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There were investigated luminescent coverings based on ZnO nanoparticles, which
change luminescence intensity in contact with compounds that indicate decay processes of
food products, for active and intelligent (smart) packaging. High luminescent transparent
films were developed based on colloidal suspension of ZnO and polyvinylpyrrolidone (PVP)
with different molecular mass, concentration of nano-ZnO, and film thickness in order to
optimize the content of the compositions for enhancing their luminescence. The lumines-
cent properties of films with different water solubility eliminating covers were studied.
The water insoluble composition was obtained from ZnO nanoparticles stabilized with
colloidal silicon dioxide and PVP in poly(methyl methacrylate), and the luminescent prop-
erties of films were studied. The compositions are safe for food packaging applications and
can be applied to surfaces with flexography, inkjet, screen, and pad printing.

WcesemoBannl TIOMUHECIIEHTHBIE TIOKPLITASA Ha ocHoBe Hanouactui, ZnO, KOTOPhIe M3MEHSIOT
WHTEHCHUBHOCTE JIIOMUHECIIEHIITY B KOHTAKTe C COeUHEHUAMM, CBUIETEILCTBYIOIINMI O TPOTIEC-
cax paclajia MHUIIEBLIX TTPOAYKTOB, JUIA aKTUBHON U yMHOI yIakoBKU. PaspaboTaHbl BHLICOKOJIO-
MUHECLIEHTHE [IPO3payHble IJIEHKU Ha OCHOBE KoJuiougHoro pacteopa ZnO U MOJUBAHUIIHPPO-
gugona (IIBII) ¢ pasanuHON MOJICKYJISPHOM MAacCoi, KOHIeHTpamuei Hazouactun ZnO m ToJ-
IIVHON IIEHKHW C IeJbI0 ONTHMUBAINU COLEPIKAHUS KOMIIOBUIUWY [JA YBeJIWYEeHUd UX
JIOMUHecHeHIVH. VsyJueHBl JIOMUHECIIEHTHBIE CBOLCTBA ILIEHOK C PASIMYHBIMU IIOKPBITUAMU,
YCTPAHAIOIINMHI PacTBOPUMOCTE B Boje. IloydueHsl HepacTBOPUMEBIE B BOAE KOMIIOSUIIUM, COLED-
smane HamouacTunsl ZnO, cTabUIM3MpOBAHHLIE KOJLJIOUAHBIM AUOKCUIOM Kpemuusa u IIBII B
TMOJUMEeTUIMETAKPUIIATE, U U3YUEeHBI JIOMUHECIIEHTHEIE CBOIICTBA TTeHOK. KoMmosunum sBsoT-
csl 0EBOTIACHBIMHU JIJIA TTPUMEHEHNS B THIIEBOI YIIAKOBKE W MOTYT OBITH HaHeCeHBI Ha TTOBEPXHOC-
TH ¢ TIOMOIIIBLI0 (rekcorpacdun, cTpyfHoi, TpadapeTHO! U TAMIOHHON ITeYaTH.

Hpyxopani JdioMiHeCHeHTHI HOKPHUTTA HA OCHOBI HamoposmipHoro ZnO arRTUBHHX i
po3ymuux ynakysaub. O.0.Capanynosa, B.II.Illepcmiok.

Hocrigxeno aoMiHecreHTHI TOKPUTTA Ha ocHOBI HanouwacTwuHOK ZnO, AKi 3MiHIOIOTDL
iHTEHCUBHICTD JITOMiHeCcIIeHI[i1 B KOHTAKTi i3 CIOJyKaMu, M0 CBifUATEH PO MIPOIIECH PO3Iaxy
XapuyoBUX MPOAYKTIB, AJS AKTUBHUX i PO3BYMHUX YHIaKyBaHb. P03pobJeHO BUCOKOJIOMiHe-
CIeHTHI TPO30pi TIiBKM Ha ocHOBI KojoigHoro pozumny ZnO i momisiminmipoaizomy (IIBII) 3
Pi3HOI MOJIEKYJISAPHOK MAacoK0, KoHIeHTpamicro HaH0-ZNO i TOBIIMHOI IJIIBKM 3 METOHO
onTumisarnii BmicTy KoMIIO3MIiA aasa 30inmbineHHs iX JamomiHecuennii. BupBueno mamomine-
CIIEHTHI BJIACTHBOCTI IJIIBOK 3 PI3HMMH HOKPUTTAMH, IO YCYBAIOTh POIUYMHHICTHL Yy BOMIi.
Orpumano HeposumHHI y Boxi Kommosmnii, mo mictare mamouactmaKu ZnO, crabinizosani
KoJoigHuM gioxkcumom KpemHiro Ta IIBII y momimermnmerakpuiaari, i BuBUeHO JMOMiHe-
cueHTHI BaacTtuBocTi miriBox. Kommosuiiii € OesmeuHmMu Oad BUKOPUCTAHHS Y XapUYOBUX
VIIAKYBAaHHSAX 1 MOXYTh OyTH HaHeceHi Ha mMOoBepxHi 3a momomoroio diexkcorpadii, CTPpyMUH-
HOTO, TpadapeTHOTO i TAMIIOHHOTO IPYKY.
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1. Introduction

