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Abstract: Recent progress in the field of photosensitive materials has prompted a need to develop
efficient methods to synthesize materials with basic intermolecular architectural designs and novel
properties. Accordingly, in this work we design and study a photoactive polymer as a photo-
switchable polymeric system in the presence and absence of ZnS nanoparticles (average size < 10 nm)
at 5 wt.%. The influence of UV light irradiation on its properties were also studied. The photoactive
block copolymer was obtained from styrene (S) and methyl methacrylate (MMA) as monomers and
1-(2-hydroxyethyl)-3,3-dimethylindoline-6-nitrobenzopyran (SP) was grafted to the block copolymer
backbone as a photochromic agent. Furthermore, the incorporation of ZnS (NPs) as photo-optical
switch component into the system enhances the purple colored photo-emission, with the open form
of the spiropyran derivative (merocyanine, MC). The ZnS stabilize the isomeric equilibrium in the MC
interconversion of the photochromic agent. The photo-switchable properties of the PS-b-PMMA-SP in
the presence of ZnS (NPs) were examined using UV-VIS spectroscopy, Photoluminescence (PL) spec-
troscopy, optical fluorescence and scanning electronic microscopy (SEM-EDX.). The observed changes
in the absorbance, fluorescence and morphology of the system were associated to the reversible
interconversion of the two states of the photochromic agent which regulates the radiative deactivation
of the luminescent ZnS NPs component. After UV irradiation the photoactive polymer becomes
purple in color. Therefore, these basic studies can lead to the development of innovative functional
and nanostructured materials with photosensitive character as photosensitive molecular switches.

Keywords: light-sensitive materials; spiropyrans; photoactive polymeric system; morphological
surface characteristic; photo-switchable properties

1. Introduction

The combination of polymers with nanoparticles is a useful strategy for designing
novel functional materials [1,2] and a wide variety of methods can be explored for their
production such as electrospinning [3], electrospraying [4] and traditional chemical and
physical deposition methods.
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In the literature, several inorganic nanoparticles (NPs) such as SiO2 [5,6], ZnO, [7,8],
ZnS [9], Ag [10–12], CuO [13,14], MoS2 [15] and TiO2 [16–18] have been shown to be useful
for the preparation of functional materials [19–22]. On the other hand, the establishment of
multiple functions requires the combination of hydrophobic surfaces with micro/nanoscale
structures, low surface energy and auxiliary components [23–27]. In addition to traditional
processing methods, researchers have proposed several strategies, such as layer-by-layer
assembly [28], dip coating [29], chemical vapor deposition [30] and etching [29–31] as
routes to obtain the desired functionality.

Due to their low cytotoxicity, ZnS are very interesting NPs to explore with respect to the
preparation and properties of such composites. Kole et al. [32] synthesized ZnS quantum
dots (QDs) and ZnS/PMMA nanocomposites and determined their morphological and
optical properties, and thermal stability. It was found that the interaction of the ZnS NPs
with the polymer matrix is weak and that the incorporation of the NPs into the polymer
changes its transmittance from 86% to 45% in the visible region.

Moreover, Nayak et al. [9] prepared ZnS/PMMA nanocomposites and reported their
optical, electrical and dielectric properties. The nanocomposite morphology, that combined
a pebbled and nanosphere like structure, exhibited a bandgap of 3.30 eV and its optical
spectra showed blue, green and yellow absorption bands. The nanocomposite PMMA-ZnS
(5 wt.%) showed optimal luminescence with a decay time of 4.8413 ns and a color purity
of 34.08%. These characteristics make ZnS/PMMA appropriate for use as an emissive
layer in organic light-emitting diode (OLED or organic LED) devices. On the other hand,
Pizarro et al. synthesized ZnS nanoparticles (diameter size < 10 nm) into the polymer
matrix obtained from the self-assembled poly(acrylic acid)-block-poly(N-phenylmaleimide)
using an Atom Transfer Radical Polimerization (ATRP) method [33].

In terms of the physical mechanism of such devices, photo-switchable moiety can
be grafted to a polymer backbone or incorporated into it to produce different observable
effects. In the latter, the incorporated photo-switchable unit can also affect the nature of
the polymer backbone itself [34]. The nature of the polymer backbone can also influence
the kinetics of the open/closed ring isomerization of the photoactive units, affecting the
stability, or even leading to photo degradation [35–38]. The exploration of such light-
responsive molecules in devices typically requires immobilization on the surface through
an appended functionality that does not interfere with the light switching behavior. This
has been achieved for photo-switchable molecules using formations of self-assembled
monolayers (SAMs) [39–42], bilayers [43–45] and incorporation into polymer films [46–49],
beads and nanoparticles [50–52]. Furthermore, the polymerization process itself must be
compatible with the photo/electroactive switching units, and in addition, the incorporation
of the photoresponsive functionality must not affect the polymerization.

On the other hand, a photo-switchable molecule is defined as a reversible photo-
induced transformation of a chemical species between two forms each displaying different
optical properties. Although organic photochromic compounds have been the subject
of intensive work over recent decades, they still await major commercial exploration.
The change produced in the chemical structure of the species often allows it to absorb in
its excited state (color) in a certain region of the spectrum UV-Vis, generally in the visible
region, returning to its basal state (colorless) in response to a second radiation, usually in
the visible spectrum or induced thermally [53–55]. A novel application of these compounds
is with the design and manufacture of variable transmission optical materials [56–59].
These changes to the molecular properties can also be applied to various photonic devices,
such as erasable optical memory media and photo-optical switch components [60–65].

This work reports the preparation and characterization of a photoactive polymer as
a photo-switchable polymeric system in the presence and absence of ZnS nanoparticles.
The system was also studied under the influence of UV light irradiation and its affect
upon the system containing fluorescent ZnS NPs as well as its optical and morphological
properties. Therefore, this work can contribute to the development of innovative functional
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and nanostructured materials with photosensitive character, since photosensitive molecular
switches can be applicable in the development of thermal and optical technological devices.

