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Abstract

3-hydroxyflavone (3HF) is a widely studied molecule that acts as a simplified prototype of
biological, more complex flavonoids. Its solvation mechanism is still under investigation. Here
we report a joint experimental and simulation study of the vibrational properties of 3HF in gas
phase and in simple liquids tetrachloromethane, chloroform and acetonitrile using infra-red (IR)
and Raman spectroscopies. We find reasonably good agreement between the static and
molecular dynamics simulations employing density functional theory at the level of generalised
gradient approximation (GGA) and hybrid functionals, but the agreement with the experimental
spectra is only reasonable in the case of the IR spectroscopy and relatively poor in the case of
Raman spectroscopy. The results can, however, be used as a starting point for discussing the
solvation behaviour of the flavonoids.

Introduction

Flavonoids are natural compounds present in plants that exhibit several interesting
biological properties, including, among others, radical scavenging ability [ 1], anti-carcinogenic
[2] and antiproliferative [3]. Flavonols is a subclass of flavonoids which contain a 3-
hydroxypyran-4-one ring. The chemical basis of their anti-oxidant properties have been the
object of extensive research [4; 5 and refs therein]; in particular it has been found that the
(micro)environment surrounding flavonols play a key role in modulating their reactivity [4; 6;

7; 8]. Interestingly, flavonol interactions with the surrounding environment deeply influence



their photophysics; for this reason, they are also widely used as fluorescent probes [9; 10].
Whereas intermolecular hydrogen bonding interactions determines flavonol emitting
properties, environment-induced deprotonation of OH group leads to formation of anions
whose fluorescence spectrum (band shape, color, intensity etc) is different from the neutral

molecule [9; 11; 12].

Vibrational spectroscopy is a powerful approach to study the interaction between
organic molecules and their surrounding environment, in particular proteins, at the atomic level.
Vibrational spectroscopy can provide detailed information on pigment-protein / ligand-protein
/ cofactor-protein interactions, mechanism of ligand binding, mechanism of biochemical
reactions efc [13]. Several vibrational spectroscopy techniques are widely applied in molecular
biophysics to investigate these issues, such as resonant Raman spectroscopy [14], non-resonant
Raman difference spectroscopy [15] and Fourier transform infra-red (FTIR) difference
spectroscopy [16]. In these techniques, especially Resonance Raman, spectral contributions
arising from the organic molecule can be identified, providing specific information on its
interaction with the protein [14]. Molecular vibrations are sensitive to structure and
intermolecular interactions (local dielectric constant, presence of hydrogen bonds efc); some
vibrational marker bands are extremely sensitive probes [13]. A prerequisite to rationalise how
the position of a vibrational band is influenced by the surrounding environment, is the detailed
characterisation of the organic molecule in prototypical environments. To this aim organic
solvents, which are characterised by precise physico-chemical parameters, are widely used.
Experimental data on organic solvents can be fully exploited when calculations are used to
assign vibrational modes or to rationalise solute-solvent interactions. Different approaches are
used, such as density functional theory (DFT)-based calculations with an implicit solvent (see
for instance [17]), DFT-based calculations with explicit solvent molecules (see for instance

[18]) or QM/MM calculations (see for instance [19]).

In the last decade, a large number of studies have been carried out using vibrational
spectroscopy to study flavonols in different microenvironments, eg. binding sites of
biomacromolecules (see [20; 21; 22] and refs. therein), organic nanoparticles [23], liposomes
[24] have been published. Its use in the study of chemical reactivity of flavonols has also been
reported (see for instance [17; 25]). Vibrational spectroscopy of flavonols has also been
successfully applied to food [26] and wine analysis [27]. Despite these efforts a clear
interpretation the effect of the environment — through intermolecular interactions - on the

position of the vibrational bands of flavonols is still lacking.
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Scheme 1 Chemical structure of 3-hydroxyflavone (3HF)

