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ABSTRACT

ZnO quantum dots, QDs (5 nm diameter) by their photogenerated charge carriers clearly
influence the degradation of the acrylate host matrix, under conditions simulating solar light.
As a result, QDs undergo a partial quenching of their fluorescence. To rationalize this
influence, the investigation requires understanding the photochemical behavior of the acrylate
photopolymer (carrier of ester and ether groups) in the absence of nanofiller. The matrix
undergoes simultaneously a post-polymerization and photooxidative degradation. Infrared
analysis and headspace gas chromatography coupled with mass spectrometry reveal that the
main volatile organic compounds result from the oxidation of the ether groups, supposed to be
the primary sites of degradation.

The nanofiller increases the rate of degradation. Also, the concentration of the volatile organic
compounds is all the more important as the doping percentage increases. However, the
photostability of ZnO/polymer material strongly depends on the size of the nanoparticles.
Whereas ZnO QDs display a photocatalytic effect, nanoparticles with a bigger size (10-30

nm) exhibit an unexpected UV-screening effect.

Keywords: acrylate photopolymer; degradation; light exposure; nanocomposite;

photostability; ZnO nanoparticles.



1. Introduction

Holographic applications stimulated a constant development of suitable recording media.
Photopolymers fulfil most of the requirements that an ideal recording media should satisfy
[1,2], and therefore they were considered promising for holographic recording. Recording
gratings in photopolymerizable material from imagewise illumination was related to a
refractive index modulation An (the key for the optical performance) between the constructive
and destructive regions of the formed grating. However, in order to develop photosensitive
materials with advanced performance (higher An), the research was oriented towards
phototopolymers doped with dispersed nanoparticles during the last decades. Scientists
displayed lots of imagination in investigating this approach; thus TiO, [3-6], SiO, [6-10],
ZrO, [6,11-13], ZrO,:Eu®" [14], LaPO,:Ce*", Tb*" [15], LaPO4:Th*" nanorods [16], silver
[17,18] and gold nanoparticles [19], CdSe [20], CdSe/znS [21,22] and ZnO quantum dots
(QDs) [23] were used more or less successfully. During the course of the recording process,
nanoparticles were forced to diffuse away from the constructive to the destructive interference
regions of the interference pattern [7,11,15-19,21,24].

Since the photopatterned polymer is brought to be exposed to UV light, it is of major
importance to consider its photostability as a prerequisite because in general, a polymer is
inherently vulnerable to photodegradation (chemical and/or architectural changes) under the
conjugated action of oxygen and solar light exposure. Such a degradation results in a
deterioration of the performance of the recording material over time. Thus, for commercial
applications, it was relevant to assess the photostability of the polymeric matrix. In the present
study, the matrix was stemming from the polymerization of a mixture of acrylate monomers
consisting of pentaerythritol tetraacrylate (PETTA) and 2-(2-ethoxyethoxy)ethyl acrylate

(2EEEA). As a consequence, the whole structure of the synthesized PETTA/2EEEA



copolymer was rather complex and so, assessing its stability required in a first approach to
evaluate the resistance to ageing of each of the two homopolymers (carriers of different
functional groups) synthesized from the corresponding acrylate monomers [25]. It was
established that the combined effect of light and oxygen caused both the post polymerization
of the residual vinyl groups of the acrylate units and the degradation of the polymer network.
Mainly, from the identification of the volatile organic compounds generated upon UV
irradiation, the key elements of the photooxidative degradation of each of the homopolymer
were recognized and some pathways of degradation were postulated [25].

The incorporation of ZnO QDs was reported to enhance the optical performance of the
grating [23] but one could wonder about the specific sensitizing effect of ZnO nanoparticles
on the polymeric matrix upon UV irradiation. This question is of paramount importance since
the influence of these nanoparticles on the photostability of nanocomposite materials was not
clear. As can be seen through the following examples, previous studies carried out on a
variety of polymers containing ZnO nanoparticles revealed both a photoprotective and
photocatalytic effect depending on the host matrix.