2. Materials and Methods

Chemicals were used without further purification and were of analytical grade. Methyl
methacrylate (MMA) (Mw: 100.1 g mol−1; 99%, Sigma-Aldrich, St. Louis, MO, USA), Benzoyl
peroxide (BPO, Mw: 242.2 g mol−1; 99.98%, Sigma-Aldrich); Copper (I) bromide (CuBr, Mw:
143.45 g mol−1, 99.99%, Sigma-Aldrich); 2,2′-Bipyridine (Bpy, Mw: 156.1 g mol−1; ≥99%,
Sigma-Aldrich); 1,3,3-Trimethyl-2-methylen-indoline (Mw: 173.2 g mol−1, 97%, Sigma-Aldrich);
2-hydroxy-5-nitrobenzaldehyde (Mw: 167.12 g mol−1, 98% Sigma-Aldrich). 2-bromoethanol
(C2H5BrO, Sigma-Aldrich) and 2-butanone (C2H5COCH3, 99.0%, Sigma-Aldrich).

2.1. Measurement

Instrumentation and Equipment: Fourier-transform infrared FT-IR spectra were
recorded using a Bruker Vector 22 (Bruker Optics GmbH, Inc., Ettlingen, Germany). The ab-
sorption spectra of the films were recorded at 25 ◦C between 250–700 nm using a Perkin
Elmer Lambda 35 spectrophotometer. Photoluminescence (PL) measurements were per-
formed at room temperature by a fluorescence spectrometer system (Perkin Elmer, Cam-
bridge, MA, USA, model L 55), using an excitation wavelength of 320 nm. The molecular
weights and polydispersity (Mw/Mn) were determined by size exclusion chromatography
(SEC) using a Shimatzu LC 20 instrument equipped with RI detectors with dimethylfor-
mamide (DMF) as the solvent (flow rate: 1.0 mL/min). Measurements were performed at
30 ◦C and polystyrene standard was used for the calibration.

The UV-Vis absorption and fluorescence emission spectra of dilute copolymer solutions
were recorded at room temperature. The samples were dissolved in acetonitrile and cast on
to glass substrate. Then, the morphological properties of the photoactive block copolymer
and for the photoactive polymer functionalized with ZnS surface films were analyzed using
optical fluorescence microscopy and scanning electron microscopy (SEM) with energy
dispersive X-ray spectroscopy (SEM-EDX), using a scanning electron microscope EVO MA
10, Zeiss with an EDX penta FET precision detector Oxford instruments X-act of the Center
for the Development of Nanoscience and Nanotechnology, Chile.

2.2. Preparation of ZnS Nanoparticles

First, 2.39 g of Zn(COOCH3)2·2H2O was dissolved in 10 mL of THF to reach a concen-
tration of 0.13 M. Subsequently, the pH of the solution was adjusted to 6.0 via dropwise
addition of a solution of 1 M of NaOH. The conversion of Zn2+ to ZnS was achieved by
dropping an equimolar solution of Na2S (1 g in 10 mL of THF) into the stirring solution.
Observing the XRD spectra, the XRD pattern of ZnS blende shows the one broad feature
around 26◦, which is formed by the overlap of the (100), (002) and (101) line reflections.
Then, the XRD patterns of ZnS exhibited a broadening and a shift to higher angles of the
first line diffraction feature, initially located around 36◦. Subsequently, a peak of a relative
intensity was observed around 47◦ which confirmed the crystalline structure of ZnS (Zinc
blende) cubic lattice. Moreover, the appearance of a new peak around 56◦ was observed.
These peaks could easily be assigned to the planes (111), (220) and (311) respectively of
the cubic phase. The average crystallite size was calculated as < 10 nm using Scherrer’s
equation. D = kλ/β cos(θ) where D is the crystallite size, k is a constant (0.9 for the spherical
shape), λ is the wavelength of the X-ray radiation, β is the line width obtained after correc-
tion for instrumental broadening and θ is the angle of diffraction [33]. The XRD patterns of
ZnS are shown in Figure S1 (see Supplemental files).

2.3. Synthesis and Characterization of the Block Copolymer

Polystyrene-block-polymethylmethacrylate (PS-b-PMMA) was obtained via the ATRP
technique using a narrow polydispersity index (D = 1.2) and average molecular weight
(Mw) of 24.8 kDa. The block copolymer was obtained using polystyrene (PS) macroinitia-
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tor/CuBr/BPy as the catalyst system and methylmethacrylate (MMA) as co-monomer in a
molar ratio of 1/1/2/100. The resulting block copolymer was obtained as a white powder
(yield: 85%). The process above is described in more detail elsewhere [66,67]. The FT-IR
spectrum exhibited characteristic absorption bands at 3066–3026 cm−1 [υ(CH, aromatic)];
2923–2852 cm−1 [υ(CH, CH2)]; 1948–1875 cm−1 [υ(aromatic overtone)]; 1650.34 cm−1

[υ(–C=O from MMA)]; 758.31 and 691.26 cm−1 [υ(aromatic ring)]. The FT-IR spectrum
exhibited weak absorption bands at 3066–3026 cm−1 [υ(CH, aromatic)]; 2923–2852 cm−1

[υ(CH, CH2)]; at 1618 (stretching –C=O, ester); 1292 and 1177 (symmetric and asymmetric
alkyl ester stretching), at 1490 cm−1, corresponding to the C=C stretching of the aromatic
ring, 758.31 and 691.26 cm−1 [υ(aromatic ring)].

2.4. Synthesis and Characterization of 1-(2-Hydroxyethyl)-3,3-dimethylindoline-6-nitrobenzopyran
as Photochromic Component

In a first step, the synthesis of the 1-(2-hydroxyethyl)-2,3,3-trimethylindolenine bro-
mide was carried out in a schlenk tube in which 4.0 mL (3968 mg, 25 mmol) of 2,3,3-
trimethylindolenine were added, then 1.8 mL (3173 mg, 25 mmol) of 2-bromoethanol in
3.15 mL (2536 mg, 35 mmol) of 2-butanone was used as solvent. Subsequently, the mixture
was degassed in an inert atmosphere, frozen with liquid nitrogen, then several cycles of
vacuum and thawing were performed. The synthesis tube was placed in an oil bath at
140 ◦C with constant stirring for 10 h, then at room temperature the mixture was filtered to
obtain a pink solid. This was purified by extraction in a benzene soxhlet for 24 h, until the
solution became colorless. The synthesis reaction is shown in Figure S2.

