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In order to evaluate spectral and nonlinear optical (NLO) properties of polymers and
polymer composites containing natural hydroxyflavones as chain fragments or dopants, a
theoretical analysis of absorption spectra of flavones, as well as calculations of values of their
first hyperpolarizabilities and bond length alternation coefficients (BLA), were carried out. It
has been shown that embedding hydroxyflavone fragments into polymer chains, glycidylation
flavone hydroxyl groups, as well as twisting flavone molecules, result in improvement of
optical properties of the flavone-containing polymers, namely in widening their transparency
range into short-wavelength spectral region. The presence of basic amino-containing hardeners
in polymers and polymer composites leads to a partial ionization of the flavone hydroxyl
groups and, consequently, narrowing transparency range. The analysis of theoretical values —
first hyperpolarizability values and BLA coefficients showed that natural polyhydroxyflavones
are perspective chromophores for development of materials having a high NLO activity.

Keywords: hydroxyflavones, flavone-based chromophores, absorption spectra, hyperpo-
larizability, non-linear optics, polymers and polymer composites.

C 1enbl0 IPOrHOSHPOBAHMS CIEKTPAJbHBIX W HeanHeilHo-ontuueckux (HJIO) cpoiicTe
MOJINMEPOB W HOJMMEPHBIX KOMIIO3WIIMII, CONepKaIuX B KauecTBe PPArMEHTOB Ilelell W
IOIIAHTOB HPUPOLHBIE 'HMAPOKCU(DIABOHBI, CIEJIAH TEOPETHUUYECKHU AHAJIU3 CIEKTPOB IIOIJIO-
IeHUA MOCJIEIHNX, 84 TAKIKe PAcUeT BeJHUYNH MX IEePBOM IHIIEPIIONAPUIYEMOCTA U KOIMUIIU-
eHTOB asbrepHupoBanus ceaseit (BLA). Ilokaszanmo, uTo BCTpamBaHUe T'UIPOKCH(MDIABOHOB B
MOJINMEPHBIE IeN, MNINIUAUINPOBAHAE UX MUAPOKCUJIbHBIX I'DYIII, a TaKiKe PasyILIOIeHune
UX MOJIEKYJ IPUBONAT K PACIIMPEHUIO0 UX 30HBI IPO3PAYHOCTA B KOPOTKOBOJHOBYIO 00JIACTh.
Hanwuue B nmosammepax M IOJMMEPHBIX KOMIIOSUIIMSAX OTBEPLUTEJIEH aMUHHOTO TUIA IIPUBO-
OIUT K YACTUYHON WMOHMUBAIUU THAPOKCUIPYII (PIABOHOB W IIOCIELYIOIEMY CYKEHUIO 30HBI
IPO3PAYHOCTH. AHAJNS TEOPETUUECKUX BEJIMUYMH HEPBOU I'MIEPHOAAPU3YyeMOCTA U Koadhdu-
nuenToB BLA mokasaj, 4TO IPUPOAHBIE MOJHUTHUIPOKCUMDIABOHBl SABIAIOTCA IEPCIEeKTHBHBI-
MU xpoModopaMu IJas CO3LAHUA MATEPUANIOB, MMEIINX BBHICOKYI0 NLO akTUBHOCTB.

Tigpoxcudaason-smimyioui noJiMmepu: TeopeTHYHa OIIHKA CIEKTPAJbHHX Ta He-
JiHilino-onTHuHUX Biaactusocrei. J.Miwypos, A.Bopoukin, O.Powanbv.