In the case of poly(vinyl chloride) (PVC), ZnO could photocatalyse the degradation in
aqueous medium under oxygen of air and light [26,27]. In the presence of oxygen or water,
the photogenerated hole-electron pairs could yield hydroxyl radicals HO®. These active
radicals, free or at the surface of ZnO, might initiate the partial degradation of PVC by
hydrogen abstraction from the polymer backbone. The resulting PVC radicals would further
yield some photoproducts by subsequent reactions.

In the case of polyurethane, light and oxygen induced the loss of the urethane groups
through oxidative reactions, thus entailing mass loss and chain scission reactions [28].
Incorporating ZnO nanoparticles (20, 40 or 60 nm diameter) was reported to boost the

degradation with a rate all the more important as their concentration was higher and their size



smaller [29]. This feature was explained as an interface related phenomenon. This latter
especially enhances as the nanoparticle interfacial areas increased [29]. Whatever the
experimental conditions (irradiation at different relative moisture degrees [29-31] or with
cycles of water spray and drying [32]), the degradation was always ascribed to the
photocatalytic effect of ZnO [29-32].

This prodegradant effect also occurred for glass fiber reinforced unsaturated polyester;
ZnO catalyzed the decarbonylation process by cleavage of C-O bond on the surface [33]. A
recent study performed in polylactide/ZnO nanocomposites [34] has demonstrated that with
increasing doping percentage 1) the rate of oxidation enhanced and 2) the oxidation became
more and more superficial. This latter feature was a consequence of the limitation of the
penetration of light into the sample which was ascribed to the UV-screen effect of ZnO.

For polypropylene nanocomposites, ZnO (50 nm diameter) acted as a stabilizer [35,36]; the
higher was the content of nanoparticles, the lower was the carbonyl index used as a probe of
the degradation of the polymeric matrix. As a consequence, the surface of the irradiated
material exhibited little cracks and the mechanical properties were improved compared to the
undoped irradiated material [35,36]. Concerning low density polyethylene, in some studies
ZnO was reported to delay the photodegradation (commercial ZnO, 20 nm diameter and
loading 2%) [37] or to promote the degradation (synthesized ZnO, 30 nm diameter, loading
less than 1 %) [38].

So, based on the literature, it appeared that the durability of a new polymer material
requires assessing the effect of ZnO nanoparticles on its long term lifetime. In this context, the
first part of the present work aimed at evaluating the photostability of PETTA/2EEEA
polymer in conditions simulating solar light. The second and third parts of this work were
devoted to investigating the influence of nanofillers on the photostability of acrylate

photopolymer (PETTA/2EEEA copolymer). Analysis using infrared and fluorescence



spectroscopy, and headspace gas chromatography coupled with mass spectroscopy were
carried out in order to follow up and characterize the chemical changes of the polymeric

matrix and to determine the involvement of ZnO nanoparticles in the degradation process.

2. Experimental section

2.1. Materials

Pentaerythritol tetraacrylate (PETTA) and 2-(2-ethoxyethoxy)ethyl acrylate (2EEEA)
monomers (Fig. 1) were purchased from Aldrich and used as received without further
purification.

Fig. 1
Two types of oleic acid-functionalized ZnO nanoparticles were used. The first ones (10-30
nm diameter, 99 % purum) were delivered from SkySpring Nanomaterials and were used
without further purification. The second ones, ZnO quantum dots (QDs) (3-5 nm diameter)
were synthesized through a sol-gel route [39-41]. Anhydrous zinc acetate Zn(OAc), (1.2
mmol) (Sigma-Aldrich, purum 99.99 %) was introduced in 20 mL of absolute ethanol under
nitrogen atmosphere. The mixture was heated at 50 °C until complete dissolution of
Zn(OAC),. Then, oleic acid (0.22 mmol) (Sigma-Aldrich, purum > 98 %) was added and the
mixture was heated to reflux. In parallel, in a separate flask, tetramethylammonium hydroxide
(TMAH) (1.99 mmol) (from Sigma-Aldrich, a methanolic solution (25 wt %)) was dissolved
in 5 mL of refluxing absolute ethanol. This solution was quickly injected in the mixture of
Zn(OAc), and oleic acid, then refluxed for 2 minutes, diluted with 50 mL of ethanol and
finally cooled at 0°C. A white precipitate was observed and, after 15 minutes at 0 °C, the