Raman and IR spectra of the simplest among flavonols, 3-hydroxyflavone (3HF), have
been used to investigate its interactions with several environments, such as glassy matrices [28],
polysiloxanes [29] or zeolites [30]. There is further interest in the study of the interactions
between 3HF and its environment due to its dual fluorescence [31], ie. from its normal state
N*, and from its tautomeric state T*, where the proton - after an excited-state intramolecular
proton transfer (ESIPT) reaction - is localised on the carbonyl oxygen. The efficiency and speed
of ESIPT (and, as a consequence, on the relative intensity of the N* and T* fluorescence bands)
depend strongly on the hydrogen bond (HB) interactions of 3HF with its environment [32]. In
addition, as mentioned above, environment-induced deprotonation of the OH group of 3HF can
occur, leading to anion formation with a completely different fluorescence spectrum ([33; 34]
and refs. therein). Also the reactivity of 3HF [4; 35] and photochemistry ([36] and refs. therein)
are strongly solvent-dependent. Static and time-resolved vibrational spectroscopy have been
used to follow and/or rationalise 3HF photophysics [37] and irreversible photochemistry in

solution [38; 39; 40], including the effect of the solvent on reaction mechanism.

The vibrational properties of 3HF have been the subject of several studies, with
contrasting results: IR spectra were obtained in solid-state ([41] and refs. therein), in gas-phase
[42; 43], in Ar matrices at 10 and 12 K [44; 45], in jet-cooled 3HF-(H20), clusters [46], and in
solvents [37; 47; 48]. Raman spectra were recorded in various solutions [40; 48; 49], and SERS
in water solutions [41] and resonance Raman spectrum of 3HF in 3-methyl-pentane (cited in
[44]) were also reported. Calculations of IR and Raman spectra of 3HF have been reported,
using the AM1 method [49] or the DFT approach [40-44]. Nevertheless, some discrepancies

have been reported in precise band assignments.

In this Article, we present Raman spectra of 3HF in three solvents: tetrachloromethane
(CCly), chloroform (CHCI3) and acetonitrile (ACN). These were chosen because they range

from apolar to polar, are all aprotic yet they impose a very different dielectric environment on



the 3HF, and they do not form (strong) hydrogen bonds with the solute, so as to avoid
complications due to varying coordination of hydrogen bonds. We couple the present and
former experimental findings with DFT simulations with an implicit solvent, in order to better
understand the solvent effects on the main vibrational bands. In addition, in order to shed light
on band attribution, we have simulated the IR spectrum of 3HF in gas phase and simple explicit
solvent by a dynamical computational approach, relying on Car-Parrinello molecular dynamics
analysis of 3HF in vacuum, and we compare the results to those obtained for 3HF in the gas

phase [42].

Methods

Experiments

3HF was purchased from Aldrich, and re-crystallised from cyclohexane before use. Solvents
were of spectroscopic grade. FT-Raman spectra were recorded on a Bruker IFS 66 V
spectrometer. 1064 nm radiation from a Nd:YAG laser was used for excitation. In order to
obtain spectra with a high signal to noise ratio 10000-40000 scans, depending on the solvent,
were averaged. Spectra of pure solvents, obtained under the same conditions, were subtracted.
Spectral resolution was 4 cm™'. Concentration was 500 ppm (2,1*10 M) for all samples. A
preliminary set of Raman experiments (Aexe = 632 nm) was carried out at lower concentrations
(down to 1*1073 M) showing the same spectral features, ensuring thereby the absence of solute-
solute interactions. This is also in line with a series of UV-Vis spectra of 3HF in the three
considered solvents, showing the same spectral features in the concentration range 5*10~ —

3*10° M (results not shown), in agreement with a previous report [48].

