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Abstract

D

Myricetin (3,3',4',5,5',7'-hexahydroxyflavone) was investigated by linear dichroism spectroscopy on

TE

molecular samples partially aligned in stretched poly(vinyl alcohol) (PVA). At least five electronic
transitions in the range 40000 – 20000 cm–1 were characterized with respect to their wavenumbers,

CE
P

relative intensities, and transition moment directions. The observed bands were assigned to
electronic transitions predicted with TD-B3LYP/6-31+G(d,p).
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1. Introduction
Flavonoids are polyphenolic compounds of herbal origin which are brought into animal organisms

T

by consumption of fruits, vegetables, tea or wine. Apart from their nutritive values, they are

IP

distinguished by an impressive spectrum of therapeutic actions [1,2] such as antiinflammatory [3]
antimicrobial [4] and anticarcinogenic [5,6], as well as by improving cognitive and motorical

SC
R

functions [7]. Myricetin (MCE), a compound that belongs to the flavonol subclass of flavonoids,
displays numerous beneficial impacts on humans [8-11] the most highlighted being its high
neuroprotective activity [12] manifested through inhibition of the enzyme that metabolizes the drug

NU

used in the treatment of Parkinson's disease and, consequently, increasing its bioavailability and
efficiency [13].

MA

As for other flavonoids, remarkable antioxidant activity of MCE originates in its
capability for free radical scavenging. Even though MCE itself becomes a radical due to this action,
the electron delocalization that encompasses planar polycyclic backbone makes the MCE radical

D

one of rather poor reactivity [14]. In addition, six hydroxyl groups enable relatively easy chelation

TE

of metal ions which is extremely important when the latter are cell damaging factors.
Successive deprotonation of hydroxyl groups in media of different pH values

CE
P

chemically changes MCE and, consequently, affects its stability and activity [15]. By combining the
results obtained from a computational and experimental UV-Vis study, Álvarez-Diduk et al. [16]
suggested the most probable mechanism of deprotonation of MCE and demonstrated its

AC

decomposition in highly alkaline media (pH ≥ 11). Besides the stability being dictated by the pH
value of the surrounding medium, Piantanida et al. found that the stability of MCE in ethanol
(EtOH) – water mixture is time-dependent and it decomposes after 2-3 hours [17].
The investigations of the activity of MCE generally apply optical spectroscopy as a
crucial analytical tool, particularly in the UV-Vis region [15-20]. The electronic transitions of MCE
are therefore of considerable interest. Trouillas and coworkers [18] recently performed a theoretical
investigation of the UV-Vis spectra for an extensive series of polyphenols, including MCE,
focusing on the first strong bands. In order to contribute to the characterization of the electronic
transitions of MCE we have investigated the UV-Vis absorption spectrum of the compound in the
region 40000 – 20000 cm–1 by means of Linear Dichroism (LD) spectroscopy on molecular samples
partially aligned in stretched poly(vinyl alcohol) (PVA), thereby providing information on the
polarization directions of the electronic transitions [21,22]. The investigation is supported by the
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application of quantum chemical computational procedures. Additional information is provided as
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SC
R

IP

T

Supplementary Material (S1 – S10).

MA

Scheme 1.

2. Calculations

All calculations were performed with the GAUSSIAN09 software package [23]. The equilibrium

D

geometry of MCE was calculated with B3LYP [24,25] density functional theory (DFT) and the 6-

TE

31+G(d,p) basis set [22], using an ultrafine grid (int(grid=ultrafine)) [23] and approximating the
influence of an alcoholic solvent

by the

polarized continuum model (PCM) [26]

CE
P

(scrf(pcm,solvent=ethanol)). The most stable conformations of the six hydroxyl groups are found to
be those indicated in the molecular diagram in Fig. 1 (detailed structural data and harmonic
vibrational wavenumbers are provided as S1). This is consistent with the calculational results of