colloidal suspension was centrifuged and the supernatant was discarded. The precipitate of



oleate capped ZnO QDs was washed several times with ethanol; it was kept as a suspension in
ethanol and stored in the dark at 4 °C.

The typical photopolymerizable formulations were prepared in low-light conditions by
mixing the two acrylate monomers (80:20 PETTA:2EEEA) with a photoinitiator (dI-
camphorquinone [CQ] from EGA Chemie, 1.5 wt%) and a co-initiator (ethyl 4-
dimethylaminobenzoate [DABE] from Aldrich, purum > 99 %, 0.6 wt%). 1 or 5 wt% of ZnO
was then added and the dispersion was homogenized by magnetic stirring for two days. In
parallel, ethanol was removed by bubbling nitrogen through the formulation.

The polymer samples were prepared by coating the photopolymerizable mixture onto a
glass slide or a CaF, plate or, on a small aluminum rectangular crucible, followed by
irradiation performed in an inert argon gas atmosphere using a conventional irradiation device
(monochromator) at 488 nm with an intensity of 0.6 mW cm, in the same conditions used for

recording [23].

2.2. Experimental set-up and procedure

For photoageing investigations, two ageing simulator devices were used. The first one was
a SEPAP 14/24 unit equipped with a medium pressure mercury lamp (Novalamp RVC
400W). The source was located along one of the focal axis of a cylinder with an elliptical
base. The samples were arranged on a rotating carousel that could receive 15 samples, located
at the other focal axis. Experiments were performed at 40 °C. The second ageing device was a
SEPAP 12/24 unit from Atlas, equipped with four medium pressure mercury lamps
(Novalamp RVC 400 W) located in a vertical position at each corner of the chamber.

Wavelengths below 295 nm were filtered by the glass envelope of the sources. A rotating



carousel, on which the samples were fixed, was placed at the center of the chamber. The
temperature at the surface of the sample was fixed at 60 °C.

Infrared spectra were recorded on a Nicolet 5SXC FTIR spectrometer with Omnic
software. Spectra were obtained with a 4 cm™ resolution and 32 scan summation. IR-ATR
(Attenuated Total Reflectance) spectra were recorded with a Nicolet 380-ATR
spectrophotometer equipped with a Thunderdome-ATR (4 cm™, 32 scans). The Thunderdome
is a single reflection ATR accessory with a Diamond crystal (depth penetration ~ 3-5 um). To
ensure fair reproducibility, each measurement was repeated on different areas of the polymer.
UV-visible absorption and fluorescence spectra (excitation wavelength = 350 nm) were
recorded on a Shimadzu UV-2101 PC and a Perkin Elmer LS55 spectrophotometer,
respectively.

The photo-IR combines light irradiation and infrared analysis using a Hamamatsu light
generator equipped with a medium pressure Xe/Hg source (Lightningcure LC6 1W) and
Thermo Optek Nexus FTIR spectrometer. The source was filtered by a sapphire disk to
deliver wavelengths representative of outdoor ageing (A > 300 nm). The films (deposited on
an aluminium rectangle crucible) were first placed in a sealed gas cell that was located in the
infrared analysis cavity equipped with an oven, and then were irradiated in-situ [42]. The
temperature in the oven was maintained constant at 40 °C. The infrared spectra of the released
gas were collected every two hours during 60 hours with a 4 cm™ resolution and 32 scan
summation.