Calculations
We performed the dynamical DFT simulations using the QuickStep module [50] of the
CP2K package [https:/www.CP2K.org/]. We employed the generalised gradient

approximation BLYP [51; 52] to the exchange-correlation functional is the Kohn-Sham
equations, and the DFT+D3 dispersion correction in order to be consistent with simulations
where an explicit solvent molecules might be used. We used the TZV2P-GTH Gaussian basis
set for the orbitals and a plane wave basis set up to a cut-off energy of 400 Ry for density
together with Goedecker-Teter-Hutter pseudo potentials [53] in the Gaussian plane wave

(GPW) scheme [54]. We ran Born-Oppenheimer molecular dynamics with a time step of 0.5 fs
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in a canonical ensemble, where the average temperature was kept at 298.15 K using a thermostat
chain. 35 ps of trajectory was considered in the analysis, and the initial trajectory of 94 ps with
the smaller basis set TZVP-GTH was discarded. A similar molecular dynamics run was also
performed on the explicitly solvated 3HF in CCls and ACN, with trajectories of at least 50 ps

and the first 15 ps neglected. 128 solvent molecules were included in the simulation cell [55].

The static calculations with and without the implicit solvent were performed with the
code TurboMole [56] within the harmonic analysis of the vibrations. We used the same
BLYP+D3 approach as in the dynamical simulations together with simulations employing the
B3LYP hybrid functional [57] with the D3 term added, and def2-TZVPP basis sets. The model
for the implicit solvent was COSMO [58].

The infra-red (IR) spectra from the static calculations were simulated by Gaussian
broadening at the calculated harmonic frequencies w;, marked in the graphs with circles. The
IR intensity is calculated from the change in the dipole moment D along a displacement 4; the
corresponding normal mode i, [;z « ;|0 D/d 4;| §(w — w;). Similarly the Raman intensity is

evaluated from the differential of the polarisability along each normal mode.

Results

Vibrations in gas phase (isolated molecule)

We start by discussing the results in the gas phase, or isolated, molecule. In Figure 1 we
have the computed IR and isotropic Raman spectra both from the dynamical and static
calculations, the latter broadened by convoluting with a Gaussian function. Overall the
agreement is very good, with an additional shoulder in the dynamical spectrum of IR at about
1585 cm’!. In the spectra the strongest intensity is at around 1630 cm™'. This feature is red-
shifted in the dynamical simulations, most likely due to anharmonic effects that are not included
in the static approach. The two methods yield similar spectra, so in the following we assume

that the harmonic, static approach works relatively well.

[Figure 1 comes here]



Solvated 3HF

Next we discuss the experimental and calculated harmonic, static IR and Raman spectra
in the gas-phase molecule and the simple solvents CCls, CHCl3 and ACN. In the calculations
we used both BLYP+D3 and B3LYP+D3 approaches to the exchange-correlation term, and in
the simulation of solvated 3HF the implicit solvent. The results in Figure 2 require a careful
analysis as the errors in the calculated spectra do not allow a straightforward assignment of the
computed bands to the experimental peaks. We have fitted the scaling value of the computed
frequencies so that best overall agreement is obtained between the experimental peak positions
and computed frequencies leading to a value of 1.040 with BLYP+D3 and 0.991 with
B3LYP+D3. Both the unscaled and scaled Frequencies are shown in Table 1. There are clear
discrepancies between the calculated and measured spectra in the peak positions and the
intensities. For example in the infra-red spectrum in ACN the calculated frequency of the
highest-intensity peak is underestimated. In the FT-Raman spectra only one peak or frequency
appears in the simulations at 1560-1610 cm!, whereas two peaks are present in the experimental
spectra, possibly reflecting two different situations (ie. solute-solvent interaction scenarios). In
ACN the agreement in the position of the computational main peak is worse than in the other
(implicit) solvents. This might be due to the complicated equilibrium of solute-solvent HBs of
3HF in ACN, a solvent endowed with both hydrogen bond accepting basicity and also with
some HB donating acidity. On the one hand, hydrogen bonding between the methyl group of
ACN (HB donor) and the Oco is possible, but on the other hand the intra-molecular hydrogen
bond can also be distorted if the OH group forms HB as a donor with the solvent molecules

acting as acceptors via the nitrogen atom.
[Figure 2 comes here]
[Table 1 comes here]