AC

Álvarez-Diduk et al. [16] and with the results of X-ray single crystal and powder diffraction
experiments [27]. Starting with a planar geometry (Cs symmetry), a planar molecular structure is
predicted with no imaginary frequencies, indicating a true equilibrium structure (S1). However,
allowing the molecule to be non-planar leads to the prediction of an equilibrium structure with a
slight twist around the 1’–2 bond (linking the pyrogallol and benzopyranone moieties). This is
indicated in Fig. 1 which displays the results of a relaxed potential energy scan of the torsional
profile, revealing shallow double minima structures close to the torsional angles  = 0° and  =
180°. We have no obvious explanation for the phenomenon; one may speculate that it may be
related to different constructions of the integration grid for the (exact) Cs and C1 symmetries. In the
ensuing applications we shall assume that the molecule is effectively planar. Transition to the
lowest excited singlet state (2 1A’, see below) increases the tendency towards planarity: In the
excited state equilibrium geometry, the 1’–2 bond is shortened from 1.466 to 1.426 Å, and the

3
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corresponding torsional wavenumber is increased from 4.2 to 12.7 cm–1, relative to the ground state.
Geometry optimization of the excited state did not lead to tautomerization, corresponding to Excited
State Intramolecular Proton Transfer (ESIPT) [20]. We have not pursued this question further as an

T

ESIPT phenomenon would not be observed in the present absorption spectroscopic experiment.

IP

Vertical transitions to excited singlet electronic states of MCE were computed by

SC
R

using the time dependent TD-B3LYP procedure [28] with the 6-31+G(d,p) basis set. The influence
of the solvent on the calculated transitions was investigated. Following the strategy outlined in
ref. [30], a discreet/continuum model was applied, considering a variety of hydrogen bonded MCE-

NU

ethanol clusters and representing the influence of the bulk of the solvent by the PCM model
(solvent=ethanol). But the influence of explicit solvent molecules on the calculated transitions was
found to be of minor importance. In the following we present results obtained with the PCM

MA

continuum model, without explicit solvent molecules. This level of approximation provided
excellent results for the electronic transitions of hydroxy-anthraquinone dyes [29-31]. A total of 50
excited states were calculated (S3), but we present only detailed results for transitions in the low-

D

energy region of relevance to this study, see Table 1. In-plane transition moment angles  are given

TE

relative to the first strong transition (2 1A’), see Fig. 2. Further details are available as
supplementary data S2 and S3. A gaussian convolution of the predicted transitions is provided as

AC

3. Experimental

CE
P

S4; corresponding results obtained with a selection of TD-DFT procedures are given in S5 – S10.

3.1. Sample preparation

A sample of MCE was purchased from Extrasynthese (≥ 99 % purity). Polymer sheet material for
LD spectroscopy was prepared from PVA powder with average molecular weight 70,000–100,000
Dalton (CAS 9002-98-5, Sigma-Aldrich). Five grams of PVA were dissolved in 50 g distilled water
at ca. 90 °C while slowly stirring for several hours. After cooling to room temperature, the
homogeneous solution was poured onto a glass plate and left to dry for several days. The resulting
polymer sheet was cut into samples of 2  3.5 cm, and the solute was introduced by immersion of
the sample pieces for one week in a concentrated solution of MCE in 96% ethanol (Merck Uvasol).
The doped samples were dried, cleaned with methanol (Merck Uvasol) to remove crystals from
their surface, and uniaxially stretched ca. 600% in the hot stream of air from a hairdryer. To ensure
the reproducibility of the results, a number of replicas were produced and investigated. Reference
samples were prepared and treated in exactly the same manner, except for the omission of MCE.
4
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Moreover, the stability of MCE in stretched PVA was verified by repeating the measurement after
some days; no significant development of the absorption spectrum was observed. Apart from a
minor solvent-induced shift, the spectrum observed in PVA compares well with the spectrum

T

observed in EtOH (S4), thereby confirming that MCE is fully protonated in the present experiment

IP

[16].

SC
R

3.2. LD spectroscopy

UV–Vis LD spectra were recorded at room temperature with a Shimadzu UV-2600
spectrophotometer equipped with rotatable Glan prism polarizers as previously described [30-32].

NU

Two linearly independent absorbance curves were measured, one with the electric vector of the
sample beam parallel to the stretching direction (U), and one with the electric vector perpendicular

MA

to it (V); in both cases the sample beam was perpendicular to the surface of the PVA sheet. The
resulting baseline-corrected absorbance curves are denoted by EU (~) and EV (~) ; the difference

D

between them, EU (~) – EV (~) , is defined as the linear dichroism (LD) [21,22]. An example of

CE
P

4. Results and discussion

TE

the recorded curves is shown in Fig. 3.