Semiconductor nanoparticles, due to a
number of specific properties that signifi-
cantly distinguish them from the bulk mate-
rials of the same chemical composition,
have been intensively studied as promising
components of new functional materials
with predetermined properties. These mate-
rials may find use in a variety of devices,
including wultraviolet and visible optical
screens, fluorescent markers, antibacterial
coatings, luminescent solar concentrators,
luminescent inks for security printing,
smart packaging etc. The use of so-called
active and intelligent, or smart packaging,
which inform consumers about the quality
and safety of a packaged food product con-
sumption, is becoming more and more popu-
lar in recent years. Such systems are based
on the functionality of an external or inter-
nal sensor which changes its properties de-
pending on the internal or external environ-
ment and informs the consumer by changing
optical, mechanical, electronic or other
properties [1]. Thus, the creation of materi-
als responsive to the changes in quality of
packaged food products by changing lumi-
nescent properties is a relevant and promis-
ing task. However, such systems as coatings
must be placed into direct contact with a
packaged food product, which leads to a
concern about the migration of components
of the coating into the product. Therefore,
these components must be safe for consump-
tion in small quantities. Consequently, the
use of fluorescent substances such as CdS,
CdSe, CdTe etc., which are toxic, is impos-
sible. On the other hand, materials such as
luminescent ZnO nanoparticles attract at-
tention as possible components for smart
packaging systems due to their non-toxicity
[2], antimicrobial properties [3], UV filter-
ing properties [4] to prevent the undesired
influence of light. An additional advantage
of nano-sized ZnO is the ability to change
the intensity of its luminescence emission in
contact with substances that emerge in food
product during storage [4], thus, coatings,
which are composed of nanoparticles of
ZnO, can be used to create a luminescent
sensors for smart packaging.

ZnO nanoparticles usually lose their lu-
minescent properties as a result to introduc-
tion of them into a polymer for subsequent
formation of films or coverings on the sur-
face of packaging materials. Moreover, high
luminescent stable ZnO nanocrystals has
been obtained in a limited range of solvents
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(ethanol, isopropanol, dimethylformamide,
etc. [5]), which put restrictions to possible
macromolecular compounds to use in the
compositions. Besides, the polymer has to be
safe for consumption in small amounts and
do not interact chemically with a packaged
food product. It is essential to stabilize
nanocomposites in solid condensed phase
and apply luminescent nano-ZnO films for
their subsequent use in active and intelli-
gent packaging systems. Considering that,
optimization of luminescent compositions
and conditions for the application of the
compositions to surfaces are required to be
carried out, as there are factors that have
influence on the luminescent characteristics
and the luminescence intensity of films
which are made of colloidal solutions con-
taining zinc oxide nanocomposites.

The aim of this work was the formation
of luminescent films based on nano-sized
ZnO for subsequent use in active and intel-
ligent (smart) packaging, the study of the
influence of the conditions of formation of
these films on their luminescence proper-
ties, investigation of the possibility of sta-
bilizing surfaces of films based on PVP and
nanosized ZnO, and the search of possibili-
ties to incorporate ZnO nanoparticles into
other more resistant to external conditions
polymers, in  particular  poly(methyl
methacrylate).

