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The red and blue ranges of the optical spectrum aremost suitable for plant photosynthesis.
Moreover, quanta of red light stimulate photosynthesis more than quanta of blue light. In
northern latitudes, the average daily intensity of the red and blue parts of the spectrum is
usually not sufficient for many plants. To increase the productivity of greenhouses in
northern latitudes, a technology has been developed for fluoropolymer films with
photoconversion nanoparticles (quantum dots) that convert UV radiation and violet light
into red light. The use of photoconversion fluoropolymer films promotes an increase in the
biomass of plants grown in greenhouses at high latitudes. The greatest effect is observed
when tomato plants are grown under photoconversion fluoropolymer films. The biomass of
tomato berry obtained from one bush grown under films is 20% higher than the biomass of
berry of control tomato plants.
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INTRODUCTION

Visible light, corresponding to the wavelength range of the electromagnetic spectrum of 380–780 nm,
is the most important environmental factor, primarily because it serves as a source of energy for the
processes of photosynthesis, resulting in the formation of organic substances from inorganic
components [1]. Visible light plays a large and varied role in the life processes of not only
plants, but also animals [2]. The transformation of the energy of light quanta into the energy of
chemical bonds occurs through a process called photosynthesis [3]. For this, terrestrial plants need
quanta of the red region of the spectrum, since they are mainly absorbed by chlorophyll - the main
pigment of plants. The red light within wavelength range of 650–700 nm participates most effectively
in photosynthesis. Therefore, to enhance plant growth, it is recommended to use light with a
predominance of the red component of the spectrum [4]. It has been shown that changes in the
intensity in the UV, visible, and even in the near-IR range of the spectrum can affect the rate of
growth and development of plants [5]. For the first time, more than a century ago, the influence of the
optical spectrum on the growth and development of plants was shown using absorption filters. It
should be noted that in those days the use of modified light was widespread. One of the first three
Nobel Prizes in Physiology or Medicine (N. Finzen, 1903) was awarded for the development of
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optical filters and their use for the treatment of a number of
diseases using visible light. Later, monochromators were widely
used to study the processes occurring in plants [6]. Later, lasers
began to be used in plant physiology, which today are actively
replacing LED illuminators [7]. For more than a century, a huge
amount of information has been accumulated on the effect of
narrow-band light sources on the growth and development of
plants [8–10]. The use of narrowband sources is not the only
approach. An alternative is an approach based on broad spectrum
modulation such as solar radiation. This approach is less
widespread and is based on the absorption of light quanta of
broadband radiation in one spectral range and their re-emission
in another spectral range. The materials used to re-emit light are
called photoconversion materials. Today new technologies,
methods and procedures have been developed with the help of
photoconversion materials. Leaders in the creation, research and
implementation of photoconversion materials are theranostics,
biophotonics and a number of areas of physics associated with the
creation of devices operating on the basis of sunlight [11–14]. The
use of such technologies in agriculture is often limited to closed
grounds (greenhouses, greenhouses, hotbeds, etc.) [15]. The
essence of photoconversion technologies in greenhouses
usually boils down to the conversion of UV radiation, green
and yellow light, into blue and red light [16]. It is known that for
the overwhelming majority of higher plants, red (600–750 nm)
rays are of the greatest importance [17]. It is the quanta of this
spectral range that are essential for the course of photosynthesis.
Also, red quanta affect the processes associated with plant
development. Blue and violet quanta (380–490 nm) can
participate in the process of photosynthesis. In addition, they
stimulate the formation of proteins, affect the processes
associated with plant development [18]. Yellow (595–565 nm)
and green (565–490 nm) quanta are absorbed by various
carotenoids and do not play a key role in photosynthesis. In
nature, light in the yellow and green ranges is mainly important
for shade-loving plants and some aquatic plants [19]. UV
radiation is also not directly involved in photosynthesis. It
should be noted that in the solar spectrum of UV radiation no
more than 1–2%, even on a clear day [20].

This article proposes a method of photoconversion of a part of
UV radiation not used by plants and radiation in the violet part of
the spectrum into radiation in the red part of the spectrum.
Nanoparticles with exciton emission are used as photoconversion
centers. Cd0.6Zn0.4Se quantum dots are one of the most
technologically advanced materials for the production of
photoconversion nanoparticles. By varying the size of such
nanoparticles, one can shift the maximum of their fluorescence
within the entire visible range of the spectrum. A low-temperature
technology for incorporating such nanoparticles into fluoropolymer
films is presented. The developed film can significantly increase the
productivity of closed soils located in high latitudes.