3 MeTOI IPOrHO3YBAHHS CIEKTpadbHuX 1 Herxiniimo-onrmummx (HJIO) BiacTmpocreil mo-
JiMepiB 1 mosiMepHMX KOMIIO3WINiIi, IO MicTATh IPUPOAHI rizpoxkcudiaBoHKH K (GparMeHTH
OCHOBHHX IIOJIMEpPHUX JAHIIOrIB abo K [OIaHTH, 3pOo0JIeHO TEOPeTUYHUI aHaJid CHeKTPiB
HOrJIMHAHHS OCTAaHHIX, a TAKOM PO3PAXyHKH BeJIMYMH I1X IEePIIUX TCilepIoJdpri3oBHOCTell i
roedimienris anpreprysanusa sB’askis (BLA). Iloxasano, 1o BBemeHHS Tigpokcu-QuaBoHiB y
HoJiMepHi JaHIoru, CIIMUANIYBAHHA I1X TiIPOKCHUJIBHHX [Py, a TAKOMX POSYILIOIIeHHS iX
MOJIEKYJI HPUBOLATL OO0 POSLIMPEHHS iX iHTEepBally MIPO30POCTI Y KOPOTKOXBUJILOBY 00JaCTh
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crnekTpa. IIpucyTHicTs y mosiMepax Ta MOJIMEPHUX KOMITOSUIIAX TBEPAHUKIB aMiHHOTO THUITY IIPU-
3BOIUTH JI0 UACTKORBOI i0HIZaIlil TiIpOKCHMJIBLHUX TPyHd (PIABOHIB i, TAKUM UMHOM, 0 3BYKEHHS 30HU
apos3opocTi. AHaJ3 TeOpPeTWYHMX BeJWYUH IepIIoi rinepmoaspusoBHocTi Ta Koedimientie BLA
JTOCIHiKeHX XpoMo(hopiB TOKas3aB, 1110 IPUPOAHI MOMIriIPOKCH(IaBOHY € TIePCIEeKTUBHUMU CITOJY-
KaMM [JIsT CTBOPEHHS TOJiIMepHUX MAaTepianis, 1mo MaioTh Bucoky HJIO akTuBHICTE.

1. Introduction

The development of new polymer materials
of high nonlinear optic (NLO) activity for vari-
ous applications in photonics and optoelectron-
ics is one of important domains of the modern
material science [1]. NLO polymer materials
can be obtained by several ways. Firstly, NLO
polymer composites can result from adding
into polymer matrices various organic com-
pounds having high values of the molecular
hyperpolarizability () [2-10]. Secondly, NLO
polymers can be obtained by inclusion of NLO-
active chromophores in polymer chains during
synthesis of the latter [11-12].

The use of NLO-active chromophores of
natural origin such as flavone derivatives
for obtaining the NLO-polymers and poly-
mer composites is new and perspective idea.
In our recent publications [1, 12, 13], we
reported on the synthesis and physico-
chemical properties of polymer composites
consisting of an epoxide matrix doped by a
natural flavone dye — 8,5,7,3’,4’-pentahy-
droxyflavone (quercetin), as well as of poly-
mers, where this dye is embedded into poly-
mer chains. Obtained polymer systems dem-
onstrated the transparence in a large
spectral range, a high NLO activity, and a
long chromophore relaxation time after pol-
ing procedure [13]. Analysis of experimen-
tal data allows us to recommend the use of
natural flavonoids for the development of
new materials with specified NLO properties.

At the present time, several hundreds of
natural and synthetical flavones are known.
On the one hand, this fact provides a great
variety of chromophores with large spec-
trum of NLO activity, but, on the other
hand, the search of most appropriate sub-
stances is complicated. The optimization
and substantial acceleration of the search of
necessary flavone chromophores can be
achieved when using quantum chemical
methods. In particular, calculations of the
energies of electronic transitions allow to
predict the transparence of polymer materi-
als in different spectral ranges (except for
the transparence level due to the light dis-
persion and depending on synthesis and dop-
ing conditions). Theoretical values of dipole mo-
ments and hyperpolarizabilities allow to estimate
NLO properties of the materials.
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The present work is devoted to a theoretical
analysis of physico-chemical properties of some
flavone derivatives in order to assess the possi-
bility to use them for obtaining new polymeric
NLO materials.

2. Theoretical and experimental

The unconstrained geometry optimization
of isolated molecules of flavone and flavone
derivatives (Fig. 1), calculations of localiza-
tions and energies of their molecular orbi-
tals, theoretical absorption spectra and mo-
lecular hyperpolarizabilities in the ground
singlet electronic state were carried out at
the DFT level of theory [14] using the
B3LYP functional and cc-pVDZ basis set
[15, 16] implemented in the GAUSSIAN 09
program package [17]. When finishing each
optimization, the Hessian matrix was calcu-
lated and analyzed to assess whether sta-
tionary structures had been obtained.