For solid-phase microextraction (SPME) experiments, the photopolymer films (deposited
on an aluminum rectangle crucible) were irradiated in the SEPAP 12/24 unit, in 20 mL sealed
vials to collect the volatile organic compounds (VOCs) stemming from the photodegradation.
Carboxen—PDMS fiber (75 um) purchased from Supelco (Bellefonte, PA, USA) was used to

extract the volatile organic compounds (VOCs) in the headspace (HS) [43-44]. VOCs were



analyzed using SPME coupled with gas chromatography/mass spectrometry (GC-MS) as
previously described in details in reference [43]. Mass spectra and reconstructed
chromatograms (total ion current, TIC) were acquired under the electron ionization mode (EI)
at 70 eV and recorded from 20 to 400 m/z. The compounds were identified by comparison
with the mass spectra of the spectral library.

VOCs stemming from the in-situ irradiation of the photopolymer sample were also
analyzed by using a purge and trap dynamic headspace extraction coupled with polychromatic
irradiation and GC-MS system. This apparatus is well described in a previous work [25].

A nanoscope Illa atomic force microscope (AFM) from Veeco Instruments was used for
nanoindentation. Changes of the mechanical properties were followed versus irradiation time
using AFM nanoindentation. The force-distance curves were monitored under a constant
deflection or constant loading. Nanoindendations were carried out using a Berkovitch-like
diamond tip (resonance frequency of 64.05 kHz and a curvature radius of 25 nm) mounted
onto a stainless steel cantilever with a spring constant of 204.5 N.m™. To ensure a good
reproducibility five nanoindentation tests in different areas of the polymer were performed.
Each test corresponded to five indentations, thus 5 x 5 force curves were used with forces
between 4 and 20 uN.

The nano-hardness was determined by using a procedure developed by Oliver and Pharr

[45,46]. This latter was based on the Sneddon’s approach, in which the force, F was given as a

power law of the displacement, h: F(h) = a h™ where a. and m were constants depending on

the mechanical properties of the sample and the tip geometry [47].
The force-displacement curve, F(z) must first be converted into a force-indentation curve,

F(h) where z and h are the piezo displacement and the indentation depth, respectively. z is
converted into h according to the following relationship [46]: h=z-d :Z—Ewhere k

designates the spring constant of the cantilever.
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Then, the contact depth, h; can be calculated using the relationship: h, =h, .. —%

where S is the slope of the unloading curve and ¢ is a parameter which depends on the
indenter geometry (for a Berkovitch tip, € = 0.75). The contact depth is then used to
determine the area function A(he): A( h, ) = 24.56h’. From the initial slope of the unloading
curve, as the indenter head was withdrawn from the surface, the reduced elastric modulus can

be determined from the relationship: E, I

23\ Alh,)

where [ is a parameter depending on

the indenter geometry (for a Berkovitch tip, f = 1.034). The Young’s modulus E can be

calculated from the reduced modulus.

Finally, the nano-hardness H is defined by the following relationship: H = M

ACh,)
3. Results and discussion
3.1. Photostability of the photopolymer

3.1.1 Chemical modifications

The chemical modifications of the obtained PETTA/2EEEA photopolymer (deposit on a
CaF, plate) were monitored by transmission infrared spectroscopy during 100 hours of
exposure under accelerated photoageing conditions. The main changes were reported in Table
1. Light exposure caused the post-polymerization of the residual vinyl groups of the acrylate
units. This fact was underlined by the decrease of the absorption bands at 3037, 1635 and
1408 cm™ and the concomitant development of new bands at 2935 and 1452 cm™ assigned to
methylene groups. Such post-polymerization was also observed in previous studies performed

on the two homopolymers synthesized from the photopolymerization of the corresponding
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acrylate monomers [25]. It is relevant to mention that the same experiment performed in the
absence of oxygen also led to the same features. Moreover, the kinetic evolution of the
consumption of the residual vinyl groups of the acrylate units was identical whether the
experiment was carried out in air or in inert atmosphere. Both the consumption of ether and
ester functions and the formation of new functional groups (hydroxyl at 3320 cm™ and
carbonyl at 1782 cm™) on the polymeric backbone pointed out that light and oxygen exposure
entailed a photo-oxidation of the material. This photooxidative degradation occurred
simultaneously with the post-polymerization reaction.
Table 1