In the second step, 1-(2-hydroxyethyl)-3,3-dimethylindoline-6-nitrobenzopyran was
obtained. In a 250 mL three-neck rounded bottom flask in an oil bath equipped with a mag-
netic stirrer and condenser, 2 g (7.04 mmol) of 1-(2-hydroxyethyl)-2,3,3-trimethylindolenine
bromide was added and, subsequently, 1.2 g (7.04 mmol) of 2-hydroxy-5-nitrobenzaldehyde
(C7H5NO4, 98%, Sigma-Aldrich, St. Louis, MO, USA) was added, in addition to 2 mL of
trimethylamine (C3H9N, 99% Sigma-Aldrich) (2680 mg, 22.7 mmol) in 20 mL of ethanol.
All were heated until boiling (78 ◦C) and maintained for 4 h. After, the solution was al-
lowed to cool and the ethanol was evaporated using a rotary evaporator. The product was
extracted in a separator funnel with a solution of 10% HCl and chloroform in equal volumes
to recover the organic phase where the product is located. After this, the product was
dried in the presence of magnesium sulfate, filtered and the chloroform evaporated. The
products obtained were purple crystals, yield: 75%, (The main synthesis reaction is shown
in Figure S3). The characteristic signals of the photochromic compound 1-(2-hydroxyethyl)-
3,3-dimethylindoline-6- nitrobenzo pyran by 1H-NMR and FT-IR spectrum are shown in
Figure S4.

2.5. Photoactive Copolymer with SP Photochromic Compound Grafted to the Lateral Chain

In a 250 mL three-neck round bottom flask in an oil bath, equipped with a magnetic
stirrer and condenser, 0.2 g (0.0036 mmol) of copolymer PS-b-PMMA, 0.0013 g (0.0036 mmol)
of 1-(2-hydroxyethyl)-3,3-dimethylindoline-6-nitrobenzopyran and 1 drop of H2SO4 in 5 mL
of tetrahydrofuran were heated for 4 h. The obtained product was a yellow powder whose
yield was 80%. The following vibrational bands were observed in the FT-IR spectra υ (cm−1,
KBr): a weak band at 3460; 1618 (stretching –C=O, ester); 1292 and 1177 (symmetric and
asymmetric alkyl ester stretching). Typical broad signals of carboxylic acid and hydroxyl
group are observed but with a low intensity; therefore, it was possible that the polymer
was not fully functionalized with the photochromic compound.

Figure 1 shows the copolymer block functionalized with the photochromic compound
(PS-b-PMMA-SP) after being irradiated by ultraviolet light changing from a colorless
ground state (closed) to a colored excited state (open).
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Figure 1. Schematic representation of the (PS-b-PMMA-SP) block copolymer functionalized with
photochromic agent (SP).

2.6. Measurement by UV-Visible Spectrophotometry

A certain amount of copolymer functionalized with photochromic compound was
prepared using acetonitrile as a solvent (0.5 g/L); 2 mL of this solution was taken and
deposited in a quartz cell to record the corresponding UV-Vis spectrum. The colored state
of the compound in solution was reached after irradiating with 365 nm (peak wavelength)
for 5 min. The photogenerated species reverted to its original form after light irradiation,
restoring the original absorption spectrum.

2.7. Characterization of SP by UV-Visible Spectrophotometry

As can be seen in Figure 2, the 1-(2-hydroxyethyl)-3,3-dimethylindoline-6-nitrobenzop
yran (SP) compound after irradiation by ultraviolet light changes from its ground state
(closed ring, colorless) to the excited state (open ring, colored, with purple color) resulting
in the formation of the merocyanine (MC) compound. The compounds in solution were
irradiated with an ultraviolet light lamp that emits in a range of 250 to 380 nm (peak
wavelength 365 nm) with an intensity of 95 mW/cm2, for 5 min.
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As can be seen in Figure 2a, before ultraviolet irradiation the photochromic compound
shows UV-Vis absorbance bands located around 384 nm, which is in the ultraviolet region
of the spectrum. After irradiating, Figure 2b shows a new absorption peak at a λ max
of 570 nm. The appearance of a new band in the visible region was attributed to the
great resonance effect that the nitro group has in the open state of the molecule, where
the activation of an energy transfer process was induced in the photochromic compound
upon ultraviolet irradiation [68]. As a result, the photoinduced bathochromic shift of the
photochrome absorption was obtained.

2.8. Photoactive PS-b-PMMA-SP Functionalized with ZnS NPs

The photoactive block copolymer (5 mg) was dissolved in 1 mL of acetonitrile to
reach a concentration of 0.2% (W/V). Subsequently, the ZnS (NPs) (average size < 10 nm)
were incorporated into solution in a concentration of 5 wt.%. The solution was left to stir
vigorously for 2 h to guarantee the coordination of the nitro groups of the PS-b-PMMA-SP
to the ZnS on the nanoparticle surface.

3. Results and Discussions
3.1. Chemical and Morphological Characterization

The FT-IR spectra for PS-b-PMMA, PS-b-PMMA-SP and PS-b-PMMA-SP-ZnS function-
alized block copolymers are shown in Figure 3.
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The FT-IR spectrum of the PS-b-PMMA block polymer shows the typical signals
of carbonyl stretching from ester at 1732 cm−1 and the phenyl C=C stretching from the
aromatic ring at 1493 and 1452 cm−1. The signal from the antisymmetric and symmetric
–C–H stretching of the methylene group at the polymer backbone is observed at 2962 and
2928 cm−1, respectively. From the phenyl ring this band is observed at 3028 cm−1.