METHODS

Obtaining quantum dots (QD) and studying their properties. QD
of Cd0.6Zn0.4Se were synthesized by injecting trioctylphosphine–Se

into a metal solution at 320°C. The solution contained a constant
precursor ratio of Cd/Zn � 1/9 and oleic acid and oleylamine
surfactants in octadecene. Details of the technology for
manufacturing QD Cd0.6Zn0.4Se were described earlier [13]. The
advantage of this technology is the ability to obtain QD with a
controlled ratio of metals such as cadmium and zinc. To prepare
photoconversion polymer films, a QD solution in acetone (7%) was
used. The QD solution was mixed with the liquid fluoropolymer
component in a ratio of 1/100. Experimental details related to the
low-temperature introduction of nanoparticles into polymer
matrices were published earlier [21]. The resulting mixture was
stirred until homogeneous. From the obtained colloidal solution,
photoconversion fluoropolymer films were obtained. Zetasizer Nano
(Malvern, United States) was used to determine the QD sizes [22].
The morphology of the generated nanoparticles was investigated
using a Libra 200 FE HR transmission electron microscope (Carl
Zeiss). Details of the sample preparation of nanoparticles for
microscopy were published earlier [23]. Optical absorption and
photoluminescence were measured using high-speed
spectrometers (OceanOptics, United States) on optical devices
described earlier [23]. A laboratory illumination system based on
a 150WXBO150W/4 xenon lamp (OSRAM, Germany) was used as
a light source. Ultra violet 3WHigh Power Led (375 nm)was used as
an additional source of excitation. In the spectral study of
films, light from both sources was projected in one place on the
film, passed through the film, and collected on the other side
using a light-collecting device. When using such an optical
scheme, the relative position of lighting devices is of little
importance. The main thing is that the relative position does
not change during the experiment. Dosimetry was performed
using a PM200 power and radiation energy meter (Thorlabs,
United States).

Plant cultivation and morphometry. The effect of
photoconversion fluoropolymer films on the morphometric
parameters of plants was carried out in a climatic room. Work
on the cultivation of fruiting plants was carried out in
greenhouses. In this case, the plants were grown in soil.
Details on plant cultivation have been published earlier [24].
Pepper (Capsicum annuum L.), eggplant (Solanum melongena),
common cucumber (Cucumis sativus), tomato (Solanum
lycopersicum) were used as objects of research. The main
morphometric parameter was the area of leaves. The area of leaves
was determined using the GreenImage software developed by our
team [25]. The software can be downloaded here (https://drive.google.
com/open?id�1gcDcz1A9iGdd48YaXWO7duWMG263sotS).

RESULTS

The characteristics of photoconversion nanoparticles and
fluoropolymer films based on them, which convert UV
radiation and violet radiation into the red region of the visible
spectrum, have been investigated. Figure 1A shows the QD size
distribution. It was found that the maximum distribution is made
up of nanoparticles with a size of about 7.5 nm. Distribution half-
width 2 nm (from 6.5 to 8.5 nm). The size distribution contains a
small amount of QDs with sizes greater than 20 nm (less than
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0.1% of the total). The dynamic light scattering data was
confirmed by electron microscopy (Figure 1B).

The photoluminescence spectra of QD in acetone and in a
fluoropolymer are studied. Excitation was carried out using a
diode at a wavelength of 375 nm (Figure 3). As can be seen from
the graph (Figure 2A), with photoluminescence, photons have
an average energy of about 1.9 eV (half-width 1.83–1.95 eV),
which corresponds to about 650 nm. The determined quantum
yield was 17%. The photoluminescence spectrum of a
fluoropolymer film containing photoconversion nanoparticles
was investigated (Figure 2B). Photoluminescence was excited
with a xenon lamp and an additional diode source (375 nm) to
isolate the luminescence peak. When light passes through a
fluoropolymer that does not containing QD, the base
spectrum of the lamp does not undergo significant changes.
When light passes through a fluoropolymer containing
QD, a luminescence peak with an emission maximum of
650 nm is added to the lamp spectrum. In general, it can
be argued that a composite photoconversion film makes it
possible to obtain base light with a superposition of a “red”
component on it.

The effect of photoconversion fluoropolymer films on the
growth rate of Capsicum annuum L., Solanum melongena,
Cucumis sativus, and Solanum lycopersicum has been studied.
It was shown that photoconversion polymer films increase the
growth rate of all studied plants (Figure 3A). The results in
Figure 3A are expressed in relative units. The control values for
each plant culture are taken as 100%. For ease of perception of the
results, we have combined the control values obtained from the
cultivation of all types of plants. Statistical studies were carried
out only among plants of one species. The median leaf area of
Cucumis sativus grown under photoconversion film is about 15%
larger than the leaf area of control plants. However, from a
statistical point of view, such differences are not significant.
The leaf area of pumpkin, pepper and tomato grown under
photopolymer films is 25, 30, and 50% higher, respectively,
compared to control plants. The greatest influence on the
growth rate is observed in tomato plants. In Figure 3B shows
the dynamics of changes in the leaf area of tomatoes grown under
control film and photoconversion film. It was found that the leaf
area of tomato plants grown under a photoconversion coating by
the end of 4 weeks of growing season is significantly larger than in

FIGURE 1 | Size distribution of QD. (A) QD size distribution. (B)TEM photograph of the QD.