2. Experimental

ZnO nanoparticles in ethanol were ob-
tained from zinc acetate (Zn(CH3COO),), so-
dium hydroxide (NaOH), and 100 % ethanol
(CoHgOH) [5]. Polyvinylpyrrolidone (PVP)
was added to the ZnO colloidal solution in
ethanol (concentrations 21073, 1.1072 and
21072 mol/L) at room temperature and stir-
ring (molar mass 10000, 40000 and
360000 g/mol) to obtain PVP concentration
of 10 % and 25 % in solution). The mix-
ture was stirred until complete dissolution
of the polymer, after that the composition
was uniformly distributed on a glass sub-
strate (with different film thicknesses) and
dried at room temperature. To obtain cover-
ings with ZnO nanoparticles in poly(methyl
methacrylate) (PMMA), silicon dioxide and
PVP were added to colloidal ZnO nanocrys-
tals in ethanol, and the resulting solution
was mixed with PMMA solution in 1,2-di-
chloroethane at room temperature and vig-
orous stirring. Then the compositions were
deposited onto glass surfaces and left to dry
at room temperature.
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Fig. 1. Influence of molar mass of PVP on the
luminescence intensity of the films. 1 — M(PVP)
=10000 g/mol, 2 — M(PVP) = 40000 g/mol,
3 — M(PVP) = 360000 g/mol, a — samples
without ZnO, b — [ZnO] = 2:1072 mol/L, A,, =
330 nm.

The photoluminescence spectra were re-
corded with a fluorescence spectrometer
(Perkin Elmer, LS 55) and excited with
light with wavelength of 330 nm. The ab-
sorption spectra (optical density) were re-
corded with a spectrophotometer (Analytik
Jena, Specord 210).

3. Results and discussion

It has been found that the introduction
of nano-ZnO to poly(methyl methacrylate),
polyvinyl alcohol (PVA), and gelatin leads
into the loss of luminescent properties, and
only with the use of PVP can stable lumi-
nescent compositions retain luminescent
properties after application to the surface
and evaporation of the solvent. It is impor-
tant that PVP is safe and used in the food
industry as a food additive E1201, as well
as in medical practice PVP solutions are
known as temporary blood substitutes. An-
other advantage of PVP is the fact that
PVP allows obtaining transparent coatings.
Therefore, the formation of films of ZnO
nanoparticles in PVP and the influence of
several factors on the luminescence inten-
sity of these films were investigated.

Fig. 1 shows the effect of molar mass of
PVP on the luminescence intensity of films
without nano-ZnO and with the addition of
nano-ZnO. The samples without ZnO
nanoparticles exhibit a small band lumines-
cence (at 400 nm) which decreases with the
increase of molar mass of PVP (Fig. 1,
curves Ia, 2a, 3a). After the introduction of
nano-ZnQO into the polymer the luminescence
intensity of the samples in the area of emis-

148

250
200

S
© 150

IIum.v

100

50

400 500 600 700
A, nm

Fig. 2. Influence of the initial concentration
of colloidal ZnO on the luminescence inten-
sity of the films. Ia — [ZnO] = 2-1073 mol/L,
2a — [ZnO]=1-10"2 mol/L, 3a — [ZnO] =
21072 mol/L, film thickness 500 um; influence
of the thickness (number of layers) of PVP
films containing nanosized ZnO on the lumines-
cence intensity, [ZnO]= 21072 mol/L. 1t —
1 layer (100 um), 2b — 2 layers (200 um),
3b — 5 layers (500 pm), A, = 330 nm,
M(PVP) = 360000 g/mol.

sion of ZnO (525 nm) increases with the in-
crease of molar mass of PVP (Fig. 1, curves
1b, 2b, 3b). Thus the appearance of distinct
peaks in the area of luminescence emission
of the polymer (at 400 nm) in the curves
1b, 2b, 3b is most likely a result of partici-
pation of functional groups at the ends of
the polymer chains of PVP in radiative
processes in the polymer, as well as effec-
tive capture of electronic excitation of ZnO
nanoparticles by ending groups, followed by
radiation in the natural radiation region of
the polymer. With the decrease of molar
mass of the polymer (down to
10000 g/mol), total amount of individual
polymer chains per unit weight of PVP in-
creases, therefore total amount of fune-
tional groups, which are situated at the
ends of polymer chains, per unit weight of
PVP increases too; this leads to the reduec-
tion of the luminescence band in the area of
nano-ZnO emission (525 nm) and the in-
crease of luminescence intensity in the area
of PVP radiation (400 nm).