Three important changes are observed when comparing this with the spectrum of the
photoactive compound grafted to the polymer backbone (Figure 3b): (i) an increase in the
intensity of the –C=C– stretching modes of the aromatic ring with respect to the aliphatic
–C–H stretching, (ii) the presence of two intense bands at 1512 and 1333 cm−1 corresponding
to the antisymmetric and symmetric –NO2 stretching, respectively and (iii) the band at
1452 cm−1 is recorded as a shoulder. Regarding the latter, it could suggest that the SP
molecule is in its spiro form and restricts one of the –C=C– vibration modes. These features
indicate that the grafting of the photoactive molecule has taken place.

In the presence of the ZnS NPs (Figure 3c) the spectrum shows a signal at 536 cm−1,
characteristic of these nanoparticles. Additionally, an increase in the intensity ratio of –C–H
stretching of methine at 3028 cm−1 with respect to the –C–H in the methylene at 2926 is
observed. Another interesting feature is the recording of the aromatic –C–H stretching, as
a peak, at 1452 cm−1. These two later features could be indicative of the opening of the
rigid SP structure into the more relaxed merocyanine form, due to its interaction with the
nanoparticle surface.

The morphology and composition of the photoactive polymer and its corresponding
composite with ZnS NPs at 5 wt.%. were determined by SEM and EDX analysis (Figure 4).
The samples were prepared by using the solvent-assisted technique.
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Figure 4. SEM micrographs of (a) PS-b-PMMA-SP and (b) PS-b-PMMA-SP composite with ZnS NPs
and (c) EDX analysis of the composite polymer.

The micrograph PS-b-PMMA-SP (Figure 4a) shows a spherical-like morphology with
an average diameter of 200 nm which are characteristics of block copolymers due to the
trend to self-assemble. As can be noted, in the presence of ZnS NPs, the spherical-like
structures of polymer are absent (Figure 4b). This could be indicative of the interaction
between the block copolymer with the ZnS NPs hindering the self-assembling of the
polymer. The EDX spectrum inset in Figure 4b shows the elemental composition of the
corresponding image. Additionally, to the common lines of carbon and oxygen from the
polymer, other lines at 1.0 and 8.6 keV corresponding to Zinc and at 2.2 keV corresponding
to Sulphur in the nanoparticles are observed. The micrographs in films show that the
inorganic part is well dispersed in the photoactive polymer system and there is a uniform
and homogeneous distribution of ZnS NPs in the phases.

3.2. Optical Pproperties: UV-Vis Spectrophotometry

Figure 5 shows a schematic mechanism of the reaction of the photoactive polymer (a)
without ZnS (NPs) and (b) with ZnS (NPs), both before and after irradiation. As indicated in
the diagram, the excitation energy of the ZnS NPs can be transferred to the photogenerated
state of the photochromic compound, if the two components are sufficiently close to each
other. Thus, the emission of these compounds can be repeatedly turned on and off simply
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by switching their photochromic component back and forth between these two states in
response to optical stimulation [68].
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Figure 6 shows the absorbance spectra before and after UV-irradiation (365 nm) for
(a) P(S)-b-P(MMA)-SP and P(S)-b-P(MMA)-SP-ZnS (NPs) for 5 min and 10 min. The most
noticeable change of absorbance is within the wavelength range between 450 and 650 nm
and between 570 and 700 nm, respectively. In Figure 6a after irradiation for 5 and 10 min,
there appears a band at 550 nm (red color) which corresponds to the SP moiety in the ring-
opened isomer form. In Figure 6b new bands at 620 nm were observed which correspond to
the SP moiety in the ring-opened state after UV-irradiation at 365 nm for 5 min and 10 min
with ZnS (NPs). As can be noted, after irradiation, the functionalized block copolymer
switches reversibly between two states as identified by the different absorption features in
the visible region.

The addition of the ZnS (NPs) to the photoactive polymer resulted in an absorbance
band at 620 nm compared to the photoactive polymer alone. This could be attributed to
embodiment of ZnS (NPs) into PS-b-PMAA-SP polymeric matrix [9]. As expected, the
photochromic opening reaction is thermodynamically feasible, and its response depends
on the physical state of the system [69].
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3.3. Fluorescence Studies: PL Spectroscopy

Figure 7 shows the emission signals for an acetonitrile solution of the photoactive
polymer after 5, 10 and 15 min of UV irradiation (a) PS-b-PMMA-SP (1.2 mg mL−1) after
5 min UV irradiation and (b) PS-b-PMMA-SP-ZnS(NPs) (λEx = 320 nm) after 5, 10 and
15 min of UV irradiation (365 nm, 0.5 mW/cm2). After irradiation, the photoactive polymer
(PS-b-PMMA-SP) became purple in color, a characteristic of the merocyanine (MC) for-
mation, in accordance with the concomitant appearance of an absorption band at 590 nm.
This emission is independent of the irradiating time for the PS-b-PMMA-SP (Figure 7a).
Indeed, this ZnS fluorophore emits at 559 nm in acetonitrile, whereas the SP spiropyran
derivate does not absorb. Upon ultraviolet irradiation, the colorless SP spiropyran switches
to the colored merocyanine with the concomitant appearance of an intense absorption band
mentioned. The overlap between the absorption of the ZnS fluorophore and the emission
of merocyanine indicates that the electron transition from the photoexcited MC to ZnS is
electron-donor mediated.

In this way, the emission band of the polymer in the presence of nanoparticles (PS-
b-PMMA-SP-ZnS(NPs) stabilizes the MC isomer of the photochromic agent; this effect is
independent of the exposure irradiation time (Figure 7b).