The solvent effect was included in the DFT
calculations at the level of the polarized con-
tinuum model (PCM) [18, 19] using UAHF
radii to obtain the molecular cavity. All the
calculations were carried out for acetone me-
dium, because this solvent was used for syn-
thesis of quercetin containing polymer matri-
ces, where the chromophore was built into
polymer chains or used as a dopant.

The calculations were carried out on the
cluster of the Ukrainian-American Labora-
tory of Computational Chemistry (UALCC,
Kharkiv, Ukraine).

Experimental spectra of free, built-in and
doped quercetin were recorded using a Hita-
chi U3210 spectrophotometer. The treatment
of obtained spectra was carried out using the
Spectral Data Lab program [20].

Preparation of polymer films with built-
in and doped quercetin is described in [1].

3. Results and discussions

3.1 Analysis of UV-Vis spectra of flavone
derivatives

It should be noted that NLO polymer ma-
terials designed for photonics and optoelec-
tronics purposes have to demonstrate a sub-
stantial transparency in a wide spectral range,
particularly in UV and visible regions. The
transparency range can be predicted using
theoretical estimations of long-wavelength
band positions of the chromophore.
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R3i Rs R7 Ry Rse  Name
J B
I OH
11 OH
V% OH
V OH
VI  OH OH
Vil OH OH
ViII OH OH OH
X OHBROHER OH! Galangin
XSO OH OH OH Fisetin
XI OH OH OH OH OH Quercetin
X1l OH OH Chrysin

Fig. 1. Formulae, molecular structures and names of flavone derivatives (all empty cells correspond

to hydrogen atoms).

When analyzing the transparency of
polymers or polymer composites containing
flavone chain fragments or dopants, it is
important to consider that pK wvalues of
some hydroxyflavones are between 7 and 9
[21, 22]. Consequently, in neutral medium,
the flavones can exist as a mixture of neutral
and anionic forms. Correspondingly, the posi-
tions of absorption bands of both protolytic
forms must be taken into account.

In present work, we have analyzed theo-
retical spectra of the protolytic forms of
some wide spread hydroxyflavones. In order
to understand spectral behavior of these
compounds, we have also obtained spectra
of model structures — flavones having one
hydroxyl group in different positions.
Neutral forms of flavones.

The majority of flavones have several ab-
sorption bands of complex structure due to
four chromophore fragments [23] depicted
in the Fig. 2.

Earlier, it was shown that wide and in-
tense long-wavelength absorption band in
flavone spectra centered at 330—380 nm is
due to several, usually two electronic tran-
sitions between orbitals localized on o0-oxy-
benzaldehyde (BA) and chromone (CH) frag-
ments of the molecules. Two other transi-
tions occurring between molecular orbitals
of the same localization form a wide band
centered at 250-290 nm. 8’- and 5-Hydroxy
or alkoxyflavones have an additional low-in-
tense absorption band centered at 300-—
330 nm [23] due to electronic transition be-
tween orbitals of phenyl fragment (PH).
Moreover, in flavone spectra there is a band
of a charge transfer transition with partici-
pation of orbitals localized on chromone
moiety and side phenyl ring. The position of
this band depends substantially on number,
position and electron-releasing ability of
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Fig. 2. Localization of chromophore frag-
ments in flavone molecules (based on MO lo-
calization and analysis of the configuration
interaction for one-electron transitions): BA
— o-oxybenzaldehyde fragment, CH — chro-
mone fragment, PH — side phenyl ring.

substituents, as well as on torsion angle be-
tween the fragments.

Localizations of the molecular orbitals
(MO) for a model substance — 3-hydroxyfla-
vone (flavonol) and natural pigment —
3,5,7,8",4’-pentahydroxyflavone (quercetin)
are listed in Table 1. It can be seen that
localization character of the MO calculated
by DFT method is similar to that obtained
in previous publications [23] by semi-em-
pirical methods PPP and CNDO/S.