Therefore, to obtain maximum intensity
of luminescence of films in the long wave-
length region (which is characteristic of
nanocrystalline ZnQ), it is optimal to use
PVP with the highest molar mass (M =
360000 g/mol). It has been shown in Fig. 1
that changing the molecular weight of PVP
allows varying color of luminescent emis-
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Fig. 3. Influence of the initial concentration
of colloidal ZnO on the absorbance spectra of
the films. Ia — [ZnO] = 21073 mol/L, 2a —
[ZnO] = 1-1072 mol/L, 3¢ — [ZnO] = 2:102 mol/L,
film thickness 500 um; influence of the
thickness (number of layers) of PVP films
containing nanosized ZnO on the absorbance
spectra, [ZnO] = 2:1072 mol/L. 16 — 1 layer
(100 um), 2b — 2 layers (200 um), 36 —
5 layers (500 um), M(PVP) = 360000 g/mol.

sion of the films from blue to green and
yellow, which may be appropriate for creat-
ing systems with different colors of lumi-
nescent emission for active and intelligent
packaging.

With the increase of concentration of
ZnO nanoparticles luminescence intensity of
PVP films in the region of nano-ZnO emis-
sion (525 nm) increases proportionally with
the increase of nanoparticle concentration
(Fig. 2, curves l1a—3a).

Consequently, it is appropriate to use the
highest concentration of ZnO nanocrystals
in ethanol, which is limited to 2:1072 mol/L
[5].

It is important to study the effect of
film thickness of PVP containing nano-ZnO
on the luminescence intensity of films, for
the usage of printing techniques for appli-
cation of films to surfaces. As can be seen
from Fig. 2 (curves 16—3b), in order to in-
crease the luminescence intensity of the
films film thickness of the coating layer
should be increased. For this purpose the
use of printing techniques (screen printing,
flexography, inkjet, pad printing etc) would
be convenient.

Fig. 8 displays the absorbance spectra of
the films for different concentrations of
ZnO nanoparticles (curves Ia—3a). It can be
seen from Fig. 8 that with the increase of
concentration of ZnO nanoparticles in PVP
films there is a shift in the edge of ab-
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Fig. 4. Luminescence of ZnO nanoparticles in
colloidal solution (1), uncoated films contain-
ing ZnO nanoparticles and PVP (2), and films
coated with 1 % PVA solution (3) and 10 %
PVA solution (4), [ZnO] = 1.83-10"2 mol/L,
Apy. = 830 nm.

sorbtion band to the long wavelength region
of the spectrum, which indicates increase in
size of ZnO nanoparticles. Fig. 3 also shows
the absorbance spectra of the films for dif-
ferent concentrations of ZnO nanoparticles
(curves 1b—3b). Similarly to the lumines-
cence intensity, with the increase of concen-
tration of ZnO nanoparticles absorbance in-
tensity of PVP films in the UV region of
spectrum increases proportionally with the
increase of nanoparticle concentration.
Water solubility of PVP makes its films
not suitable for usage in contact with foods
which contain water. The way to overcome
this difficulty can be the usage of a thin
coating layer of some polymer material. It
has been discovered that the use of such
coatings as polyurethane or butyl acetate
leads to complete quenching of lumines-
cence. PVA is a water soluble polymer, how-
ever, after drying it becomes insoluble in
water due to the formation a network struc-
ture. The effect of the coating of PVA on
the intensity of the luminescence of zinc
oxide films in PVP was studied. For vary-
ing coating thickness PVA solutions with
different concentrations were applied to the
surface of the films based on ZnO in PVP
using "dip-coating”™ technique. Adjustment
of coating thickness can be carried out more
conveniently using printing techniques. Ac-
cording to Fig. 4 (curves 3 and 4), PVA
coating leads to significant luminescence
quenching. However, with reduction of PVA
concentration (hence coating thickness) lu-
minescence quenching of the films can be
reduced too. Therefore, it is appropriate to
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use thin layers of PVA coating of the films
if they are to be placed in contact with
water.