The effect of ZnS nanoparticles on the photoluminescent properties of the pho-
tochromic pendant moiety can be explained in terms of energy transference. The band of
the polymer at 600 nm overlaps with the emission band of the excited ZnS (NPs) until the
photogenerated state of the photochromic moiety. Therefore, the excitation energy of the
ZnS (NPs) can be transferred to the photogenerated state of the photoactive polymer when
both components are sufficiently close to one each other. In addition, this transformation
can encourage the transfer of one electron from the excited ZnS(NPs) to the photogenerated
state of the photoactive polymer. Consistently, the emission spectrum of the PS-b-PMMA-
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SP-ZnS(NPs) shows a pronounced decrease in the luminescence at 600 nm, upon ultraviolet
irradiation, because of the transformation MC↔SP of the photochromic ligand [9].
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Figure 7. Emission spectrum of an acetonitrile solution of PS-b-PMMA-SP (a) 5, 10 and 15 min after
ultraviolet irradiation and (b) PS-b-PMMA-SP-ZnS (NPs) (λEx = 320 nm) after ultraviolet irradiation
(365 nm, 0.4 mW cm−2 for 5 min, photoactive polymer alone (black line) and PS-b-PMMA-SP-ZnS
NPs for 5, 10 and 15 min after ultraviolet irradiation (c = 5% w/w).

3.4. Characterization by Optical Fluorescence Microscope

Figure 8 shows optical microscopy images (first row: a, b, c) of the surface of the PS-b-
PMMA-SP films prepared at a polymer concentration of 3 g/L without and with ZnS(NPs)
at 5 wt.% before and after ultraviolet irradiation. The images in Figure 8 were measured
at 20×magnification in the fluorescence microscope. The images show a structured and
colored surface with blue and purple luminescence emission when the surface was exposed
to visible light. These colors are related to the interaction of the photoactive polymer with
ZnS (NPs) as was determined by UV-Vis spectrophotometry. At a concentration of 5 wt.%
of ZnS (NPs), the films present spherical structures emitting yellow, blue and purple colors
when exposed to natural light under the fluorescence optical microscope (Figure 8b). The
blue color was related to the exciton through the band-gap of ZnS (NPs) [32] and the purple
one is related to the presence of the photoactive moiety in the polymer as was determined
by UV-Vis (see Figure 1). After UV irradiation (peak λ = 365 nm), the PS-b-PMAA-SP-ZnS
(NPs) exhibits purple and blue luminescence as it is shown in Figure 8c.
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Figure 8. Optical fluorescence images (in CS2) of the photoactive polymer-SP prepared at 3 g L−1

(a) without ultraviolet irradiation under natural light; (b) with ultraviolet irradiation under fluores-
cence; (c) with ZnS (NPs) 5 wt.% under ultraviolet irradiation at 365 nm and under fluorescence
(d) Ultraviolet–visible spectra of an acetonitrile solution of PS-b-PMMA-SP after irradiated and
PS-b-PMMA-SP-ZnS NPs at 5 wt.%, after irradiated for 10 min with an ultraviolet light lamp at
365 nm (95 mW/cm2).

3.5. Band Gap Analysis

The optical band gap Eg was estimated on a glass substrate from UV-Vis spectra before
and after irradiation at 365 nm wavelength, using the Tauc plot [70]. The Tauc equation is:

αhν = A
(
hν− Eg

)m (1)

where α is the absorption coefficient, h the Planck’s constant, ν frequency of light, A constant,
m constant related to the type of optical transition and Eg the band gap.

The absorption coefficient is estimated from α = 2.303 A/d. A is the absorbance and
d is the compactness of the film [71]. The value of m = 1/2 was used in the calculations
considering direct optical transition [32] in all compounds; therefore, (αhν)2 versus the
hν, the photon energy, was plotted and the linear part of the figure was extrapolated to
(αhν)2 = 0 to estimate the band gap. The estimated Eg values are shown in Table 1 and the
estimation procedure in Figures S5–S8.

Table 1. Optical band gap Eg estimated from Tauc plot 1.

Case
Eg (eV)

Before Irradiation After Irradiation

ZnS 3.95 3.95
PS-b-PMMA-SP 4.20 4.20

PS-b-PMMA-SP–ZnS 4.10 3.30
6-nitrobenzopyran (SP) 3.20 3.22

1 The band gap (Eg) was estimated before and after irradiation at 365 nm [70].
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The band gap determined for ZnS(NPs) (3.95 eV) is close to the maximum value re-
ported [32] and exhibits a blue shift compared to literature due to the quantum confinement
effect of nanocrystalline ZnS(NPs) thin films [72]. The band gap of ZnS and PS-b-PMMA-SP
did not vary with the irradiation process. For the nanocomposite (PS-b-PMMA-SP-ZnS),
after irradiation, the band gap decreased from 4.10 eV to 3.30 eV. Band gap reduction
reflects the decreasing of the energy necessary for electrons to move from the valence to the
conduction band.

While the band gap for the photoactive PS-b-PMMA-SP did not change after irradi-
ation, it was reduced when combined with ZnS NPs to form PS-b-PMMA-SP-ZnS. The
Eg decreased from 4.20 to 4.10 eV, as shown in Table 1. This effect could be attributed to
the attachment of SP moiety to the surface of the inorganic nanoparticles ZnS(NPs) on its
ring-opened state. The coordination of charge negative ligands, i.e., either phenoxide or
nitro moiety to the Zn2+ at the nanoparticle surface can increase the semiconductor HOMO
band and therefore decrease the band gap for the development of a new transitional level
beneath the conduction band [9].

As summarized in Table 1, after irradiation, the band gap of coordinated ZnS (NPs) is
slightly greater than for photochromic agent (3.22 eV). Therefore, the purple luminescence
was attributed to the interconversion of MC to SP of the photochromic agent grafted
to the polymer matrix, which favors this balance when interacting with the ZnS (NPs).
The incorporation of the ZnS (NPs) into the PS-b-PMMA-SP promotes the purple color
emission (see Figure 8c) by changing the band gap value (see Table 1), but also decreases the
light emission intensity after UV irradiation as shown in Figure 6b. The lower light intensity
may be related to the energy transfer between the NPs and the photoactive polymer as
found in Section 3.3 from emission measurements. The resulting PS-b-PMMA-SP-ZnS has
a smaller band gap (3.30 eV) than the P(S)-b-PMAA-SP (4.20 eV).

