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Abstract: The influence of light conversion induced by glasses coated with up-converting luminescent
nanoparticles on Solanum lycopersicum cultivation was studied. Nanoparticles of Sr0.46Ba0.50Yb0.02Er0.02F2.04

solid solution were used as the up-converting luminophore. These nanoparticles were able to
transform IR radiation into visible light (λem = 660 nm with minor peaks at 545 nm and 525 nm). By
applying the “variable” chlorophyll fluorescence (∆F), it was shown that the cultivation of tomatoes
under the photoconversion glasses stimulated changes in the rate of plant adaptation to ultraviolet
radiation. The restoration time of values of effective quantum yield of photosystem II photochemical
reactions and photochemical quenching of chlorophyll fluorescence (reflecting disappearance of
imbalance between photosynthetic electron transport and the utilization of NADPH) was reduced
from three weeks to three days in the case of control and photoconversion films, respectively. As a
result, plants grown under photoconversion glass had an increased leaf number (12.5%), total leaf
area (33%), stem length (35%) and chlorophyll content in the leaves (two-fold). It is assumed that an
increase in the proportion of red light in the growing spectrum has a positive effect on photosynthetic
activity and plant growth.

Keywords: photoconversion; up-conversion; nanomaterials; greenhouses; insufficient insolation;
Solanum lycopersicum

1. Introduction

The Neolithic Revolution, which happened about 8000–12,000 years ago, led to the
emergence of new technology—agriculture, which accelerated the growth of the world’s
population. First, a local acceleration of population growth was observed in the territories
of the cradle of agricultural civilization. Then, farming spread throughout the planet. Over
the past hundred years, due to progress in medicine, reduced mortality and increased
agricultural productivity, a new acceleration in population growth has been occurred.
Nowadays, there is a shortage of territories suitable for agriculture and, as a result, food
manufactures. Under these circumstances, the only way out is to find ways to increase
the productivity of farms, especially in regions with cold temperate and unfavorable
climates [1,2]. Thereby, one of the priorities of modern biotechnology, in particular, agro-
photonics, is to maintain optimal conditions for the growth of crops artificially, which is
being effectively realized in modern greenhouses [3]. The lighting of plants, as close as
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possible to nature, is provided by the transparent shell. Greenhouse construction ensures
an enclosed protective environment that drastically increases yield while lowering water
consumption and pesticide use as compared to conventional farming [4–6], adds more
growth cycles per year and allows growing thermophilic plant species in colder climates.

Unfortunately, there is a strong shortage of sunlight in northern and even temperate
latitudes from autumn to spring. Currently, the most common approach to solve this
problem is the additional lighting of plants using artificial light sources. However, the need
for artificial lighting leads to a significant increase in energy consumption in comparison
to traditional farming [7–9]. The usage of photoconversion coatings of greenhouse glass
is an example of technologies that allow increasing the productivity of grown plants and
reduce costs. These materials are capable of converting light from one spectrum region to
another. The conversion of sunlight only makes sense in the case of transforming photons
that are little used by plants in photosynthesis (or harmful to plants) into photons that are
effectively used in photosynthesis. For example, the conversion of ultraviolet or green light
into blue or red light can be applied.

Luminescent materials (metal complexes, semiconductors, nanoparticles, fluorescent
proteins, organic dyes) are widely applied in different fields: optics, biomedicine, envi-
ronmental purification, agriculture, etc. [10–16]. However, one of the major difficulties
of the practical application of photoconversion devices is the lack of perfect materials.
Coatings, which contained organic fluorophores, burn out rapidly. Fluorophores based
on rare-earth metals and their compounds (for example, europium) have increased sta-
bility but a very low quantum yield of conversion [17–21]. Nanoparticles with plasmon
or exciton emission (cadmium-selenium, zinc-sulfur, etc.) [22–25] are hardly incorporated
into polymer matrices and are very sensitive to reactive oxygen species formed during
the functioning of the luminophore. A perfect photoconversion system must have the
following features: (1) maximum solar spectrum transmittance in a spectrum range that
is critical for the efficiency of photosynthesis; (2) maximum solar spectrum absorption in
other ranges and high quantum yield of re-emission; (3) suitable surface modification to
satisfy the requirements for targeted photoreactions; (4) high chemical and photostability;
(5) minimization of reabsorption losses of luminescence. Although, in practice, it is difficult
to optimize materials to meet all these requirements, modern studies are focused on the
perfection of photoconversion coatings. In several works [26–28], we have developed
highly resistant and vapor-proof photoconversion films on the basis of fluoropolymer and
nanoparticles as well as quantum dots, which are capable of the effective photoconversion
of UV and violet radiation into blue and red light and of providing more favorable light
conditions for plant growth. Despite the difficulties, photoconversion technologies have
great potential to maintain the plant’s growth rate and quality under variable weather
conditions while additional energy consumption is absent.