4.1. Linear dichroism: orientation factors and partial absorbance curves
The directional information that can be extracted from the curves EU (~) and EV (~) (Fig. 3) is

AC

provided by the orientation factors Ki for the molecular transition moments of the observed
transitions i [21]:

Ki  cos 2 ( Mi ,U )

(1)

Here (Mi, U) is the angle between the transition moment vector Mi of the ith transition and the
uniaxial stretching direction U of the polymer sample. The pointed brackets indicate averaging over
all molecules in the light path. A large orientation factor Ki thus indicates efficient alignment of the
molecular transition moment vector Mi with the sample axis U, and vice versa. The Ki values were
determined by the graphical “trial-and-error” (TEM) procedure [21] which involves formation of

~
linear combinations of EU (~) and EV (~) , for example the reduced absorbance curves rK ( ) [32]:
rK (~)  (1  K ) EU (~)  2KEV (~) .

(2)
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A spectral feature due to transition i (a peak or a shoulder) will vanish from the linear combination

rK (~) for K = Ki, and the value of Ki can thus be determined by visual inspection [32]. A family of
~
reduced absorbance curves r ( ) for MCE is shown in Fig. 3. A well-defined orientation factor K =

T

K

IP

0.47 can be determined for the first strong band A with maximum at 25600 cm–1. For the following
spectral features B, C, D, and E, the orientation factors can only be determined with reduced

SC
R

accuracy because of broad, overlapping bands. K values close to 0.5 can be estimated for B and E at
30000 and 38800 cm–1, and values close to 0.3 for C and D at 33100 and 36800 cm–1.
The analysis of the observed LD data is further complicated by the low molecular

NU

symmetry of MCE; the Cs molecular symmetry allows infinite possible moment directions for inplane polarized transitions. For transitions polarized in the molecular plane, the task consists in

MA

determination of the angles i formed by the moments of the observed transitions i with a specific,
well-defined axis in the plane. Traditionally [21], this axis is chosen as the “orientation axis”, that is
the molecular axis x corresponding to the largest value of the average cosine squared, cos 2 ( x,U )

D

= Kx, also called the “long axis” of the molecule. This axis can frequently be estimated from the

TE

molecular shape; but in the case of a polar and protic compound like MCE aligned in a polar and
protic medium like stretched PVA, other factors than the molecular shape may be important [30].

CE
P

Additional information would be provided by polarization spectroscopy in the IR region, for
example observation of the LD of the carbonyl stretching band. Unfortunately, PVA absorbs
strongly in the IR region, and in general, this medium does not allow useful LD IR investigations.

AC

We shall assume that the orientation axis x approximately coincides with the moment vector of the
first strong transition A at 25600 cm–1 with K close to 0.5. The calculated moment direction for this
transition is essentially parallel to the 1’–2 bond axis; assignment of this axis as the orientation axis
x seems plausible (Fig. 2). The in-plane axis y that is perpendicular to x corresponds to the lowest
average cosine squared among directions in the plane, cos 2 ( y,U ) = Ky. For an in-plane polarized
transition i the following relation holds [21]:

 i  tan 1

K x  Ki
Ki  K y

(3)

Provided the orientation factors Kx and Ky for the in-plane axes x and y can be derived, the
numerical values of the individual transition moment angles i can thus be determined from the
observed Ki values. According to our assignment of the orientation axis, Kx = 0.5; the value of Ky
must be less than Kx, but is likely to be larger than (1 – Kx)/2 = 0.25 [21]. Under the assumptions
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(Kx, Ky)  (0.5, 0.3), Equation (3) predicts that the features A, B, and E with Ki close to 0.5 are
essentially x-polarized (  0°), and that the features C and D with Ki close to 0.3 are essentially y-

T

polarized (  ±90°; the moment angles +90° and –90° are equivalent). But in view of the

IP

assumptions made and the approximate nature of most of the experimental K values, these
predictions must be considered as qualitative; one should be careful not to overestimate the

SC
R

information content of the LD data [33,34].

In a spectral region where only transitions corresponding to two different K values,
absorbance curves Ax (~) and Ay (~) [21,32]:

Ay (~)  ( K y  K x ) 1 rK x (~)

MA

Ax (~)  ( K x  K y ) 1 rK y (~)

NU

such as Kx and Ky, contribute to the observed absorption, it is possible to derive the partial

(4)

Within the assumptions made, it is thus possible to construct the pair of partial absorbance curves

D

Ax (~) and Ay (~) shown in Fig. 4, corresponding to contributions with Kx = 0.47 and Ky = 0.3.