Elucidating the degradation mechanism required gaining a better insight into the chemical
modifications of the material. For this purpose, most of the oxidation products could be
identified by chemical derivatization treatments [48]. Unfortunately, in the present study such
a treatment did not induce any change in the infrared spectra. However, the loss of the ether
groups suggested that these groups are involved in the degradation process. This fact was
supported by previous studies carried out in homo-2EEEA, which revealed that the
homopolymer degraded mainly through chain scission and hydrogen abstraction reactions.
These reactions accounted for the generation of volatile organic compounds [25]. They were
also expected to occur in PETTA/2EEEA polymer. Thus, in the next part of this work, our
attention focussed on the gases stemming from the irradiation of the polymer.

Photo-IR analysis showed the release of carbon monoxide and carbon dioxide (Fig. 2a).
These gases were also detected in the case of the irradiation of homo-PETTA and homo-
2EEEA [25]. Their formation was explained by chain scission reactions (Norrish | cleavage
and ester elimination reactions) that took place both on PETTA and 2EEEA units [49,50]. In
the 1300-600 cm™ domain, new absorption bands developed and they were assigned amongst

others, to C-O-C bond vibrations (Fig. 2b).
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Fig. 2

The comparison between the photo-IR spectra of the gases arising from in-situ irradiation
of PETTA/2EEEA and homo-2EEEA films revealed a similarity in the 1300-600 cm™ region
[25]. This feature seemed to suggest that 2EEEA units might be the prime sites of the
degradation process and therefore, the responsible for the instability of the copolymer.

In order to confirm this hypothesis and to gain better understanding in the photochemical
modifications of the polymer matrix, an approach based on the identification of the volatile
organic compounds by HS-SPME/GC-MS was used. Fig. 3a displays the evolution of the
chromatogram of a headspace of a film at irradiation times ranging from 10 to 150 hours.
Various low molecular weight compounds migrated in the gas phase and were mainly
identified with high confidence index (Table 2). It must be emphasized that the volatile
compounds, formed after 10 hour-exposure and beyond, were identical to those stemming
from the photo-oxidation of homo-2EEEA [25]. This corroborates the fact that 2EEEA units
were responsible for the instability on PETTA/2EEEA film. This source of instability had
already been recognized in several systems containing ether groups [49,51-53].

Fig. 3
Table 2

Fig. 3b displays the kinetic evolution of the area of the peaks corresponding to ethanoic
acid and 2-(2-ethoxyethoxy)ethanol. Whereas the acid accumulated in the medium, the
concentration of 2-(2-ethoxyethoxy)ethanol increased, passed through a maximum and after
10 hours of irradiation, decreased and tended to zero for longer irradiation times. Such a
behavior suggested that this species in turn would undergo photo-oxidation initiated by
hydrogen abstraction in the o position with respect to oxygen atom, in accordance with the
proposed mechanism of Fig. 4. The two degradation pathways (1 and 2) led to radicals that

would react with oxygen. The resulting species would then, abstract labile hydrogen to
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2EEEA units gaving rise to unstable hydroperoxides. The obtained alkoxy radicals would
undergo a B-scission reaction. C,Hs-O-CH,CH,-O°® radicals, formed from route 1 would
abstract a hydrogen from PH, thus leading 2-ethoxyethanol. The —scission reaction occurring
through route 2 generated the formation of ethanal that could in turn oxidize in ethanoic acid
[54]. 2-ethoxyethanol could subsequently undergo photo-oxidation through a mechanism
similar to that proposed for 2-(2-ethoxyethoxy)ethanol yielding ethanoic acid. So, this acid
would not only result from the oxidative degradation of 2EEEA units but also from the
photochemical instability of 2-(2-ethoxyethoxy)ethanol and 2-ethoxyethanol. This feature
might explain the increasing release of ethanoic acid (Fig. 3b) and the irregular Kinetic
evolution of 2-ethoxyethanol (compound E) as shown in Fig. 3a.