Practically all luminescent materials applied in greenhouses glasses act as down-
shifted emitters (Stokes-shifted, when each emitted photon has lower energy than the
absorbed one). These materials use ultraviolet, violet and green light, the proportion of
which is not so high in the solar spectrum near the earth’s surface. A huge number of
photons have a wavelength of >700 nm, and their conversion to the PAR range (photosyn-
thetically active radiation) is a promising and interesting challenge. A few luminophores are
capable of emitting photons with higher energy than those used for excitation (anti-Stokes
shifted or up-conversion luminescence). The development of up-converting luminophores
that convert near-infrared radiation (NIR) into visible light is one of the relatively new
scientific trends. Such luminophores were proposed in the mid-20th century [29,30]. Typi-
cally, up-converting nanoparticles are composed of three parts: a sensitizer, an activator
and a matrix. Sensitizers absorb energy and transfer energy to activator ions, which are
used as the center of emission. The matrix is not usually involved in energy transfer but
acts as a stabilizing ion. At present, it is considered promising to use combinations of
rare-earth elements (REE, for example, Yb3+: Er3+: Tm3+ and Ho3+ ions) to create visible
light sources. Yb3+ is used as a sensitizer due to its simple energy levels’ structure and
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large absorption cross-section [31], while Er3+, Tm3+ and Ho3+ ions are used as activa-
tors [32,33]. Strontium fluoride is usually used as a matrix, which provides a high quantum
yield of up-conversion [34,35]. It is worth noting that fluorides have some advantages in
comparison with oxides, chlorides and chalcogenides [36]. It was assumed that a BaF2
single crystal as a matrix could further increase the efficiency of the up-conversion [37]. At
present, the materials with the highest quantum yields of up-conversion are BaF2 single
crystals co-doped with Yb3+ (3 mol%) and Er3+ (2 mol%), NaYF4:Yb3+, Er3+ and NaGdF4:
Yb3+, Er3+ with a quantum yield of 10%, 11% and 14%, respectively [37–39].

Plants are able to use light in the so-called photosynthetically active radiation range,
which is wavelengths of 400–700 nm. Changes in the spectral composition are known to
affect plant morphology, physiology and development, particularly processes of photosyn-
thesis and secondary metabolism [40–42]. The light action spectrum for photosynthesis
was described in detail by McCree [43]. It was shown that in light-limited conditions, red
light was more optimal for the intensification of photosynthesis. However, red illumination
alone is not sufficient for optimal photosynthesis and plant growth. Other light wave-
lengths can further intensify photosynthesis. Under red illumination, “red light syndrome”
can be formed—the state with changed plant phenotype, deviant biochemistry and gene
expression. Additional illumination with blue light can prevent the syndrome [44]. Blue
light also promotes improving access to CO2, driving transpiration and nutrient uptake
due to stomatal opening [45–48]. Far-red light can increase plant stress resistance. Green
light can penetrate the leaf deeper than red and blue and be used by lower-tier leaves (as
well as by tissues in the depth of the leaf) that are out of reach for red and blue light [49–51].

In this work, we investigated the effects of up-converting luminescent nanoparticles
incorporated into fluoropolymer films coated on glasses on the growth of agricultural
plants. Sr0.46Ba0.50Yb0.02Er0.02F2.04 (UCL) nanoparticles were used as the up-converting
luminophore, which can convert IR into visible light. We assume that coating greenhouse
glasses with up-converting luminescent nanoparticles may be successfully used to improve
a lack of natural light and achieve an increase in plant biomass.