FIGURE 2 | The photoluminescence spectrum of QD. (A)Photoluminescence spectrum of photoconversion nanoparticles in acetone. (B) The photoluminescence
spectrum of a fluoropolymer containing and not containing photoconversion nanoparticles. Luminescence was excited with a xenon lamp and a diode source (375 nm).
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the control group. By the end of the fifth week of the growing
season, the difference reaches on average almost 50%.

Formost crops, not only the amount of biomass is important, but
also the weight of the fruit. Since the photoconversion polymer films
had the greatest effect on tomato plants, further research was carried
out on these plants. In photoconversion coated greenhouses, wewere
able to grow tomato fruit (Figure 4A). In control greenhouses, about
7.5 kg of tomato berry were collected from one bush (Figure 4B).
When growing plants under photoconversion polymer films, the
median weight of tomato berry is about 9 kg per bush. Thus, in
conditions of high latitudes, the use of photoconversion films makes
it possible to obtain 20% more tomato berry.

DISCUSSION

The properties of a composite fluoropolymer film containing
photoconversion nanoparticles with fluorescence in the red
spectral region have been investigated (Figures 1, 2). The
recorded quantum yield of nanoparticles is comparable to the
previously recorded quantum yield of nanoparticles of this type
[26]. The proposed technology for manufacturing quantum dots
is extremely convenient, since it allows one to obtain QD with
photoluminescence in the entire optical range. The developed
technology of low-temperature incorporation of QD into the
polymer also makes it possible to work in the future with various

FIGURE 3 | Effect of photoconversion fluoropolymer film on the growth and development of plants of various species. (A) Effect of photoconversion polymer film on
the size of leaves of cucumber (Cucumis sativus), pumpkin (Cucurbita pepo), pepper (Capsicum annuum L), tomato (Solanum lycopersicum). • - control values are
presented for all plants, the differences were calculated by groups. Other reference values are normalized. Data are presented as median with 95% confidence interval
(box). The range is shown in the form of a whiskers. Statistically significant differences between sontrol group and QD groups (Mann-Whitney U test, p < 0.05) are
marked by asterisks. (B) Dynamics of changes in the leaf area of control tomato and tomato plants grown under a photoconversion polymer film. Statistically significant
differences between control group and QD groups (Mann-Whitney U test, p < 0.05) are marked by asterisks.

FIGURE 4 | Influence of photoconversion fluoropolymer film on tomato yield. (A) Photo of tomatoes grown inside a greenhouse made from photoconverted
polymer film. (B)Weight of tomato berry harvested from one tomato bush grown under a control polymer film and photoconversion plastic film. Data are presented as
median with 95% confidence interval (box). The range is shown in the form of a whiskers. Statistically significant differences between control group and QD groups
(Mann-Whitney U test, p < 0.05) are marked by asterisks.

Frontiers in Physics | www.frontiersin.org December 2020 | Volume 8 | Article 6160404

Ivanyuk et al. Film Modified With Nanoscale Photoluminophor

https://www.frontiersin.org/journals/physics
www.frontiersin.org
https://www.frontiersin.org/journals/physics#articles


types of nanoparticles. A possible unsolved problem is the vapor
permeability of fluoropolymers, especially in the surface layer
[27], although this index of fluoropolymers is often much lower
compared to other classes of polymers [28].

Photoconversion fluoropolymer films have the greatest effect
on the development of pepper and tomato plants, and the least on
cucumber and pumpkin plants (Figure 3A). Pepper and tomato
belong to the Solanaceae family, cucumber and pumpkin belong
to the Cucurbitaceae family. It is known that the structure of the
light-harvesting complex may differ in different plant families
[29]. It is likely that by changing the QD photoluminescence
wavelength, an increase in the rate of biomass accumulation can
be achieved not only in plants of the Solanaceous family, but also
in plants of other families. It is known that the structure of the
light-harvesting complex undergoes changes in the process of
plant development [30]. It has been shown that the leaf area of
tomato plants grown under a photoconversion coating is stably
larger than that of control plants from the first weeks of life
(Figure 3B). Thirty days after germination, the difference in the
area of the leaf blades reaches almost 50%. The weight of
tomatoes berry per bush is only 20% higher for plants grown
under a photoconversion film than for control plants (Figure 4).
Probably, the spectrum of the photoconversion fluoropolymer
film is optimal for the growth of tomato plants at the stage of
germination, but at later stages of ontogenesis it requires
correction.

CONCLUSION

The manuscript presents a technology for obtaining
photoconversion fluoropolymer films based on QD for
greenhouses. Films are capable of converting UV radiation
and violet radiation into the red region of the visible
spectrum. A slight increase in the intensity of radiation in the

red region of the spectrum promotes an increase in the
biomass of plants grown in greenhouses located in high
latitudes. The greatest effect is observed when tomato
plants are grown under photoconversion fluoropolymer
films. The use of films allows you to get 20% more biomass
of fruits from one bush.
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