Table 1 shows that changing number of hy-
droxyl groups does not result in a substantial
changing MO energies and structure, although
poly(hydroxyflavones) evidence some higher
delocalization onto the side phenyl ring.

In all the flavones under investigations,
the occupied and vacant MO ¢, and ¢,  are
localized on the chromone moiety, and the
orbital @5 has o-oxybenzaldehyde localiza-
tion. The increase of hydroxyl groups num-

Functional materials, 26, 1, 2019
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Table 1. Localization of molecular orbitals responsible for electronic transitions in the long-

wavelength range of absorption spectra®

Flavonol

Quercetin

“
[ 02 (CH)' 92 (CH)
T,/\ -1.01 eV Y\ 7 074eV
A
o v v 2 <
3 {
<Y
YL ¢ e o1 (CH)
ﬁg , 220eV 2.00eV
{
\m/
> 01 (CH) ¢1 (CH)
J\
Y/L (‘\ 6.02 eV 5.62 eV
P f/\
{ {
~ a ?
2 A ZYCEVIR 2 (BA)
2

1,/\ -6.91eV

@3 (n)

7.17 eV

b i -6.26 eV

03 (BA)
-6.74 eV

“Molecular orbitals are localized: BA — on o-oxybenzaldehyde part of the chromone fragment; CH — on
whole chromone fragment, PH — on the side phenyl ring, n — on the carbonyl group. In such table
cells the molecular orbital number (¢,), the type of MO localization (BA, PH, CH, n), and MO

energies are listed.

ber results in the decrease of the energy of
the carbonyl nonbonding orbital that leads
to changing its position on the energy dia-
gram — from @3 to @5. The increase of the
quantity of the hydroxyl groups in the side

phenyl ring results in the decrease of the
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PH orbital energy and changing position of
this orbital from ¢4 to @g.

When using the flavones as dopants or
fragments of polymer chains, the transpar-
ency range of polymers or polymer compos-
ites is limited in short-wavelength part of
the spectrum by position of flavone long-
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Table 2. Theoretical spectral characteristics of model and natural flavones obtained by DFT
method (b8lyp/ccPVDZ, solvent — acetone)!

Long-wavelength electronic transitions
¥y ¥y Vi
A gp 1) Xaps(h) Aaps()
I 366 (0.621), 0.58y;_,; 302 (0.000)2, 0.67x, 1 802 (0.228), 0.62y;_,,
iy 365 (0.126), 0.70y;_,; 313 (0.000)2, 0.69%, . 304 (0.821), 0.62y,_ ;-
11 340 (0.000)2, 0.70%5 .,/ 322 (0.615), 0.69y, ;. 0.67369}131_]735%?:),2_)1/
v 343 (0.000)2, 0.69y5 .,/ 330 (0.223), 0.69y, ;. 0.68301}%%?};1:),2_)1/
|4 338 (0.000)2, 0.69%3_,1/ 333 (0.890), 0.70y,_,;- 295 (0.149),
0.68chiBR RA ,_ ;.
VI 367 (0.660), 0.70y,_,; 302 (0.255), 0.66y,_,; 297 (0.000)2, 0.69%5_,1/
Vi 384 (0.746), 0.70y,_, 307 (0.134), 0.68y,_,;- 300 (0.000)2, 0.69%5_,1/
VIII 393 (0.655), 0.70y,_,; 330 (0.031), 0.69y,_,;- 300 (0.000)2, 0.70%5_,1/
IxX 386 (0.517), 0.70y,_, 318 (0.299), 0.69y,_,;- 295 (0.111), 0.65)5_,;-
X 388 (0.718), 0.70y,_,/ 328 (0.017), 0.69y,_,;- 296 (0.258), 0.65)5_,;
X1 396 (0.759), 0.70y,_,, 338 (0.031), 0.69y,_,;- 301 (0.112), 0.62y5 ;-
Xn 361 (0.201), 0.70y,_, 312 (0.895), 0.68y,_,;- 308 (0.012), 0.68y,
* 1 }\‘abs - maximum of absorption band (nm), f - oscillator strength, U- dipole moment in the

wavelength band. Consequently, in order to
predict the width of the transparency zone,
it is necessary, first, to determine energies
and nature of long-wavelength electronic
transitions occurring between the orbitals
of CH, BA and PH localizations.