2. Materials and Methods
2.1. Preparation of Photoluminophore Nanoparticles and Investigation of Its Properties

The synthesis of up-conversion nanopowders with the nominal composition
Sr0.46Ba0.50Yb0.02Er0.02F2.04 was carried out by co-precipitation from aqueous nitrate solu-
tions at ambient conditions according to a previously published protocol [52]. A mixture of
nitrate solutions (0.08 M) was dropwise added to an ammonium fluoride solution (0.16 M)
taken with a 7% excess from stoichiometry. Afterwards, the produced suspension was
stirred for 2 h. After settling, the precipitates were washed with a dilute solution of ammo-
nium fluoride with controlled washing purity from nitrate ions by a qualitative reaction
with diphenylamine. Then, the precipitate was dried sequentially at 45 ◦C in air and at
600 ◦C in a platinum crucible for 1 h at a heating rate of 10 degrees/min.

To manufacture the photoconversion composites, a 7% solution of nanoparticles in
acetone was used. The solution of nanoparticles was mixed with the liquid component of
the fluoroplate polymer in a ratio of 1/100. Fluoroplast-32L (St. Petersburg Kraski, Russia)
served as the basis for obtaining the polymer varnish. The mixture was stirred for 10 min
until a homogeneous mass was obtained. To apply the photoconversion coating to the
glass, a spray gun was used. Thus, a photoconversion film (PCF) containing luminescent
nanoparticles was formed on the glass surface.

X-ray pattern diffraction (XRD) was performed on a BRUKER D8 ADVANCE diffrac-
tometer (Billerica, MA, USA) with CuKα-radiation. The unit cell parameters (a) were
calculated using POWDER 2.0 software (Moscow State University, Russia). The mor-
phology and particle size of nanoparticles were determined with the scanning electron
microscope Carl Zeiss NVision 40 (Zeiss AG, Oberkochen, Germany) (ImageJ software
for photos analysis) connected with the Oxford Instruments XMAX (80 mm2) energy-
dispersion analysis set-up (Oxford Instruments plc, Abingdon, UK). The hydrodynamic
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diameter and zeta potential distribution of nanoparticles were measured with Zetasizer
Ultra (Malvern Panalytical, Malvern, UK). The up-conversion luminescence spectra in the
visible range were recorded using fiber-optic spectrometer USB2000 (OceanOptics, Orlando,
FL, USA). The sample was placed inside the integrating sphere Cintra 4040 (GBC Scientific,
Braeside, Victoria, Australia) and irradiated using a 50 mW IR light diode, which emits in
the region of 960–985 nm with a maximum of 975 nm. The up-conversion emission and
scattered laser radiation were collected by the fiber and delivered to spectrometer.

2.2. Plant Material and Growth Conditions

Solanum lycopersicum plants (determinate cultivar “Balkonnoe Chudo”) were used in
the study. Before experiments, all the plants were grown in a 16-h-light/8-h-dark cycle at
25–26 ◦C and at a weak light intensity (PPFD (400 nm–700 nm) and PFD (350 nm–800 nm)
were 70 µmol photon s−1 m−2 and 140 µmol photon s−1 m−2, respectively). On the
seventh leaf stage, both experiment and control plants were placed under glasses coated
with fluoroplate polymer with or without photoconversion nanoparticles, respectively.
A UVA component (λ = 370 nm, PFD = 10 µmol photon s−1 m−2) was added to the
illumination spectrum.

The leaf area was determined using the GreenImage software developed by our
team [26]. The content of chlorophyll in leaves was determined with chlorophyll content
meter CL-01 (Hansatech Instruments, Norfolk, UK). The number of leaves and the stem
length were determined manually. Light intensity was measured using PG200N Spectral
PAR Meter (UPRtek, Zhunan, Miaoli, Taiwan).

2.3. Chlorophyll Fluorescence (ChlF) Measurement

Before experiments (treatments and measurements), both tomato plants and leaves
were kept for 60 min in the dark at a temperature of 25–26 ◦C. The kinetics of photoinduced
changes of the ChlF yield (∆F) related to the photoreduction in the primary electron accep-
tor, QA, was measured on a non-cut leaf at room temperature with the DUAL-PAM-100
fluorometer (Waltz, Eichenring, Effeltrich, Germany). To measure the maximum quantum
yield of PS2 photochemistry ((Fm − F0)/Fm, where F0 is the initial fluorescence value
and Fm is the maximum fluorescence value) and ChlF parameters after light adaptation
(10 min, λ = 625 nm, 250 µmol photon s−1 m−2), the samples were illuminated with a
saturating 500-ms flash (λ = 625 nm, 12,000 µmol photon s−1 m−2). The calculation of the
ChlF parameters was performed using DualPAM Software [53].