4. Conclusions

This work reports the preparation of a photoactive polymer as a photo-switchable
polymeric system in the presence and absence of ZnS nanoparticles and the influence
of UV light irradiation on its optical properties. The presence of ZnS NPs increases the
intensity ratio of –C–H stretching of methine with respect to those in methylene and
increases the intensity of the aromatic –C–H stretching at 1452 cm−1. Both features could
indicate the opening of the rigid SP structure into the MC form due to its interaction
with the nanoparticle surface. The incorporation of ZnS NPs into the polymer avoids
the self-assembling of the polymer as determined by SEM micrograph. This result is
attributed to the interaction of the polymer with the surface of the nanoparticles. The optical
properties of the polymer change upon incorporation of the nanoparticles. The overlaps
of the absorption band of the polymer in the MC form with the emission band of ZnS
NPs suggested an electron transfer mechanism from the MC to the nanoparticles upon
irradiating the polymer with UV light. This effect was corroborated by fluorescence
spectroscopy in which a decrease in the intensity with time in the of the fluorescence
spectrum of the composite polymer was observed. Therefore, this work can contribute to
the development of innovative functional and nanostructured materials with photosensitive
character, since photosensitive molecular switches can be applicable in the development
optical technological devices.

Supplementary Materials: The following are available online at https://www.mdpi.com/article/
10.3390/polym14050945/s1: Figure S1: X-ray diffraction pattern of ZnS (blende and hexagonal
structures), Figure S2: Synthesis reaction of 1-(2-hydroxyethyl)-2,3,3-trimethylindolenine bromide,
Figure S3: Synthesis of 1-(2-hydroxyethyl)-3,3-dimethylindoline-6-nitrobenzopyran, Figure S4: (a) 1H-
NMR spectrum of 1-(2-hydroxyethyl)-3,3-dimethylindoline-6-nitrobenzopyran (b) FT-IR of 1-(2-
hydroxyethyl)-3,3-dimethylindoline-6-nitrobenzopyran, Figure S5: Band gap of ZnS (a) before and
(b) after ultraviolet irradiation (365 nm, 0.4 mW/cm2), Figure S6: Band gap of 1-(2-hydroxyethyl)-3,3-
dimethylindoline-6-nitrobenzopyran (SP) (a) before and (b) after ultraviolet irradiation (365 nm, 0.4
mW/cm2), Figure S7: Band gap of PS-b-PMMA-SP (a) before and (b) after ultraviolet irradiation (365
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nm, 0.4 mW/cm2 for 10 min), Figure S8: Band gap of PS-b-PMMA-SP-ZnS (NPs) (a) before and (b)
after ultraviolet irradiation (365 nm, 0.4 mW/cm2 for 10 min).

Author Contributions: Conceptualization, G.d.C.P. and R.M.-T.; methodology, G.d.C.P., R.M.-T. and
W.A.; validation, H.D. and K.G.; formal analysis, W.A., G.d.C.P. and R.M.-T.; investigation, K.G.
and H.D.; resources, G.d.C.P., W.A. and R.M.-T.; writing—original draft preparation, G.d.C.P., W.A.
and R.M.-T.; writing—review and editing, G.d.C.P., W.A., R.M.-T., O.G.M., J.S., D.P.O. and A.N.-C.;
visualization, G.d.C.P., W.A. and R.M.-T.; supervision, G.d.C.P.; project administration, G.d.C.P.;
funding acquisition, G.d.C.P. and R.M.-T. All authors have read and agreed to the published version
of the manuscript.

Funding: The authors acknowledge the financial assistance of the fund Scientific and Technological
Equipment, code LE19-01, Universidad Tecnológica Metropolitana (UTEM). This study was also
financially supported by the Chilean Agency for Research and Development (ANID), 1191336 for
technical assistance.

Institutional Review Board Statement: Not applicable.

Informed Consent Statement: Not applicable.

Data Availability Statement: All the data are available within the manuscript.

Acknowledgments: The authors acknowledge the financial assistance of the Project supported
by the fund Scientific and Technological Equipment, year 2019 code LE19-01, Universidad Tec-
nológica Metropolitana (UTEM). JS thanks the FONDECYT 1191336 Project. D. Oyarzun thanks the
pai77200065 Project.

Conflicts of Interest: The authors declare no conflict of interest.

References
1. Zhao, K.; Lu, Z.-H.; Zhao, P.; Kang, S.-X.; Yang, Y.-Y.; Yu, D.-G. Modified Tri–Axial Electrospun Functional Core–Shell Nanofibrous

Membranes for Natural Photodegradation of Antibiotics. Chem. Eng. J. 2021, 425, 131455. [CrossRef]
2. Li, D.; Wang, M.; Song, W.-L.; Yu, D.-G.; Bligh, S.W. Electrospun Janus Beads-On-A-String Structures for Different Types of

Controlled Release Profiles of Double Drugs. Biomolecules 2021, 11, 635. [CrossRef] [PubMed]
3. Zhou, K.; Wang, M.; Zhou, Y.; Sun, M.; Xie, Y.; Yu, D.-G. Comparisons of Antibacterial Performances between Electrospun

Polymer@drug Nanohybrids with Drug-Polymer Nanocomposites. Adv. Compos. Hybrid. Mater. 2022, 1–13. [CrossRef]
4. Hou, J.; Yang, Y.; Yu, D.-G.; Chen, Z.; Wang, K.; Liu, Y.; Williams, G.R. Multifunctional Fabrics Finished Using Electrosprayed

Hybrid Janus Particles Containing Nanocatalysts. Chem. Eng. J. 2021, 411, 128474. [CrossRef]
5. Kooti, M.; Gharineh, S.; Mehrkhah, M.; Shaker, A.; Motamedi, H. Preparation and Antibacterial Activity of CoFe2O4/SiO2/Ag