Parameters of long-wavelength electronic
transitions for selected natural and model
flavones are listed in Table 2. Positions of
hydroxyl groups in model compounds are
typical for natural flavones.

The analysis of the configuration interac-
tion showed that electronic transitions,
which form Ilong-wavelength absorption
bands of flavones, can be described as one-
electron transitions between orbitals
CH — CH (¥ for I-II and ¥; for III-XII)
for III-XII). In addition, long-wavelength
band includes a forbidden n — n* transition of
the carbonyl group. In the case of mono(hy-
droxyflavones), this is a transition ¥j or ¥y;.
When increasing number of hydroxyl groups,
the energy of the n-orbital decreases, which
results in a hypsochrome shift of the n — n*
transition from 330-340 to 295-305 nm.

The position of absorption band maxi-
mum depends generally on the energy of the
long-wavelength transition CH — CH, which
is, in its turn, determined by the energy of
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the occupied orbital ¥;. The increase of hy-
droxyl group quantity in the chromone frag-
ment, particularly, the addition of 3-hydroxyl
group, results in increase of the ¥; energy
and decrease of the energy of correponding
Y transition. In the result, the long-wave-
length band undergoes the bathochromic shift
from 340-350 to 385 nm.

Furthermore, as it was already noted, the
presence of hydroxyl groups in the side
phenyl ring leads to partial delocalization of
CH orbital onto this ring, which results in an
additional increase of ¢; orbital energy, de-
crease of the energy of the long-wavelength
transition, and bathochromic shift of the ab-
sorption band. Thus, in cases of compounds X
and XI this band is shifted to 390-400 nm.

It is evident that widening of the trans-
parency range is possible when shifting
long-wavelength absorption band to short-
wavelength region of the spectrum. Accord-
ing to the data listed in Table 2, the widest
transparency range must be in the case of
flavones having a small number of hydroxyl
groups in the chromone moiety (with no hy-
droxyl groups in the side phenyl ring).
Thus, among the natural flavones under in-
vestigations, 5,7- and 3,7-dihydroxyfla-
vones (VI and XII) have the most appropri-
ated spectral characteristics.

Functional materials, 26, 1, 2019
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Ionized flavones.

To make a correct estimation of the tran-
sparence zone range, it is important to take
into account a fact that the synthesis of
polymer chains is carried out in media
whose pH differs from the neutral one.
Thus, the building of polymer chains into
epoxide polymer matrix occurs in the pres-
ence of a basic hardener containing amino
groups. The medium in the polymer matrix
formed is therefore basic, too.

As it was noted above, pK, values of
some flavone hydroxyl groups are in the
range 7—9, that is why, some part of doped
flavone molecules or the flavone fragments
in polymer chains can be in ionized state (to
be an anion). Taking into account sterical
hindrances due to rigidity of three-dimen-
sional polymer network, one can assume
that the distribution of anionic forms of
different structure would hardly correspond
to their thermodynamic stabilities, and de-
pends on relative positions of the chromo-
phore fragments, amino groups in polymer
chains and free hardener molecules.

In order to estimate the influence of the
ionization on spectral properties of flavones,
we calculated spectral parameters of long-
wavelength electronic transitions of quercetin
anions. Obtained results are listed in Table 3.

