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The paper is devoted to investigation of exploitation properties of optical film materi-
als based on cross-linked polymers containing flavonoid fragments, namely 3,7,5,3’,4’-pen-
tahydroxyflavone (quercetin) and 8,7,5,3’,4’-pentahydroxyflavone-8-sulphonic acid (sulfo-
quercetin) built into the polymer chains. The photoinduced destruction, fungal resistance
and adhesion properties of these polymer materials were investigated. The photostability
of polymer films was estimated using electronic absorption spectroscopy. Fungal resistance
and fungistatic effect were tested using mold fungi species Aspergillus niger and Penicil-
lum chrysogenum according to standard methods described in ISO 846-1997. Adhesion
ability was determined according to ISO 2409. All the determined exploitation charac-
teristics of the polymer films studied demonstrate the a very high functional level: a high
photostability and fungal resistance, a substantial fungistatic effect and a high adhesion
level, which confirms the prospects of using the flavonoid-containing polymers for prepa-
ration of optical films for applications in photonies purposes.

Keywords: cross-linked polymers, optical polymer films, exploitation properties, photo-
stability, fungal stability, adhesion ability.

Bniue dakTopiB 0TOUYyIOUOro cepegoBuIna HAa (PYHKIIOHAJNBHI BJIACTHBOCTI OINTHYHHUX
noaimepuux naiBok. A fynaesa, J.Miuypos, A.Boponkin, O.Hediavro, O.Pouans

HocnimxeHo eKcniyaTallifiHi BJIacTUBOCTI MaTepiayiB ONTUYHMX IJIiBOK Ha OCHOBi ciTua-
cTux mosimepi, mo MicTares BOyzoBaHi y mosimepHi smaHitorn ¢uaBoHoimHi dparmenHTH, a
came 3,7,5,3’,4’-nenrarigpoxcudiason (kBepuerun) ta 3,7,5,3’,4’-nenrarigpoxcudiaaBoun-8-
cynrbdoHOBa Kuciaora (cynabdoxBepiieTuH). lIpoamamnizoBano pieui doroingykoBaHol ge-
CTpYKIIil, cTifiKicTs g0 mil miaicHABUX rpubiB Ta aAresuBHi BJIACTUBOCTI IOJiMepiB, IO
TocaimxyBanuca. PoTocTifikicTh mONMiMEpHMX MJIIBOK O0XapaKTepi3oBaHO 3 BUKOPUCTAHHAM
eJIEKTPOHHOI abcopbiiifinol cnekTpockomii. MyHricTaTuunmil edeKT Ta CTiHiKicTh Zo miaicHA-
BUX rpubiB olliHIOBaJM 3a JOIOMOTOI0 IiTaMiB Aspergillus niger ta Penicillum chrysogenum
srifHO 31 cTaHZAPTHMMH MeToZaMu, ommcamumu B ISO 846-1997. AxresmBHa 3gaTHIiCTL
BusHaueHa 3riguo 3i cramgaprom ISO 2409. Bei BusHaueni excmiyararnifini xapaxTepucTury
IOJMiMePHUX NJIiBOK AEeMOHCTPYIOTH LYsKe BUCOKUI DpiBeHBL: 3HauHy QorocTabinbHicTs i
cTifikicTs mo mii muicmaBux rpubie, sHaumuil dyHricTaTUYHNIN edeKT Ta BUCOKUI IIOKA3HUK
azresii, 110 cBiZUNTE PO IMEPCUIEKTUBHICTL BUKOPUCTAHHA (JIABOHOIA-BMIiNTylounx mosaiMmepin
AK MaTepianiB oNTWYHUX NJIIBOK y Pi8HUX ramxysax (oToHikm.