To study the kinetics of PS2 photoinhibition, leaves were incubated overnight in the
dark in the absence and in the presence of 1 mM lincomycin to inhibit protein synthesis in
chloroplasts. Light treatment was implemented in the growth chamber, and illumination
under which the plants grew was used as the inhibitory light. To prevent desiccation, the
cut ends of the leaf stalks were submerged in water during the light treatment (90 min).
∆F was measured before and after the light treatment to estimate the relative amount of
active reaction centers of PS2 (PS2 RCs) after the light treatment. The values obtained
for dark-adapted samples not treated with light were taken as 100%. Rate constants of
photoinhibition were calculated according to the equation k(pi) = ln [At1/At2]/(t2 − t1),
where At1 and At2 are the relative amounts of active PS2 reaction centers at the time t1 and
t2, respectively [54–56].

2.4. Statistical Analysis

To determine statistically significant differences between plant groups, one-way analy-
sis of variance (ANOVA) followed by post hoc comparisons by Tukey’s test and Student’s
t-test for independent means were performed. The difference was considered significant
if p ≤ 0.05.
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3. Results
3.1. Characteristics of Nanosized Fluorophores

The photoluminescence spectra of Sr0.46Ba0.50Yb0.02Er0.02F2.04 nanoparticles in acetone
in the PAR range are shown in Figure 1A. Infrared excitation (976 nm) of the UCL lead to
luminescence with typical bands of the ion pair Er3+/Yb3+: 1.87 eV (about 660 nm), 2.27 eV
(545 nm) and 2.36 eV (525 nm) (Figure 1A, curve 1). These data correlate well with previous
data obtained in luminophores with a comparable structure [35,37,57–61]. Weak emission
at 850 nm (outside the PAR range) is not shown. It should be noted that the data presented
in Figure 1A are demonstrative and not intended for estimating the quantum yield of
up-photoconversion with statistical accuracy.
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Figure 1. Characteristics of nanosized fluorophores (Sr0.46Ba0.50Yb0.02Er0.02F2.04). (A) Photolumines-
cence (PL) (curve 1) of the nanoparticles in acetone in the PAR range, which was excited with IR
light diode (curve 2). (B) X-ray diffraction pattern for the nanoparticles after heat treatment at 600 ◦C
(1) and JCPDS #06-0262 for SrF2 (2). (C) SEM images for samples after a heat treatment at 600 ◦C.
(D) Size distribution of nanoparticles (NP) of fluorophores obtained using dynamic light scattering.

The XRD pattern of Sr0.46Ba0.50Yb0.02Er0.02F2.04 solid solution after heat treatment at
600 ◦C confirms its pure and single-phase (Figure 1B). The formation of a single-phase pow-
der with a fluorite structure (JCPDS #06−0262, a = 5.800 Å) was revealed (compare curve 1
and curve 2). The scanning electron microscopy image for Sr0.46Ba0.50Yb0.02Er0.02F2.04 sam-
ples shown in Figure 1C indicates that the heat treatment leads to the formation of rounded
particles with a mean size of 72 nm and their agglomerates with a mean size of 242 nm.
The dynamic light scattering method confirmed this observation (Figure 1D). The powder
contains two pools of particles: primary particles with an average nanoparticle size ranging
from 55 to 100 nm and agglomerates of primary particles. Note that most of the particles are
presented in the form of agglomerates. Using Energy-dispersive X-ray spectroscopy, a real
composition of solid solution powder was determined as Sr0.533Ba0.415Yb0.026Er0.026F2.052.
For implantation into a polymer film, nanoparticles were mixed with the liquid compo-
nent of the fluoroplate polymer in a ratio of 1/100 in acetone and then distributed on the
glass surface.
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3.2. Influence of Photoconversion Glasses on Plant Grow

To simulate average solar lighting on a cloudy day, all the plants were grown un-
der weak illumination. The photosynthetic photon flux density (PPFD, 400–700 nm) was
70 µmol photon s−1 m−2 and was half of the total photon flux density measured from
350 nm to 800 nm. On the seventh leaf stage, glasses coated with the fluoraplate polymer
with or without photoconversion nanoparticles were installed above plants. Immedi-
ately before the start of the experiment, a UVA component (λ = 370 nm, PFD = 10 µmol
photon s−1 m−2) was added to the illumination spectrum. Note that control glasses coated
with fluoroplate polymer (in the absence of nanoparticles) decreased the light intensity in
the PAR region by 18%.