The analysis of MO energies for the neu-
tral and ionized quercetin shows that ap-
pearance of the negative charge results in a
substantial decrease of energies of all the
MOs. Unlike the neutral flavones, whose
HOMO are localized on chromone moiety
only, quercetin anions XIb and XIc¢ have
HOMO of BA type, and orbitals of XId and
XIe anions are localized on side phenyl
ring. LUMO of anions XIa, XId and Xle
are similar to those of neutral molecules,
however the dissociation of 5- and 7-hy-
droxyl groups result in formation of LUMO
of the cinnamoyl localization, typical for
chalcones and cinnamoyl pyrones [24]. Since
all the long-wavelength transitions can be
considered as the one-configuration ones,
the comparison of MO localizations allows
to conclude that the excitation of 8-hy-
droxyl anions (XIa) is accompanied by re-
distribution of the electronic density inside
chromone moiety, anions with ionized 5-
and 7-hydroxyl groups have long-wave-
length transition with charge transfer onto
the side phenyl ring, and anions with disso-
ciated 8" and 4’-hydroxyl groups have
charge-transfer transition in opposite direc-
tion — from phenyl ring to chromone.
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The data in Table 83 show that, inde-
pendently on MO localization, the energy gap
between HOMO and LUMO in the anions is
always lower than that in the neutral mole-
cule. Therefore, independently on the position
of ionized hydroxyl group, the anion forma-
tion results in a bathochromic shift of long-
wavelength absorption band. Such a spectral
effect can also be interpreted as increasing
electron-releasing ability of hydroxyl groups
after their ionization. A value of this shift is
in the range from 2525 ecm™! (anion XIc) to
5255 em™! (anion XTe).

The substitution of hydrogen atoms of
the hydroxyl groups by acyl or glycidyl
fragments [1] would result, inversely, in de-
creasing electron-realizing ability, and, cor-
respondingly, in the opposite spectral effect
— the hypsochromic shift of long-wave-
length band.

Returning to optical properties of poly-
mers, one can conclude that the presence of
some quantity of the ionized flavone in poly-
meric matrix leads to narrowing its transpar-
ency zone. And vice versa, when carrying out
glycidylation or acylation of hydroxyl groups,
the transparency zone would expand.

Influence of sterical effects

As noted above, in polyhydroxy flavones,
the molecular orbitals of CH type are par-
tially delocalized on the side phenyl ring
(for example, the MO ¢; and ¢ of quer-
cetin in Table 1). The energies of such orbi-
tals and, correspondingly, the energies of
electronic transitions depend on the degree
of conjugation between the chromone and
phenyl fragments. The degree of conjuga-
tion, in its turn, depends on the torsion
angle between these fragments — 0. The
geometry optimization of flavone deriva-
tives showed that values of the torsion
angle are in the range 0 and 10°, that is,
the conjugation can be considered as maxi-
mal. However, the etherification (for exam-
ple, glycidilation) of 3-hydroxyl group can
result in appearance of sterical hindrances
that lead to substantial increase of the tor-
sion angle. Moreover, when flavone frag-
ments are built into polymer chains, opti-
mal conformations of the chains can be
sometimes achieved at high values of 0, i.e.
when flavone molecules are twisted.

Changing spectral parameters of quer-
cetin when increasing the inter-fragmental
torsion angle are listed in Table 4.

The data in Table 4 show that the twist-
ing of free flavone molecules or flavone
fragments in polymer chains result in de-
crease of the HOMO energy and increase of
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Table 3. Spectral properties of long-wavelength electronic transitions of quercetin anions
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Table 4. Dependences of quercetin spectral parameters on the torsional angle (©) between the
chromone fragment and side phenyl ring”

o° 0 15 30 45 60
Doy 396 (0.759) 394 (0.741) 388 (0.689) 377 (0.602) 364 (0.475)
C.I 0.70,,_1/ 0.70,1 1 |0.70, 5 o 1| 0.70,, 1 0.70,,_,;-
Epomos €V -5.62 -5.63 -5.65 -5.71 -5.79
Epunos €V -2.00 -1.98 -1.94 ~1.87 -1.81
AEy, €V 3.62 3.64 3.72 3.83 3.98
W, D 3.89 4.00 4.20 4.48 4.79

* parameter designations are given in footnotes of Tables 1-3.

the LUMO energy, that leads to increase of
the energetic gap between MO and increase
of the transition energy. Thus, when rotat-
ing the phenyl fragment through an angle
from 0 to 60°, the hypsochromic shift ~
2200 em™! — from 396 to 864 nm can be
expected. Wherein, the oscillator strength
of the transition decreases twice, thus the
hypsochromic shift is accompanied by de-
crease of long-wavelength band intensity.