HcenegoBanbl sKcIayaTaliOHHBIE CBOMCTBA OITHYECKUX IIJIEHOK Ha OCHOBE CeTUYATHIX
HOJIMEPOB, COTEP:KallliX BCTPOEHHBLIE B IIOJUMEpHBIe Ienu (JaBOHOUAHBIe (parMeHThI, a
umenuno 3,7,5,3’,4’-nenrarugpoxcudiaBor (gBeprerun) u 3,7,5,3’,4’-nenrarugporcuduiia-
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BOH-8-cynbdoHOBaA KucaoTa (cynbhorBepiieTur). I[IpoaHannsupoBanbl creneHb GHOTOMHIYITH-
POBAHHON AeCTPYKITUM, YCTOHYMBOCTL K AeHCTBUIO IIJIECHEBBIX I'PUOOB U aATe3UBHLIE CBOIICT-
Ba HCCHELYeMbBIX IOIUMepPoB. POTOCTONKOCTE MOJMMEPHBIX IIJIEHOK ICCIeZOBaHa € HCIIOJNb30-
BaHUIEM SJIEeKTPOHHOH abcopOIIoHHOH cueKTpocKonuu. Mynrucrarnueckuil 9 deKT 1 yCcToH-
YNBOCTH K IIJIECHEBBLIM I'PMOAM OIleHUBANN € IIOMOIILI0 IITaMMOB Aspergillus niger u
Penicillum chrysogenum mo craHgapTHBIM MeToxaMm, onucanubiMu B ISO 846-1997. Anresus-
Has CIHOCOOHOCTL OIpefesieHa B cooTBeTcTBUU co craHgaprom ISO 2409. Bee oumpegesenubie
SKCIIyaTallMOHHBIE XapPaKTePUCTUKN IIOJMNMEPHBIX IJIEHOK JeMOHCTPUPYIOT OUeHbL BBICOKUE
3HAUYEHUA! 3HAUNTENBLHYI (OTOCTAOUIBHOCTL 1 YCTOHUMBOCTL K BO3LEHCTBUIO IIJIECHEBBIX
rpuboB, CyIllecTBeHHBIN (QyHrucrarnuecKuil sd@eKT 1 BBICOKUI NoKa3aTesNb a4ATe3UM, UTO
CBUJETENBCTBYET O IEPCIEKTUBHOCTU UCIOJIL30BAHUA (DIABOHOUZ-COZEPIKAIINX IIOJNUMEDPOB
KaK MaTepHajioB ONTHUYECKUX IIJIEHOK B PA3JIMYHBIX OTPACIAX (POTOHUKU.

1. Introduction

Currently, optical films based on cross-
linked polymers with chromophore or
fluorophore fragments in polymer chains
are widely used in various photonics appli-
cations. It is well known that they are a
very good alternative to traditional crystal
materials [1-9]. However, obtaining a high-
quality level of exploitation properties of
the polymer materials remains an urgent
problem.

The quality of exploitation properties of
optical polymer films is determined by such
very important factors as their resistance to
photoinduced destruction [10], the resis-
tance to the action of some microorganisms
(mold fungi) [11], as well as to the presence
of some specific physico-mechanical proper-
ties (for example, adhesion of the polymer
film to a substrate) [12].

An influence of the photoinduced oxida-
tive destruction on the properties of poly-
mers such as light transmittance in various
ranges of the spectrum is due to peculiari-
ties of the chemical structure of these poly-
mers, particularly, to the nature of chromo-
phore fragments. Depending on the presence
of oxygen or nitrogen-containing groups in
the chromophore fragment (as hydroxy
group, amino group, ether bridge oxygen,
etc.), and the operating temperature of the
cross-linked polymer, light absorption can
cause molecular rearrangements with or
without a chain rupture. In this case, amor-
phous glassy polymers usually either do not
exhibit significant color changes during oxi-
dation or tend to be discolored. However, in
the case of aromatic polymers, the oxidation
leads to the hydroxylation of aromatic
rings. This results in a bathochromic shift
of polymers’ absorption bands in electronic
spectra, an appearance of a yellow or yel-
lowish tint, and a decrease of the light
transmittance in the short-wavelength
range.
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Another important factor is due to the
fact that the air of enclosed spaces contains
various microorganisms such as mold fungi
of Aspergillus niger and Pinicillum chryso-
genum species, whose influence on the poly-
mer materials is unavoidable. The modifica-
tion of the polymer films by mold fungi can
lead to a loss of optical transparency that
would limit use of the functional polymer
materials in photonics and optoelectronics.