As the use of PVA coatings for obtaining
water insoluble luminescent films leads to
deterioration of luminescent properties of
the films, the possibilities of stabilization
of ZnO nanoparticles for the subsequent in-
troduction of them into some water-resis-
tant polymers were considered. In particu-
lar, the results were obtained which indi-
cate the prospects of stabilizing ZnO
nanoparticles with silicic acid anhydride
and PVP with following introducing them
to PMMA. For this purpose colloidal ZnO
nanocrystals in ethanol were introduced to
PVP and silicic acid anhydride, and the re-
sulting solution was mixed with PMMA so-
lution in 1,2-dichloroethane with vigorous
stirring at room temperature. The prereg-
uisite of preserving luminescent properties
of ZnO nanoparticles in PMMA in our study
was the simultaneous presence of silicic acid
anhydride and PVP as stabilizers of nano-
ZnO. The absence of silicic acid anhydride
or PVP in the system resulted in complete
suppression of luminescence of ZnO
nanoparticles after drying PMMA film. This
synergistic effect can be explained by better
stabilization of the surface defects of ZnO
nanocrystals, adsorbed in the pores of silicic
acid anhydride.

The luminescence spectra of films, ob-
tained from compositions of nano-ZnO stabi-
lized with silicic acid anhydride and PVP in
PMMA and dichloroethane, are shown in
Fig. 5. The concentration of ZnO nanocrys-
tals in ethanol varied.

With the increase of concentration of
ZnO nanoparticles in the composition from
6.67-1073 mol/L to 1.83:1072 mol/L, the
maximum luminescence intensity of ZnO
nanoparticles (at 520 nm) increases from
100 (Fig. 5, curve 3) and 200 (Fig. 5, curve
4) to 600 arb. units (Fig. 5, curve 5). It is
worth noting that the last value is 1.5 big-
ger than the luminescence intensity of
nano-ZnO stock solution in ethanol (Fig. 5,
curve 1) and 2.4 bigger than the lumines-
cence intensity of uncoated films containing
nano-ZnO and PVP (Fig. 5, curve 2), which
can be attributed to partial aggregation of
ZnO nanoparticles in colloidal solution or
PVP film. Due to quantum size effects, in
particular the dependence of the allowed
bands of the semiconductor to its size, there
is a size distribution in such systems, there-
fore charge separation between nanoparti-
cles of different sizes is possible. This ef-
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Fig. 5. Effect of the concentration of ZnO
nanoparticles, stabilized by silicic acid anhydride
and PVP in PMMA on the luminescence intensity
of films, I — luminescence of ZnO nanoparticles
in solution, [ZnO] = 1.83-10"2 mol/L; 2 — un-
coated films containing ZnO nanoparticles and
PVP, [ZnO]=1.8310"2 mol/L; 3 — [ZnO] =
6.67-107% mol/L, 4 — [ZnO] = 1-10"2 mol/L,
5 — [ZnO] = 1.88:1072 mol/L, A,, = 330 nm.

fect reduces luminescence intensity. How-
ever, the presence of silicic acid anhydride
in the composition allows ZnO particles to
be distributed over its surface and pores
and avoid contact between each other, which
results in the increase of luminescence in-
tensity up to 2.4 times.

4. Conclusions

Luminescent films based on nanosized
ZnO are quite promising for the usage in
active and intelligent (smart) packaging. In
this study, optimal composition and parame-
ters of application of luminescent composi-
tions that contain nano-ZnO and PVP to
surfaces were developed on the basis of the
study of the influence of molar mass and
concentration of PVP, concentration of ZnO
nanoparticles, and layer thickness of the
films. There have been also investigated the
possibility of coating of luminescent films
based on ZnO nanoparticles and water sol-
uble PVP in order to eliminate their water
solubility to expand their possible scope of
application. It has been found that thin
layer of 1 % PVA solution in water has the
least significant effect on the luminescence
intensity of the investigated films.

In order to obtain insoluble in water
highly luminescent films the composition
has been developed by means of stabilizing
ZnO nanoparticles with the silicic acid an-
hydride and PVP with following intro-
ducting them into PMMA. On the basis of
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the study of luminescent properties of the
films the optimal composition of the compo-
nents was developed.

Luminescent compositions based on ZnO
nanoparticles can be applied to packaging
materials such as polypropylene film to ob-
tain coverings, therefore creating active and
intelligent (smart) packaging which informs
consumers of safety of consumption of a
packaged food product by varying the lumi-
nescence intensity of the coverings. It
would be convenient to use printing tech-
niques such as flexography, screen, inkjet,
and pad printing for application of the com-
positions to packaging materials due to
high-productivity of these techniques, as
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well as their ability to manipulate film
thickness.
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