Composite Impregnated with Streptomycin. Chem. Eng. J. 2015, 259, 34–42. [CrossRef]
6. Ibrahim, N.A.; Eid, B.M.; El-Aziz, E.A.; Elmaaty, T.M.A.; Ramadan, S.M. Loading of Chitosan—Nano Metal Oxide Hybrids onto

Cotton/Polyester Fabrics to Impart Permanent and Effective Multifunctions. Int. J. Biol. Macromol. 2017, 105, 769–776. [CrossRef]
7. Tang, Y.; Sun, H.; Qin, Z.; Yin, S.; Tian, L.; Liu, Z. Bioinspired Photocatalytic ZnO/Au Nanopillar-Modified Surface for Enhanced

Antibacterial and Antiadhesive Property. Chem. Eng. J. 2020, 398, 125575. [CrossRef]
8. Sun, Z.; Liao, T.; Liu, K.; Jiang, L.; Kim, J.H.; Dou, S.X. Robust Superhydrophobicity of Hierarchical ZnO Hollow Microspheres

Fabricated by Two-Step Self-Assembly. Nano Res. 2013, 6, 726–735. [CrossRef]
9. Nayak, D.; Choudhary, R.B. Augmented Optical and Electrical Properties of PMMA-ZnS Nanocomposites as Emissive Layer for

OLED Applications. Opt. Mater. 2019, 91, 470–481. [CrossRef]
10. Xu, Y.; Ma, J.; Han, Y.; Xu, H.; Wang, Y.; Qi, D.; Wang, W. A Simple and Universal Strategy to Deposit Ag/Polypyrrole on Various

Substrates for Enhanced Interfacial Solar Evaporation and Antibacterial Activity. Chem. Eng. J. 2020, 384, 123379. [CrossRef]
11. Shuai, C.; Guo, W.; Wu, P.; Yang, W.; Hu, S.; Xia, Y.; Feng, P. A Graphene Oxide-Ag Co-Dispersing Nanosystem: Dual Synergistic

Effects on Antibacterial Activities and Mechanical Properties of Polymer Scaffolds. Chem. Eng. J. 2018, 347, 322–333. [CrossRef]
12. Liu, C.; Shan, H.; Chen, X.; Si, Y.; Yin, X.; Yu, J.; Ding, B. Novel Inorganic-Based N-Halamine Nanofibrous Membranes as Highly

Effective Antibacterial Agent for Water Disinfection. ACS Appl. Mater. Interfaces 2018, 10, 44209–44215. [CrossRef] [PubMed]
13. Zhang, X.; Ge, M.; Dong, J.; Huang, J.; He, J.; Lai, Y. Polydopamine-Inspired Design and Synthesis of Visible-Light-Driven Ag

NPs@C@elongated TiO2 NTs Core–Shell Nanocomposites for Sustainable Hydrogen Generation. ACS Sustain. Chem. Eng. 2019, 7,
558–568. [CrossRef]

14. Zhang, L.; Yang, S.; Lai, Y.; Liu, H.; Fan, Y.; Liu, C.; Wang, H.; Chai, L. In-Situ Synthesis of Monodispersed CuxO Heterostructure
on Porous Carbon Monolith for Exceptional Removal of Gaseous Hg0. Appl. Catal. B Environ. 2020, 265, 118556. [CrossRef]

15. Dong, J.; Huang, J.; Wang, A.; Biesold-McGee, G.V.; Zhang, X.; Gao, S.; Wang, S.; Lai, Y.; Lin, Z. Vertically-Aligned Pt-Decorated
MoS2 Nanosheets Coated on TiO2 Nanotube Arrays Enable High-Efficiency Solar-Light Energy Utilization for Photocatalysis and
Self-Cleaning SERS Devices. Nano Energy 2020, 71, 104579. [CrossRef]

http://doi.org/10.1016/j.cej.2021.131455
http://doi.org/10.3390/biom11050635
http://www.ncbi.nlm.nih.gov/pubmed/33922935
http://doi.org/10.1007/s42114-021-00389-9
http://doi.org/10.1016/j.cej.2021.128474
http://doi.org/10.1016/j.cej.2014.07.139
http://doi.org/10.1016/j.ijbiomac.2017.07.099
http://doi.org/10.1016/j.cej.2020.125575
http://doi.org/10.1007/s12274-013-0350-6
http://doi.org/10.1016/j.optmat.2019.03.040
http://doi.org/10.1016/j.cej.2019.123379
http://doi.org/10.1016/j.cej.2018.04.092
http://doi.org/10.1021/acsami.8b18322
http://www.ncbi.nlm.nih.gov/pubmed/30525383
http://doi.org/10.1021/acssuschemeng.8b04088
http://doi.org/10.1016/j.apcatb.2019.118556
http://doi.org/10.1016/j.nanoen.2020.104579


Polymers 2022, 14, 945 14 of 16

16. Wang, S.; Cai, J.; Mao, J.; Li, S.; Shen, J.; Gao, S.; Huang, J.; Wang, X.; Parkin, I.P.; Lai, Y. Defective Black Ti3+ Self-Doped TiO2 and
Reduced Graphene Oxide Composite Nanoparticles for Boosting Visible-Light Driven Photocatalytic and Photoelectrochemical
Activity. Appl. Surf. Sci. 2019, 467–468, 45–55. [CrossRef]

17. Huang, J.; Shen, J.; Li, S.; Cai, J.; Wang, S.; Lu, Y.; He, J.; Carmalt, C.J.; Parkin, I.P.; Lai, Y. TiO2 Nanotube Arrays Decorated with
Au and Bi2S3 Nanoparticles for Efficient Fe3+ Ions Detection and Dye Photocatalytic Degradation. J. Mater. Sci. Technol. 2020, 39,
28–38. [CrossRef]

18. Cai, J.; Shen, F.; Shi, Z.; Lai, Y.; Sun, J. Nanostructured TiO2 for Light-Driven CO2 Conversion into Solar Fuels. APL Mater. 2020,
8, 040914. [CrossRef]