It was shown that the presence of photoconversion films above the plants had a
positive effect on plant growth (Figure 2). The results of monitoring the stem length, number
and area of leaves and relative chlorophyll content are shown in Figure 3. Chlorophyll
content in the control group of plants practically did not change during the experiment.
Conversely, under the photoconversion films, a rapid increase in the chlorophyll content in
the leaves was observed from the fifth to tenth day (Figure 3A). Thus, during the experiment,
chlorophyll content enhanced from 6.4 ± 0.3 r.u. to 8.7 ± 1.0 r.u. The increase in leaf area
was affected by the presence of photoconversion glasses above the plants (Figure 3B). If
under control glasses, the leaf area increased from about 22.9 ± 3.8 cm2 to 89.7 ± 9.5 cm2,
then under PCF at the end of the experiment, the leaf area reached 119.8 ± 16.4 cm2.
Under control films, the number of leaves was increased from 7.0 ± 0.3 leaves per one
plant to 11.7 ± 0.5 leaves per one plant, whereas under photoconversion films, the number
increased to 14.7 ± 1.5 leaves per one plant (Figure 3C). Statistically significant differences
in the number of leaves between both groups were found on the tenth–twelfth day of
the experiment. Thus, an increase in the number of leaves consisted of 40% and 110% for
control and experiment plants, respectively. A more rapid increase in stem length was found
in plants growing under PCF (Figure 3D). However, statistically significant differences
between both plant groups were found only at the end of the third and fourth weeks
of the experiment (and in the case of leaf area). Thus, films containing photoconversion
nanoparticles accelerated the growth and development of the tomatoes.
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Figure 3. Dependence of relative chlorophyll content (A), total area (B) and number (C) of leaves and
stem length (D) on grow time of plants under glasses coated with fluoroplate polymer without (1) or
with (2) photoconversion nanoparticles. The data are the means of at least 11 measurements, with the
standard error of the mean. Relative chlorophyll content value is the mean of 4–10 measurements on
at least 11 plants.

To explain this, we have performed an analysis of the light-induced changes in the
ChlF (Figure 4). The maximum quantum yield (∆F/Fm) in the leaves of dark-adapted
plants before the experiment was equal to 0.82 and practically did not change within the ex-
periment (Figure 4A). It is known that light energy absorbed by the photosynthetic antenna
can distribute between three processes capable of utilizing the excitation energy. These
processes are reflected in quenching the chlorophyll fluorescence: so-called photochemical
quenching, non-photochemical quenching (NPQ) and non-regulated heat dissipation and
fluorescence emission (NO). The effective quantum yield of photosystem II photochemical
reactions Y(II) correlated well with photochemical quenching in leaves of both plant groups
and decreased within the first week from 0.28 to 0.11 (Figure 4B), which indicates some im-
balance between photosynthetic electron transport and the utilization of NADPH reduction
in plants. Afterward, Y (II) increased and gradually reached the initial values. In control
plants, Y(II) increased slowly and reached the initial values by the end of the fourth week
of the experiment. On the contrary, in plants growing under PCF, Y(II) increased rapidly
(initial Y(II) values were reached within a few days, and further practically does not change).
The first five days of the experiment were accompanied by a moderate increase in Y(NPQ)
from 0.35 to 0.45 in control plants and by a more significant increase in Y(NPQ) to 0.5 in
experiment plants (Figure 4C). One week after that, Y(NPQ) decreased to initial values
and did not change much subsequently. Different amplification of Y(NPQ) in the control
and experimental groups may be a consequence of the different efficiency of protective
mechanisms during the adaptation of plants to changed lighting conditions. It is important
to mark that the proportion of uncontrolled dissipation of absorbed light energy practically
did not change in plants growing under photoconversion films. At the same time, in plants
growing under common films, Y(NO) increased from 38% to practically 50% during the
first week of the experiment and then relaxed to values observed before the start of the ex-
periment within two weeks (Figure 4D). The development of the parameters photochemical
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(qL) and non-photochemical (qN) quenching (Figure 4E,F) in plants correlates well with the
data described above and can reflect both the partial inhibition of photosynthesis and the
activation of heat dissipation of absorbed light energy at the first week of the experiment.
However, the activation of heat dissipation in both plant groups had different mechanisms:
if in control plants, it was provided by both controlled and non-controlled dissipation, then
in experiment plants, non-regulated heat dissipation was not enhanced.
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Figure 4. Dependence of maximal Fv/Fm (A) and effective Y(II) (B) quantum yield of photosystem II
photochemistry, quantum yield of light-induced non-photochemical quenching of ChlF (Y(NPQ)) (C),
quantum yield of nonregulated heat dissipation and fluorescence emission (Y(NO)) (D), photochemi-
cal (qN) (E) and non-photochemical (qL) (F) ChlF quenching on grow time of plants under glasses
coated with fluoroplate polymer with (closed symbols) or without (opened symbols) photoconversion
nanoparticles. The adaptation of samples to actinic light was carried out for 10 min. Measurements
were taken at room temperature. The data are the means of at least 3 measurements, with the standard
error of the mean.