We performed a further comparison between the dynamical and static calculations with
experiments by also computing the IR spectrum in the explicit solvent. These results are
collected into Figure 3. The statistics is quite poor in the case of ACN, leading to very strong
background signal, but we try to discern the signal from the weak maxima of the intensity. In
the case of ACN we include also the experimental spectrum from Ref. [37], as this spectrum
covers a wider spectral range than the spectra of solvated 3HF from Ref. [48]. This helps to
compare the agreement of the lowest computational frequency at ~1580 cm'. Further

experimental data are given in Table 2 as the peak positions. The harmonic, static and the



dynamical simulation again agree well in the case of gas-phase 3HF and solvated in CCl4. In
ACN the comparison is more difficult, possibly due to formation of hydrogen bonds between

the solute and solvent molecules.
[Figure 3 comes here]
[Table 2 comes here]

In order to understand the character of the different vibrational modes we analysed the
computational vibrational frequencies and the IR spectrum of two isotopically labelled 3HF
molecules in gas phase with the harmonic-B3LYP+D3 approach, and from the dynamical
properties of the C=0O unit in the BLYP+D3 dynamical simulations. The latter were analysed
using the Fourier transform of the bond length C=0, dc-o(¢), shown in Figure 4, and the Fourier
transform of the auto-correlation function of the velocity of the Oc-o. Thus the two quantities,
results of which are given in Figure 5, indicate the contribution of the C=0O stretching vibration

to the power spectrum at different frequencies.
[Figures 4 and 5 come here]

The isotopic substitution of the Hou to D leads to a large red shift of the highest
frequency by about 10 cm™, and smaller lowering of the second-highest frequency. Thus the
highest frequency has a component on the Hon. The replacement of the *Oco by "*Oco leads
to larger changes in the IR intensity and the frequencies. Again the highest frequency decreases,
indicating a contribution on the Oco. On the other hand the peak with the highest intensity is
the third highest in the '*Oco-3HF, whereas in fourth highest in '30co-3HF. Thus also this peak

has a large weight on the Oco.

Conclusions

We have reported computer simulations and experiments on the vibrational properties
of 3HF in the gas phase and in different organic solution. Nearly all 3HF vibrational bands have
shown to be very sensitive to the surrounding solvent. Interestingly, the behaviour is not the
same for all bands when moving from 3HF solution in the apolar CCly to the solution in the
weakly polar CHCI3 and to the polar ACN. This strongly suggests that specific solute-solvent
interactions (hydrogen bonds) occur, especially in ACN. This is also the conclusion of a recent

study based on UV-Vis and fluorescence spectroscopy in a large series of solvents, which



underline that hydrogen bonds are relevant also in ACN, an organic solvent normally
considered as aprotic [59]. Possibly the partial disruption of the intramolecular HB in 3HF plays
an important role in modifying spectral properties. The effect of isotope substitutions on
calculated spectra suggests that it is very difficult to assign a given band to a single localised
vibration (eg. C=0 stretching). A larger set of experimental vibrational data on isotopically-

labelled 3HF in several solvents is needed to better understand this issue.
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Table 1. The computed six vibrational frequencies of 3HF in different environments using
an implicit solvent in the frequency range of interest here; both unscaled, ie original, and

