEHHI 00UUCIeHO KOusHI cnekmpu izomepis. Koegiyicnmu
Macumabyeanus, GUHAYEHI eKCNEPUMEHMANIbHO OJsL  KOJCHO20 3 080X i30Mepis, 6710
BUKOPUCMAHO 8 NOPIGHAHHI PO3PAXYHKOBUX MA eKChepuMeHmanvHux oanux. Konueni cnexmpu
NPOIHMePNPemosano Oisi  6Cb020  00CHiONceHo20 Oianazony uacmom. QO0epiucano UCOKY
KOpenayiio Midic eKCnepumenmanibHuMu ma po3paxyHKo8umu KOAUGHUMU CREKMPAMU.
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