Increase of the torsion angle results also
in growth of flavone dipole moments that can
leads to increase of the solvatochromism and
NLO properties of polymer materials doped or
modified by these chromophores.

Fig. 8 shows experimental absorption spectra
of quercetin in acetone (a) (acetone solutions are
usually used for doping or modifying polymer
matrices by flavones), of epoxy resin doped by
quercetin (b), and of a polymer where quercetin
molecules are built into polymer chains (c¢).

Comparison of the experimental and theo-
retical spectra shows that calculated energies
of electronic transitions are lower by 0.3 eV,
but, generally, predicted spectral behavior of
flavones agrees well with experimental data.

It can be seen that long-wavelength band
in the absorption spectrum of quercetin in
acetone solution (a) has minimal half-width
equal to 3560 em™1.

In the case of epoxy resin doped by quer-
cetin (spectrum b), all the hydroxyl groups
of quercetin can potentially be ionized by
basic molecules of the hardener. This could
result in formation of a mixture of differ-
ent anionic forms. Indeed, in spectrum (b),
besides the absorption band of neutral quer-
cetin, long-wavelength shoulder at 410-—
440 nm is also seen. Absorption band half-
width of the neutral form of quercetin in
epoxide polymer matrix is equal to
4960 cm™! that is substantially greater than
in acetone solutions or in acetone solutions
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Fig. 8. Experimental and theoretical absorption
spectra. Experimental spectra: a — solution of
quercetin in acetone, & — polymer matrix doped
by quecetine, ¢ — polymeric matrix with quer-
cetin fragments embedded in polymeric chains.
Theoretical spectra: solid column — neutral quer-
cetin, dotted columns — quercetine anionic
forms XIa—XlIc.

containing epoxy oligomer. This phenomenon is
probably due to the fact that hydrogen bonds
between quercetin and polymer matrix are
stronger than those between quercetin and sol-
vent or oligomer molecules.

It should be noted that, in the polymer
matrix, quercetin molecules are located in
cavities of a three-dimensional polymer net-
work retaining quite significant mobility.
Therefore, we can assume that quercetin
molecules in the polymer are in a thermody-
namically favorable flat state.

Absorption spectrum (c¢) is obtained for a
network epoxy polymer, where quercetin
fragments are built into polymer chain.
Such a polymer was obtained by the poly-
condensation with 7,4’-diglycidyloxy quer-
cetin, where hydrogen atoms of the most
acidic hydroxyl groups are substituted by
glycidyl groups. The etherification of 7- and
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4’-hydroxyl groups substantially decreases
probability of the quercetin anion formation
and has to result in hypsochromic shift of the
absorption band due to decreasing electron-re-
leasing properties of substituents. These effects
are clearly seen in Fig. 2: the anion shoulder in
the spectrum (c¢) is absent, and the long-wave-
length band undergoes a blue shift.

Further broadening of the absorption band
up to 5080 ecm™! (in comparison with spectra
(a) and (b)) can be explained by another way.
Owing to sterical effects in polymer chains,
which are rigid due to their covalent cross-
linking and hydrogen bonding, quercetin
fragments can be twisted and exist as a large
set of rotamers having various conjugation
grades between the chromone moiety and the
side phenyl ring. Thus, the broadening of the
absorption band can be due to the interfer-
ence of absorption of the various rotamers.

3.2. NLO properties of flavone derivatives

It is known that one of conditions neces-
sary for substantial NLO activity is a large
value of the first hyperpolarizability — p.
This last depends on polarity of a molecule,
on a size of its m-system, on the structural
peculiarities such as planarity of the molecule
or relative positions of electron releasing and
electron withdrawing substituents. According
to two-state theoretical approximation [25],
first hyperpolarizability f3,,, depends on the
difference of the dipole moments in the
ground and excited states — W, and Ug,, the
difference of the energies of these states —
Eg,, transition dipole moment — u,, and can

ge’
be expressed by an equation:

2
Uge

5
Eg,

Btot = (“exc - Mgr) ’

We have also characterized first hyperpo-
larizability using f,,, — the hyperpolarizabil-
ity tensor element coincident with the molecu-
lar symmetry axis and depending on the wave-
length of the incident light and the dielectric
permittivity of the medium. B,,, has to be
approximately proportional to B,,, values.