The third factor that substantially af-
fects the exploitation properties of the poly-
mer films is their adhesion to the substrate
[13]. Low adhesion ability leads to the im-
possibility to use such materials in various
optical applications.

The purpose of the present work was to
investigate the exploitation properties such
as photochemical stability, influence of
mold fungi and adhesion to substrate of the
thin polymer films based on cross-linked
polymers with chromophore fragments of
3,7,5,3’,4’-pentahydroxyflavone (quercetin),
and 3,7,5,8”,4’-pentahydroxyflavone-8-sul-
phonic acid in polymer chains. The latter
substance was obtained by chemical modifi-
cation of the initial quercetin [14].

2. Experimental

2.1. Materials

Di-, tri- and tetraglycidyl ethers of
quercetin (2GEQ, 3GEQ, 4GEQ) used as
monomers in the current study were syn-
thesized by the method reported pre-
viously in [15]. Di-, tri- and tetraglycidyl
ethers of 3,7,5,3’,4’-pentahydroxyflavone-
8-sulphonic acid (2GESQ, 3GESQ, 4GESQ)
were synthesized according to the proce-
dures described in [14, 15]. Structures of
elementary flavonoid fragments embedded
in the polymer chains are depicted in Fig.
1. Commercial diethylenetriamine (DETA)
(Dow Chemical) was used as a hardener.
Acetone used as a solvent for formation of
the thin films was previously dried and
distilled.
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2.2. Polymer films preparation

Glycidyl ethers of quercetin (GEQ) were
dissolved in acetone with a concentration of
0.1 g/ml. DETA was added to achieve a
stoichiometric ratio DETA:GEQ close to
10:1 w/w. Glass microscope coverslips (used
as a substrate for the polymer films) with a
thickness of 170 um were cleaned by sonica-
tion in detergent solution for about 10 min.
After that, they were rinsed in deionized
water, and then in boiling ethanol, and fi-
nally dried at 90°C for 10 min. Thereafter,
thin films were spin-coated onto the pre-
cleaned coverslips at 1000 rpm for 0.5 min
and cured at room temperature for 24 h in
a vacuum. To remove the residual solvent,
the polymer films were then annealed for 3h
at 100°C. The presence of the residual sol-
vent traces in the polymer films was moni-
tored using FTIR-ATR spectroscopy. Quan-
tification of the residual solvent was based
on the wvalues of optical density at
1720 cm! — in the absorption band maxi-
mum of acetone carbonyl group stretching.

2.3. Characterization

Photochemical stability of the polymer
films was determined using irradiation of
polymer specimens by intense ultraviolet
light at wavelength A= 385 nm. The light
source contained a high-pressure mercury
lamp DRS-250, and a monochromator MDR-
12. The intensity of the light beam in front
and behind polymer films was also checked.

The photochemical stability of the poly-
mer thin films was investigated by measur-
ing the ratio of optical density of the sam-
ple after (D;) and before (Dg) irradiation
(Dy/Dy) under room temperature [16]. The
values of optical densities were measured
with a spectrophotometer Hitachi-U3210 at
the absorption band maximum of quercetin
derivatives — 360 nm. Mathematical treat-
ment of the absorption spectra was per-
formed using Spectra Data Lab software
package [17].

The films have been also examined to
determine whether they are toxic, inert, or
serve as a nutrient for mold fungi. For this
aim, two main characteristics of polymers
under investigation were examined — their
fungistatic effect and fungal resistance. To
occur such an examination the test speci-
mens were contaminated by isolates of the
mold fungi: Aspergillus niger (Tiegh) (there-
inafter A.), Penicillium chrysogenum (Thom)
(thereinafter P), which known as the most
active polymer biodecomposers.

Isolates of these fungi species were ob-
tained from local populations by soil culti-
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vation and identified according to [18]. The
cultures were grown on a medium Czapek
Dox Agar (HiMedia Laboratories Pvt. Ltd.,
India) in test tubes. Aqueous spore suspen-
sions of the isolates were prepared at a con-
centration of 1x108 spores/ml. The concen-
trations of spore suspensions were calcu-
lated using a Goryaev camera. The spore
suspensions of each fungal isolate were
mixed in equal proportions and then, used
to contaminate the test specimens.