It is known that under the illumination of the leaves, two oppositely directed pro-
cesses occur—photoinactivation of the photosynthetic apparatus and its photorecovery.
To estimate the damaging effect of light passed through control and photoconversion
films, we calculated the rate constant of photoinhibition (k(pi)) of photosynthetic activ-
ity. For this aim, leaves were treated with 1 mM lincomycin, an inhibitor of the repair
process. The measurements were also performed on untreated leaves. Rate constants of
photoinhibition in leaves without lincomycinare were close to zero, which indicates that
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the recovery processes prevail over the damaging processes under these light conditions.
Using lincomycin-treated leaves, it was shown that k(pi) under PCF was 20% higher than
under common film (Table 1).

Table 1. Rate constants of photoinhibition (k(pi)) in tomato leaves under common and photoconver-
sion films. The data are the means of at least three measurements.

Glass Coating Type
k(pi), s−1 × 10−5 ± se

1 mM Lincomycin Without Lincomycin

Common film 6.88 ± 0.69 a 0
Photoconversion film 8.29 ± 0.54 b 0

Letters indicate statistically significant difference between different samples (p ≤ 0.05).

4. Discussion

For several decades, scientists have traveled a long way in the development of photo-
conversion coatings for agricultural applications: from (i) short-lived fluorophores based
on polyethylene and organic dyes through (ii) relatively stable fluorophores based on
rare-earth compounds, which, however, have a low quantum yield, to the (iii) creation
of materials based on complex nanosized fluorophores. In the present work, we have
successfully applied an approach based on the creation of photoconversion materials for
agriculture based on complex nanosized luminophores that are capable of Anti-Stokes
emission, the so-called up-conversion luminescence, where emitted photons have higher
energy than the absorbed ones. Despite the low quantum efficiency (usually 4–6%) in
comparison with down-shifting luminophores (10–30%), the use of up-conversion coatings
can be justified when growing plants. For the growth and development of plants, not only
the intensity of illumination plays an important role but also the spectral composition. For
example, a change in red/far-red ratio can activate the phytochrome system that, in turn,
can lead to intensification of photosynthesis, increase stress resistance and acceleration of
plant growth [62–64]. Moreover, changes in light quality are known to have an influence on
processes of photosynthesis, secondary metabolism and ultimately on plant morphology,
physiology and development.

It was generally accepted that plants could utilize light with wavelengths 400–700 nm
(so-called PAR region). However, PAR can contain less than half of the photons reaching
the Earth’s surface, and plants practically do not use photons with lower energy than the
PAR range. This knowledge should be applied in the development of photoconversion
technologies in agriculture in temperate and arctic latitudes. It is known that in weak
light conditions, red light has a stronger effect on the intensification of photosynthesis. In
the present work, we used a photoconversion cover containing Sr0.46Ba0.50Yb0.02Er0.02F2.04
nanoparticles, which convert a part of IR photons into visible light (red (655 nm) and par-
tially green (545 nm and 525 nm)). In comparison with down-shifting analogue [25,65,66],
our luminophores have less quantum efficiency. However, these nanoparticles are very
efficient phosphors among up-conversion luminophores [37]. Moreover, this type of
nanoparticles can take part in the conversion of UV to green and red light [35,37], which
only increases their value for applications in greenhouses.