scaled frequencies are shown



Method

Unscaled
Gas phase |BLYP +D3 1534 (1551 1568 (1581 |1588 (1598
B3LYP +D3 1604 (1613 |1641 (1648 |1655 (1678
CCl BLYP +D3 1529 (1550 |1559 (1579 |1588 (1592
B3LYP +D3 1601 (1613  |1635 (1643 |1655 [1668
CHCI: BLYP +D3 1524 (1551 1555 (1577 (1588 (1590
B3LYP +D3 1598 [1613  |1631 (1642 (1654 [1664
ACN BLYP +D3 1519 (1551 1554 (1577 (1587 (1590
B3LYP +D3 1595 [1614 |1626 (1642 |1656 (1661
Scaled
Gas phase |BLYP +D3 1596 (1613  |1630 (1644 |1651 (1662
B3LYP +D3 1589 |1598  |1626 (1633 |1640 [1663
CCls BLYP +D3 1590 (1612  |1621 (1642 1652 (1656
B3LYP +D3 1587 |1598  |1620 (1628 |1640 [1653
CHCI: BLYP +D3 1585 |1613  |1618 (1640 |1651 |1654
B3LYP +D3 1583 (1599 1616 (1628 |1640 (1649
ACN BLYP +D3 1579 |1613  |1616 (1640 |1651 |1654
B3LYP +D3 1581 (1599 1612 (1627 (1641 [1646




Table 2. Experimental IR and Raman spectra of 3HF in different environments



Normal mode [C=0 stretch; |Ring B quinoid [C=0 stretch; C=0 stretch;

according to Ref |OH  bending; |stretch; OH |C=C stretch OH  bending;

[39] C=C stretch bend; C=C C=C stretch
stretch

IR Bands

Solid state [41] [1562s 1602s 1610 1627w 1647 vw

Ar matrix 1628 1652w

10 K [44]

Ar matrix 1578 1618 sh 1630 1653 ; 1659sh

12 K [45]

gas phase [42] (1570 1618 1638 (1656w)

gas phase [43] 1624 1630 1646/1653

CCl4 [47] 1622 1652

CCl4 [48] 1620 1650

CHCIs [48] 1613 1643

CDsCN [48] 1620 1641

Raman bands

Solid state [41] [|1566vs 1594vs 1619vs

CCl4 [49] 1648

MeOH [40] 1569 1600 1614 1622

MeOH/H20 1566 1600 1614 1622

10% [40]

Nanoporous 1568, 1558w 1604 1615 1627w; 1639 1651

SiO: [28]

Methylpentane 1625 1650

Res Raman [44]

CCl4 1574 1600 1620 1632w 1648

present work

CHCL: 1569 1599 1613 1639 (broad)

present work

CH:CN present 1571 1600 1621 1639 (broad)

work

Normal mode [C=0 stretch; |Ring B quinoid |[C=0 stretch; C=0 stretch;

according to |OH bending; |stretch; OH |C=C stretch OH  bending;

[39] C=C stretch bend; C=C C=C stretch

stretch




Figure 1 Computed vibrational a) IR and b) Raman spectra of an isolated 3HF molecule from

CPMD trajectories (solid lines) and harmonic analysis (dashed lines).
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Figure 2 Experimental (black, dashed line) and simulated (BLYP+D3: solid lines and multiple-

coloured circles; B3LYP+D3: dot-dashed lines and green circles) a) IR and b) Raman spectra
of 3HF in gas phase (gp) and solvated in CCls, CHCI3 and ACN. The intensities of the gas-
phase calculations were used in Panel b). The experimental data are from Ref. [42] (IR, gas-

phase), Refs. [37,48] (IR, solvated) and present work (Raman).



Figure 3 Experimental (black dashed lines) and simulated BLYP+D3 dynamical (solid lines)
and harmonic (dot-dashed lines, circles) IR spectra. The dashed lines are from the experimental
spectrum from Ref. [42] (gas-phase 3HF) and Ref. [48] (solvated 3HF) and the purple dot-
dashed line in ACN from Ref. [37].
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Figure 4 IR spectra of different isotopically—labelled 3HF in the gas phase calculated with the
harmonic-B3LYP+D3 approach.



—— harmonic
— 3HF

CCl,
—  ACN

Power spectrum

.
""""""

111111111
llllll

1 1 1 1 L LTy
1660 1640 1620 1600 1580 1560
w[em™1]

Figure 5 Power spectrum of the C=O units from the Fourier transform of the C=0O bond (solid
lines) and the auto-correlation function of velocity of the Oco (dashed lines) in different

solvents from the dynamical simulations. The harmonic frequencies are given at the top.
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