TE

Ax (~) and Ay (~) indicate absorbance with moment angles  close to 0° and ±90°, corresponding
to predominantly long- and short-axis polarized absorption, respectively. The polarization

CE
P

assignments are reasonably consistent with the calculated transition moment directions (see below).
4.2. Electronic transitions

The observed transitions are listed in Table 1, where they are compared with the predicted

AC

transitions. Observed and predicted transitions are furthermore compared in Fig. 4. It must be
emphasized that precise characterization of the observed polarization data is complicated by low
molecular symmetry and by broad and overlapping bands (see above). The suggested derivation of
transition moment directions from the LD absorption curves relies on a number of assumptions
(Section 4.1), and the polarization analysis should be considered as qualitative.
The strong, long-axis polarized band A with maximum at 25600 cm–1 is the most
important feature of the UV-vis spectrum and is responsible for the color of the compound. This
band must be assigned to the 2 1A’ state predicted at 26000 cm–1 with oscillator strength f = 0.60.
The transition is well described by promotion of an electron from the HOMO to the LUMO, listed
as [1, –1] in Table 1. As indicated by the  orbital amplitudes shown in Fig. 5, the HOMO is antibonding and the LUMO is bonding with respect to the 1’–2 linkage. The predicted transition is thus
sensitive to the dihedral angle  (Fig. 1): For a twisted conformation with  = 90° the calculated
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transition is blue-shifted to 29600 cm–1 and the intensity is reduced to f = 0.17. Moreover, the
transition leads to increased tendency towards planarity as discussed in Section 2. Both HOMO and
LUMO are delocalized over most of the molecule, so no massive charge transfer is expected to be

T

associated with the transition. The predicted dipole moments are 5.58 D for the 1 1A’ ground state

IP

and 6.88 D for the 2 1A’ excited state (equilibrium geometries), indicating a minor increase of the

SC
R

polarity of the molecule on excitation.

As part of an extensive TD-DFT survey of the electronic transitions of natural
polyphenols, Trouillas and coworkers [18] computed the first strong transition of MCE using

NU

B3P86/6-311+G(d,p). Compared with the present investigation, these authors obtained similar
results with respect to wavenumber and oscillator strength, but they described the transition as 64%
HOMO–LUMO. This is at variance with the present percentage of 96%. We wonder whether the

MA

percentage was correctly derived by Trouillas and coworkers [18].
The feature B around 30000 cm–1 appears as a diffuse shoulder on the tail of band A.
Characterization of this shoulder is complicated by the overlap with much stronger absorption A.

D

We tentatively assign the feature B to the states 3 1A’ and 4 1A’ predicted at 29600 and 29900 cm–1.

TE

The moment angles predicted for transitions to the two states are +8° and –28°, which seems
fairly consistent with the predominantly long-axis polarization of the shoulder ( 0°).

CE
P

Band C at 33100 cm–1 is predominantly short-axis polarized ( ±90°) and can
probably be assigned to the 5 1A’ state predicted at 34100 cm–1 with  = –81°.
The feature D at 36800 cm–1 appears as a shoulder in the isotropic spectrum EISO but

AC

as a peak in the partial absorbance curve Ay (Fig. 4). Like band C, band D is predominantly shortaxis polarized ( ±90°), and it can be assigned to the 5 1A’ state predicted at 37200 cm–1 with  =
+85°. The weaker 6 1A’ state calculated at 37400 cm–1 probably contributes to this band.
Finally, band E appears as a relatively strong, long-axis polarized peak at 38800 cm–1.
This band can be assigned to the 9 1A’ state predicted at 39700 cm–1 with  = –18°.