Calculated dipole moments B,,; and B,,,
are listed in Table 5. It was found that f,,,
values calculated by DFT method have a
good correlation (R = 0.83) with B,;,; values
obtained according to the equation men-
tioned above. It also can be seen that maxi-
mal absolute values of first hyperpolarizability
are expected for natural flavones VI and XI.

Another parameter which allows to ap-
proximately predict NLO properties of or-
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ganic molecules is a Bond-Length Alterna-
tion (BLA) number. Since hyperpolarizability is
typical for m-conjugated systems, the degree of
conjugation can be characterized by length al-
ternation of bonds having high and low m-or-
ders [26]. BLA can also be used to estimate the
amount of polarization in conjugated molecule.
BLA parameter is equal to AL which is an
average of the differences in the length be-
tween adjacent carbon-carbon “single” and
"double” bonds AL = Ly, 01, = Laoypie-

As it was shown in [26—-29], substances
demonstrating high NLO activity, for exam-
ple stilbenes with electron releasing and with-
drawing substituents or diphenyl polyenes,
have BLA parameters larger than 0.1 A. In
the case of flavones, the highest BLA parame-
ters are typical for 3,4’-dihydroxyl deriva-
tives and reach 0.028-0.084 A. This last fact
proves that the natural flavones can be used
for creation of new NLO materials. It is
worth to note that 3,5,7,3",4"-pentahydroxy-
flavone — quercetin has maximal parameters
of B4 B,z and BLA and would demonstrate
most pronounced NLO activity.

It is worth noting that the comparison of
BLA parameters with first hyperpolarizability
values B,,; and B,,, has evidenced the linear
correlation between them. Thus, correlation
coefficients between BLA and f;,,, as well as
between BLA and 3, are 0.74-0.76.
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4. Conclusions

Summarizing results presented in this
work we can draw several conclusions.

First, it can be seen that quantum chemi-
cal calculations give enough plausible infor-
mation about spectral properties of flavones
and their derivative. Obtained data can be
useful not only for the prediction of optical
properties of flavone-containing polymers
and polymer composites (for example, the
transparency range), but also for the expla-
nation of the interaction between flavones
and their polymer environment.

Second, calculations of $/B,,, or non-di-
rect estimations of NLO ability using BLA
parameters show that the natural poly(hy-
droxyflavones) can potentially be used as
chromophores for creation of various poly-
mers and polymer composites having NLO
properties. The most appropriate flavone
with regard to its availability and maximal
NLO ability is apparently quercetin.
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Table 5. Physico-chemical parameters of flavone derivatives

E,,, eV Uy, D Uorer D Hep D | B, 10730 esu B,,, 1073 esu BLA, A
I 3.38 4.00 5.00 7.51 4.94 2.73 0.022
II 3.39 6.40 9.23 1.51 0.56 -12.36 0.004
III 3.64" 4.60 4.13 0.00 - 0.66 0.014
v 3.61"° 7.08 1.50 0.00 - -6.74 0.006
|4 3.67¢ 7.70 2.41 0.00 - -7.53 0.023
VI 3.38 4.41 3.67 7.97 —-4.11 -11.22 0.023
VII 3.23 6.05 10.63 9.43 39.04 4.00 0.030
VIII 3.15 7.42 14.82 8.48 53.63 -7.62 0.028
IX 3.22 2.76 5.10 6.57 9.74 -0.37 0.021
X 3.20 6.80 11.55 9.17 39.01 0.84 0.030
XI 3.13 3.89 8.78 9.91 49.02 12.81 0.034
XII 3.43 4.78 10.11 2.40 2.61 -3.76 0.007

“Long-wavelength electron transitions of III, IV and V are forbidden because they are of nn” nature,
and their Hge and, correspondingly, B values are equal to zero.
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