Studies of both fungistatic effect and
fungal resistance were carried out according
to the existing guidelines ISO 846:1997
[18]. Before the experiments, all the poly-
mer specimens were purified from external
contaminants by dipping them in ethanol
for 1 minute and the following drying.

The specimens were placed separately in
sterilized Petri dishes with a mineral salt
medium (MSM) without carbon source.
Then, they were sprayed by mixed spore
suspension. MSM solution contained 2.0 g
NaNOg3; 1 g K;HPO,; 0.5 g MgSO,47H,0; 0.5
g KCI; 0.01 g FeSO47-H,0 per 11 of distilled
water. Final pH (at 25°C) was 6+0.2. The
specimens were incubated at 24+1°C and at a
relative humidity of > 95% for four weeks.

After four weeks, the surfaces of the
specimens were examined visually by stereo-
scopic microscope Micromed-1 with a photo
camera of Sciencal.ab DCM 130 (at a magni-
fication of x200), and the fungistatic effect
was estimated by absolute values of areas of
fungal mycelium relative to the whole area
of a cover slip.

The fungal resistance was estimated by
losses of specimen weight determined as the
difference in the specimen weights before
contamination and after fungal colonies re-
moving.

The fungistatic effect and fungal resis-
tance of the polymer films were compared
with control specimens (EP), which were
epoxide polymer films of similar structure,
but none-containing quercetin and sulfo-
quercetin fragments.

All the specimens were in tenfold replication.

The adhesion of the polymer films to a
glass substrate was determined by a cross-
cut method according to ISO 2409 [19]. On
the polymer coatings, a grid of parallel and
perpendicular cuts through the coating was
made by hand cutting tool (sharp razor
blade). The space between the cuts was
equaled to 1 mm apart. Then an adhesive
tape was placed firmly onto the grid by a
soft brush for 90 sec. After this time the

Functional materials, 28, 4, 2021
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Fig. 1. Chemical structures of glycydyl ethers of quercetin (2GEQ, 3GEQ, and 4GEQ) and 8-sulfo-
quercetin (2GESQ, 3GESQ, and 4GESQ), as well as corresponding quercetin and 8-sulfoquercetin
fragments of chains in cross-linked polymers — poly2GEQ, poly3GEQ, poly4GEQ, and poly2GESQ,

poly3GESQ, poly4GESQ.

adhesive tape has been torn off. The adhe-
sion was rated in accordance with a scale
which is listed in ISO 2409 [19].

The thickness of the polymer films was
measured using Linnik-type interference mi-
croscope MII-4, which was 1 pum. The Linnik
interferometer configuration (a kind of the
Michelson configuration) was described pre-
viously in [20].

3.Results and discussion

3.1. Photostability of polymer films

Photochemical stability of the thin poly-
mer films was estimated using the ratio of
optical density values at 360 nm after and
before UV light irradiation — D;/Dqy. To
compare photostability of the films based on
different quercetin derivatives, we also used
a relative value — PS=(D-Dg)/Dy.

Functional materials, 28, 4, 2021

The exposition of all the specimens under
summary irradiation dose — 144 kJ/cm?2,
showed a negligible decrease in D;/D, ratios
(Fig. 2). In all the cases, the obtained PS
values did not exceed 3-4% that evidenced a
high photostability of the films studied.

Since the photostability level is directly
connected with the concentration of free
radicals in the sample [21] it must depend
on the presence of residual quantities of an
initiator and non-linked active groups in
the polymer chains. Small PS values indi-
cate a low concentration of the active
groups and evidence complete chain cross-
linking in the polymers.

3.2. Fungistatic ability and fungal resis-
tance of polymer films

Fungistatic properties and fungal resis-
tance of polymer films based on di-, tri-,
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Fig. 2. Photostability of polymer films based on glycidyl ethers of: a) quercetin, b) sulfoquercetin.

and tetraglycidyl ethers of quercetin and
sulfoquercetin against mold fungi Aspergil-
lus niger and Penicillium Chrysogenum were
determined according to procedure de-
scribed in ISO 846-1997. Photographs of the
specimens under investigations after the in-
fluence of A and P during 28 days are pre-
sented in Fig. 3.