19. Wu, Z.; Li, L.; Liao, T.; Chen, X.; Jiang, W.; Luo, W.; Yang, J.; Sun, Z. Janus Nanoarchitectures: From Structural Design to Catalytic
Applications. Nano Today 2018, 22, 62–82. [CrossRef]

20. Cai, J.; Shen, J.; Zhang, X.; Ng, Y.H.; Huang, J.; Guo, W.; Lin, C.; Lai, Y. Light-Driven Sustainable Hydrogen Production Utilizing
TiO2 Nanostructures: A Review. Small Methods 2019, 3, 1800184. [CrossRef]

21. Miao, D.; Huang, Z.; Wang, X.; Yu, J.; Ding, B. Continuous, Spontaneous, and Directional Water Transport in the Trilayered
Fibrous Membranes for Functional Moisture Wicking Textiles. Small 2018, 14, 1801527. [CrossRef]

22. Liu, L.-X.; Chen, W.; Zhang, H.-B.; Wang, Q.-W.; Guan, F.; Yu, Z.-Z. Flexible and Multifunctional Silk Textiles with Biomimetic
Leaf-Like MXene/Silver Nanowire Nanostructures for Electromagnetic Interference Shielding, Humidity Monitoring, and
Self-Derived Hydrophobicity. Adv. Funct. Mater. 2019, 29, 1905197. [CrossRef]

23. Lee, E.-J.; Deka, B.J.; An, A.K. Reinforced Superhydrophobic Membrane Coated with Aerogel-Assisted Polymeric Microspheres
for Membrane Distillation. J. Membr. Sci. 2019, 573, 570–578. [CrossRef]

24. Deka, B.J.; Lee, E.-J.; Guo, J.; Kharraz, J.; An, A.K. Electrospun Nanofiber Membranes Incorporating PDMS-Aerogel Superhy-
drophobic Coating with Enhanced Flux and Improved Antiwettability in Membrane Distillation. Environ. Sci. Technol. 2019, 53,
4948–4958. [CrossRef] [PubMed]

25. Jia, W.; Kharraz, J.A.; Choi, P.J.; Guo, J.; Deka, B.J.; An, A.K. Superhydrophobic Membrane by Hierarchically Structured PDMS-
POSS Electrospray Coating with Cauliflower-Shaped Beads for Enhanced MD Performance. J. Membr. Sci. 2020, 597, 117638.
[CrossRef]

26. Gustafsson, L.; Jansson, R.; Hedhammar, M.; van der Wijngaart, W. Structuring of Functional Spider Silk Wires, Coatings, and
Sheets by Self-Assembly on Superhydrophobic Pillar Surfaces. Adv. Mater. 2018, 30, 1704325. [CrossRef] [PubMed]

27. Xiong, M.; Ren, Z.; Liu, W. Fabrication of UV-Resistant and Superhydrophobic Surface on Cotton Fabric by Functionalized
Polyethyleneimine/SiO2 via Layer-by-Layer Assembly and Dip-Coating. Cellulose 2019, 26, 8951–8962. [CrossRef]

28. Zhou, X.; Zhang, Z.; Xu, X.; Guo, F.; Zhu, X.; Men, X.; Ge, B. Robust and Durable Superhydrophobic Cotton Fabrics for Oil/Water
Separation. ACS Appl. Mater. Interfaces 2013, 5, 7208–7214. [CrossRef]

29. Cheng, Y.; Zhu, T.; Li, S.; Huang, J.; Mao, J.; Yang, H.; Gao, S.; Chen, Z.; Lai, Y. A Novel Strategy for Fabricating Robust
Superhydrophobic Fabrics by Environmentally-Friendly Enzyme Etching. Chem. Eng. J. 2019, 355, 290–298. [CrossRef]

30. Ibrahim, N.A.; Eid, B.M.; Abdel-Aziz, M.S. Effect of Plasma Superficial Treatments on Antibacterial Functionalization and
Coloration of Cellulosic Fabrics. Appl. Surf. Sci. 2017, 392, 1126–1133. [CrossRef]

31. Abdel-Aziz, M.S.; Eid, B.M.; Ibrahim, N.A. Biosynthesized Silver Nanoparticles for Antibacterial Treatment of Cellulosic Fabrics
Using O2-Plasma. AATCC J. Res. 2014, 1, 6–12. [CrossRef]

32. Kole, A.K.; Gupta, S.; Kumbhakar, P.; Ramamurthy, P.C. Nonlinear Optical Second Harmonic Generation in ZnS Quantum Dots
and Observation on Optical Properties of ZnS/PMMA Nanocomposites. Opt. Commun. 2014, 313, 231–237. [CrossRef]

33. Pizarro, G.d.C.; Marambio, O.G.; Jeria-Orell, M.; Oyarzún, D.P.; Sánchez, J. Hybrid Polymer Films Based ZnS Nanocomposites
and Its Optical and Morphological Properties: Monitoring the Role of the Binding-Site Interaction. Mater. Res. Bull. 2018, 98,
15–24. [CrossRef]

34. Hugel, T.; Holland, N.B.; Cattani, A.; Moroder, L.; Seitz, M.; Gaub, H.E. Single-Molecule Optomechanical Cycle. Science 2002, 296,
1103–1106. [CrossRef]

35. Toriumi, A.; Herrmann, J.M.; Kawata, S. Nondestructive Readout of a Three-Dimensional Photochromic Optical Memory with a
near-Infrared Differential Phase-Contrast Microscope. Opt. Lett. 1997, 22, 555–557. [CrossRef]

36. Toriumi, A.; Kawata, S.; Gu, M. Reflection Confocal Microscope Readout System for Three-Dimensional Photochromic Optical
Data Storage. Opt. Lett. 1998, 23, 1924–1926. [CrossRef]

37. Wang, M.M.; Esener, S.C.; McCormick, F.B.; Çokgör, I.; Dvornikov, A.S.; Rentzepis, P.M. Experimental Characterization of a
Two-Photon Memory. Opt. Lett. 1997, 22, 558–560. [CrossRef]
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