Figure 2 demonstrates that plants under PCF have accelerated growth and develop-
ment: the increase in leaf number and their total area are 25% and 35% in comparison with
control; the stem becomes 30% higher. Moreover, under PCF, an increase in chlorophyll
content from 6.4 ± 0.3 r.u. to 8.7 ± 1.0 r.u. was observed. Measured values of the relative
chlorophyll content correspond to 20–25 mg Chl (g FW)−1 and 40 mg Chl (g FW)−1, re-
spectively [67], which can reflect the 2-fold difference in chlorophyll content in the leaves
of two plant groups. Analogous results were obtained earlier [28] when the effect of red
down-shifting luminophore on the development of agricultural plants was studied. In the
present work, the down-shifting red luminophore was replaced with an up-converting one,
and the replacement did not significantly change the efficiency of photoconversion coats.
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As mentioned above, only a negligible proportion of absorbed energy is converted
into luminescence in the PAR region because the quantum yield of up-conversion is small
and only a little part of UV or IR is absorbed by nanoparticles. Thus, a significant part of
light energy is passed through photoconversion films or dissipated as heat. However, in
this study, as well as in plenty of other works [25–28,64–66,68–82], despite a subtle increase
in light intensity in the PAR region, a significant positive effect of photoconversion coatings
on plants growth was shown. However, the apparent paradox can be explained. The
nanosized particles we use are capable of absorbing and scattering ultraviolet radiation
and, therefore, acting as a protectant against UV. However, the addition of UVA (10 µmol
photon s−1 m−2) in the growth light spectrum equally affected the photochemistry of both
groups of plants in the first week of the experiment (Figure 3B), which does not support (and
does not refute) this assumption. Nevertheless, the increase in Y(NO) was observed only in
the control plant group, which indicated some damage to the photosynthetic apparatus.
Our data also indicate that plants are stressed under changed light conditions (addition
of UVA in the light spectrum), which is reflected in the inhibition of plant growth in the
first days (Figure 3B,D). According to other data [83], UVA supplementation stimulates
biomass production and enhances secondary metabolite accumulation. It is known that
a change in the red/far-red ratio can lead to the activation of the phytochrome system
that, in turn, could intensify photosynthesis, increase stress resistance and accelerate plant
growth [62–64]. Luminescent and scattered light (nanoparticles not only absorb and re-emit
light but also scatter it) spreads in all directions. It is believed that such lighting illuminates
the plants more evenly, which has a beneficial effect on their development. Under weak light
conditions, the contribution of luminophore-emitted red light can be significant for plant
growth. It was shown that photoconversion films, which are emitted in the red region, could
stimulate changes in the content of phytohormones [84]. Photoconversion films affected
the number of soil microorganisms, which had a positive effect on plants’ growth [72,85].
Over time, the plants adapted to the changed conditions, and photoconversion films
accelerated this process. The reduced rate of recovery of photochemical quenching of
ChlF (qL, Figure 4F) in control plants may be caused by the lower activity of the Calvin
cycle. An increased proportion of Y(NO) (energy dissipation pathway independent of
∆pH, violaxanthin cycle and excitation energy redistribution between two photosystems)
can be due to the disturbance in photosynthetic water oxidation. The high rates of non-
radiative charge recombination in photosystem II were observed after damage to the water
oxidizing complex [86].

On the one hand, our data indicate that spectral changes (as well as the alteration
in the red light/far-red light ratio) induced by PFC promote the increase in the plant’s
stress resistance and intensification of photosynthesis and plant growth (compare the
data shown in Figures 2 and 3). On the other hand, our data indicate that under the
photoconversion films, plants are exposed to stronger photoinhibition than under control
films (Table 1). However, this did not lead to both the suppression of plant growth and
photoinhibition in the absence of an antibiotic. It can be assumed that either the plants
themselves have sufficient potential for recovery after photodamage or the photoresistance
increases due to spectral changes. It is known that plants grown under low light and
exposed to high light are poorly acclimated and experience photoinhibition [87]. The
increase in the photoinhibition degree under PCF may be due to a magnification of the
PAR intensity induced by light conversion. Additional light absorption by photosynthetic
antennae complexes should lead to the increase in the possibility of damage to the D1
protein [88,89]. (D1 protein is the main target for photodamage in plants.) In the case of
the inhibition of the D1 protein synthesis de novo by lincomycin, the intensification of
photoinhibition becomes visible. These findings can reflect growth in the PAR intensity
under photoconversion glasses.
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5. Conclusions

Nowadays, the highest quantum yields of photoconversion in up-conversion mate-
rials reach 14%, and Sr0.46Ba0.50Yb0.02Er0.02F2.04 nanoparticles are among them. These
nanoparticles may be successfully used in greenhouses due to IR conversion into visible
light that, in turn, can activate photosynthesis and plant growth. The obtained results can
be used to develop photoconversion coatings for agriculture, which is in need of technology
to increase yields.
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