This Figure shows the results of the in-
fluence of fungi A effect on the polymer
films. It can be seen that specimens
poly(3GEQ), poly(4GEQ), and poly(2GESQ)
demonstrate the growth of mycelium at the
edges of the samples. However, in the case of
poly(2GEQ), poly(4GESQ) ta poly(3GESQ),
the mycelium growth takes place on the
whole surface of specimens.

The ratios of areas of mycelium grown to
areas of the whole film surfaces for differ-
ent studied samples are listed in Table 1.
For quercetin-containing polymer films—
poly(2GEQ), poly(3GEQ), and poly(4GEQ)
the mycelium areas are 4.8 %, 2.7 %, and
3.3 %, correspondingly. Polymer films with
sulfoquercetin fragments have the mycelium
areas 4.1 %, 6.7 %, and 4.6 %.

The growth of P occurs on the whole
surface of the polymer films, regardless of
the polymer nature. The mycelium area does
not exceed 9% of the film in the case of
quercetin-containing polymers (Figure 2d-f)
and 11% for sulfoquercetin-containing poly-
mers (Fig. 4d-f). Thus, the values listed in
Table 1 show that in the case of P the poly-
mer films demonstrate lower fungistatic ac-
tivity than in the case of A. Besides, it
would be fair to note that the chemical
modification of quercetin fragment by its
sulfonation in C8 position does not result in
any drastic effects.

When comparing average mycelium areas
for all the quercetin-containing and all the
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Table 1. Mycelium area of mold fungi rela-
tively area of the whole film surface (%)

Polymer films Mold fungi
Aspergillus Penicillium
niger chrysogenum
EP 18.7 14.0
poly(2GEQ) 4.8 5.2
poly(3GEQ) 2.7 7.2
poly(4GEQ) 3.3 8.8
poly(2GESQ) 4.1 10.8
poly(3GESQ) 6.7 9.0
poly(4GESQ) 4.6 8.8

sulfoquercetin-containing polymers, it is ob-
vious that the area values are 1.3-1.4 times
higher for sulfoquercetin-containing poly-
mers regardless of the mold fungi species.
Thus, the fungistatic effect of the latter
polymers is noticeably lower.

Comparison of quercetin and sulfoquer-
cetin-containing polymers with the unmodi-
fied one shows that mycelium areas of A
and P on EP films were correspondingly
about 4 — 5 times and 1.5 — 2 times greater
(Figures 5a and 5b). This shows that the
presence of sulfoquercetin and particularly
quercetin fragments in the studied polymers
increases their fungistatic action.

According to ISO 846-1997, the wvalues
obtained for polymer films containing quer-
cetin and sulfoquercetin fragments can be
assigned to level 1, that is, to objects show-
ing significant fungistatic ability. An inter-
esting fact is that in uncontaminated sam-
ples, which were under mentioned above ex-
perimental conditions and periodically
contacted with the environment, the pres-

Functional materials, 28, 4, 2021
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Fig. 8. Photographs of specimens of quercetin-containing polymer films after the influence of mold
fungi during 28 days: a) poly(2GEQ) + A; b) poly(83GEQ) + A; c) poly(4GEQ) + A; d) poly(2GEQ) +

P; e) poly(8GEQ) + P; f) poly(4GEQ) + P.

ence of mycelium of any mold fungi was
detected. The weight losses of polymer films
in determining the fungal resistance are
listed in Table 2.

It can be seen that the weight losses for
control and studied specimens do not excide
1% that corresponds to levels 0 — 1 of the
fungal stability standard. The results also
show that the growth of the mold fungi
substantially occurs on the polymer film
surfaces and does not in the film layer.
Since, according to ISO 846-1997 standard,
the polymer has positive fungal resistance
if the weight losses are less than 3 points,
all the studied quercetin and sulfoquercetin-
containing polymer films can be considered
as fungal resistive.