5. Concluding remarks
This paper reports the results of a polarization spectroscopic study of molecular samples of MCE
partially aligned in a stretched polymer matrix. The investigation lead to resolution of otherwise
poorly resolved spectral features. It was thus possible to characterize at least five electronic
transitions in the 40000 – 20000 cm–1 region. In spite of low molecular symmetry and overlapping

8
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band features, it was possible to derive approximate partial absorbance spectra from the observed
linear dichroic curves, indicating qualitative polarization directions (transition moment angles) for
the observed spectral features. The results of a TD-B3LYP calculation within the assumption of a

T

planar molecular geometry lead to satisfactory agreement with the observed transitions, including

SC
R

IP

wavenumbers, relative intensities, and moment angles.
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Table 1. Observed and calculated electronic transitions for myricetin (MCE).
TD-B3LYPa

Observed

C

Ke

|| f

Term

25.6

0.30

0.47

~0°

2 1A’ 26.0

0.60

0° 96% [1, –1]

~0°

3 1A’ 29.6

0.03

+8° 96% [2, –1]

4 1A’ 29.9

0.07

5 1A’ 34.1

0.06

(30.0) (0.13) 0.5

33.1

0.13

0.3

~90°

f

g

1 1A” 36.2 <10–4
~90°

6 1A’ 37.2
1

38.8

0.29

0.5

~0°

–28° 95% [3, –1]
–81° 73% [4, –1]
z

97% [6, –1]

+85° 39% [1, –2]; 32% [5, –1]

0.03

2 1A” 38.8

10–3

8 1A’ 39.4

0.01

+88° 25% [2, –2]; 24% [1, –3]

9 1A’ 39.7

0.25

–18° 39% [2, –2]; 24% [3, –2]

10 1A’ 41.1

0.04

–43° 47% [1, –3]; 32% [3, –2]

D

3 1A” 41.7 <10–4

TE

Leading configurations h

7 A’ 37.4

MA

E

0.16

NU

D (36.8) (0.24) 0.3

f

T

~ b

IP

B

Ac,d

SC
R

A

~ b,c

1

11 A’ 42.4

0.09

–61° 59% [5, –1]; 31% [1, –2]
z

z

93% [1, –4]

84% [1, –6]

+43° 47% [1, –5]; 30% [2, –2]

Complete listings provided as supplementary material (S2, S3).

b

Wavenumbers in 103 cm–1.

c

Entries in parentheses indicate shoulders in the isotropic spectrum EISO in Fig. 4.

d

Absorbances corresponding to features in the isotropic spectrum EISO in Fig. 4.

e

Orientation factor, see text.

f

In-plane transition moment angle , see Fig. 2 (z designates out-of-plane polarization).

g

Oscillator strength.

h

The notation [i, –j] indicates an excited singlet configuration derived by promotion of an electron

AC

CE
P

a

from the ith highest occupied to the jth lowest unoccupied molecular orbital.
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Fig. 1.
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Figures

Torsional potential energy profile for rotation around the 1’–2 bond of myricetin (MCE) computed
with B3LYP/6-31+G(d,p). The torsional angle is taken to be zero for the planar conformation
indicated.
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Fig. 2.
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Definition of in-plane molecular x,y coordinate system for myricetin (MCE). The orientation axis x

AC

is assumed to coincide with the transition moment vector predicted with TD-B3LYP/6-31+G(d,p)
for the first strong transition (2 1A’). As indicated, in-plane transition moment angles  are given
relative to this axis (see text).
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Fig. 3.
(top) Observed LD absorbance curves for myricetin (MCE) recorded in stretched PVA. EU and EV
indicate absorbance measured with the electric vector of the sample beam parallel (U) and
perpendicular (V) to the stretching direction. (bottom) Family of reduced absorbance curves
according to Equation (2) with K values ranging from 0.0 to 1.0 in steps of 0.1. K values determined
for significant features are indicated.
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Fig. 4.
(top) Tentative partial absorbance curves according to Equations (4) produced with (Kx, Ky) = (0.47,
0.3). Ax and Ay indicate absorbance polarized approximately parallel (|°and perpendicular
(|°, respectively, to the long molecular axis (x), see Fig. 2. EISO indicate the corresponding
isotropic absorbance: EISO = Ax + Ay = EU + 2EV. (bottom) Graphical representation of transitions
computed with TD-B3LYP/6-31+G(d,p), see Table 1.
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Fig. 5.
Highest occupied molecular orbital HOMO, 15a”(), and lowest unoccupied molecular orbital
LUMO, 16a”(*), for planar myricetin (MCE).
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Electronic states of myricetin. UV-Vis polarization spectroscopy and quantum
chemical calculations
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Highlights:

UV-Vis polarization spectroscopy of myricetin



Resolution of previously unobserved features



Five electronic states characterized in the region 40000 – 20000 cm–1



Qualitative transition moment directions derived from the linear dichroic spectra



Good agreement with transitions predicted by TD-B3LYP calculation
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