Thus, based on the above results, it can
be concluded that quercetin and sulfoquer-
cetin-containing polymer films are resistant
to fungi [22] and even have some fungis-
tatic action, which makes it possible to ig-
nore such an environmental factor as the
mold impact on the mentioned polymer
films when using for optical purposes.

3.3. Adhesion of polymer films to glass
substrate

Since polymer optical materials are usu-
ally used as thin films applied on the glass
substrate, the important physico-chemical

Functional materials, 28, 4, 2021

Table 2. Weight losses of polymers when
the fungal resistance determining

Specimen Weight Weight after | Weight

before the the losses,
experiment, g|experiment, g| %

EP+ A 0.2359 0.2354 0.20
EP+ P 0.2425 0.2419 0.27
2GEQ+A 0.2430 0.2420 0.41
2GEQ+P 0.2405 0.2400 0.21
2GESQ+A 0.2480 0.2470 0.41
2GESQ+P 0.2475 0.2470 0.21
3GEQ+A 0.257 0.2560 0.39
3GEQ+P 0.2525 0.2515 0.39
3GESQ+A 0.2375 0.2365 0.43
3GESQ+P 0.2515 0.2535 0.80
4GEQ+A 0.2485 0.2485 0.41
4GEQ+P 0.2470 0.2460 0.41
4GESQ+A 0.2590 0.2580 0.39
4GESQ+P 0.2480 0.2475 0.20

characteristic is the polymer adhesion. As
mentioned above, the adhesion of quercetin
and 8-sulfoquercetin containing was esti-
mated by a cross-cut method according to
ISO 2409 standard. Photomicrographs of
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Fig. 4. Photographs of specimens of sulfoquercetin-containing polymer films after the influence of
mold fungi during 28 days: a) poly(2GESQ)+ A; b) poly(3GESQ) + A; c) poly(4GESQ) + A; d)
poly(2GESQ) + P; e) poly(83GESQ) + P; f) poly(4GESQ) + P.

Fig. 5. Photographs of control specimens of polymer films after the influence of mold fungi during

28 days: a) EP + A; b) EP + P.

the cross-cut polymer films are presented in
Figures 6 and 7.

The studies showed maximal adhesion
level (level 0 according to ISO 2409 [18])

that is typical for various unmodified epox-
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ide polymers, whose interaction with the
substrate has chemical and mechanical char-
acter. In the first case, the adhesion is due
to formation intramolecular hydrogen bonds
between hydroxy and oxy groups on the

Functional materials, 28, 4, 2021
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Fig. 6. Microphotographs of the polymer films poly(2GEQ): a) before testing; b) after testing;
poly(8GEQ): c) before testing; d) after testing; poly(4GEQ): f) before testing; e) after testing.

Fig. 7. Microphotographs of the polymer films poly(2GESQ): a) before testing; b) after testing;
poly(8GESQ): c) before testing; d) after testing; poly(4GESQ): f) before testing; e) after testing.

glass surface and hydroxy groups of the
polymer chains, quercetin fragments, as
well as oxygen atoms of sulfo groups. The
mechanical component of the adhesion is
due to the formation of the mechanical in-
terlocking between polymer layer and sub-
strate surface defects.

Other physico-chemical characteristics of
the polymer films were not studied, because
the substrate width is 170 times greater
than that of the polymer films. In this case,

Functional materials, 28, 4, 2021

measured parameters of specimens under in-
vestigations are determined by the substrate
properties.

4. Conclusions

Summarizing the results obtained, it can
be concluded that all the determined exploi-
tation characteristics of polymer films
based on quercetin and sulfoquercetin-con-
taining cross-linked polymers are at a very
high level. Not depending on a network
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structure, which is due to number of gly-
cidyl groups, all the polymer films demon-
strate a high photostability, fungal resis-
tance, a substantial fungistatic effect and a
high adhesion level. Consequently, such
films are not sensitive to damaging effects
of the environment and must keep their
good performance properties during a long
time. This allows using flavonoid-containing
polymers for preparation of optical films
for various applications in photonics and
optoelectronics.
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