Fig. 4

3.1.2. Surface mechanical properties

In general, the chemical modifications of a polymer under light and oxygen exposure were
the results of chain scissions and crosslinking reactions (recombination of macroradicals). It
was established in the previous section that chain scission accounted for the stemming of
volatile organic compounds. However, at this stage, one could wonder whether
PETTA/2EEEA polymer also underwent crosslinking. The chemical modifications could
induce changes in the mechanical properties of polymer films. These latter are generally
monitored by dynamic mechanical analysis (DMA) [55, 58]. However, it was mentioned in
the literature that AFM-nanoindentation was an alternative technique to DMA [59, 60]. From
investigations performed on ten polymers, chosen for their wide range of elastic modulus, Lee
has demonstrated that AFM nanoindentation was a relevant tool to measure mechanical
properties in terms of hardness and Young’s modulus [59]. In the same way, the

modifications of the harness and the Young’s modulus of a thermoset coating, as the result of
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the photodegradation, were followed by this technique [60, 61]. Taking into account of the
literature, we have chosen to perform nano-hardness measurements from AFM
nanoindentation. As an example, the force-distance curves are represented in Fig. 5a before
irradiation and after 50 and 300 hours of irradiation. The figure points out that exposure to
light and oxygen caused the shift of the loading/unloading curves to the left with a noticeable
decrease of the hysteresis, which indicated an increase of the nano-hardness. Indeed, the
kinetic evolution of calculated hardness values given for a constant load of 20 uN in Fig. 5b,
showed that the nano-hardness increased by a factor of ca 8.5. It strongly varied from 40 £ 10
MPa before irradiation to 330 £ 10 MPa after 50 hours of irradiation. This important increase
was mainly ascribed to the post-polymerization of the residual vinyl groups of the acrylate
units as highlighted by transmission infrared analysis reported above. This feature was
confirmed by the linear correlation between the evolution of the nano-hardness and the decay
of the absorbance of the band at 1635 cm™ corresponding to vinyl groups (Inset of Fig. 5b).
Beyond 50 hours, the additional densification of the network showed a weak evolution from
330 £ 10 MPa to 350 + 20 MPa after 50 and 300 hours of irradiation, respectively. Such a
result could reflect a recombination of macroradicals that led to crosslinking.
Fig. 5

In terms of Young’s modulus, visually the slope (S) of the unloaded curve which could be
directly related to the reduced elastic modulus, underwent noticeable changes from 0 to 50
hours of irradiation indicating that in this period the sample was more rigid. Even if AFM-
nanoindentation, in this study, allowed to obtain partial data regarding to mechanical
properties, these latter contributed to gain better understanding in the photochemical

modifications of the polymer matrix.

3.2. Influence of ZnO QDs on the phostability of the photopolymer
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3.2.1. Chemical modifications

To determine the contribution of ZnO quantum dots in the degradation process, the
chemical modifications of the pure photopolymer (without QDs) and the composite material
(1 wt% of QDs), deposited on a glass plate, were monitored by ATR-IR. It is worthy of
notice that the changes detected by ATR-IR were similar to those observed in the case of the
bulk analysis (deposit on a CaF, plate, film thickness of 12 £ 1 um) performed by
transmission infrared spectroscopy. This similar behaviour confirms that the photo-oxidation
of the material occurred not only at the surface of the samples but also in the bulk.

Fig. 6a shows the evolution of the ATR-IR spectra in the 1900-900 cm™ in the course of
irradiation in accelerated conditions. A drastic decrease of the bands was observed. To
account for the influence of nanoparticles, the kinetic evolution of the decay of ester groups
(C=0 band at 1724 cm™) in the pure matrix was compared with that of a photopolymer
containing dispersed QDs (Fig. 6b). This comparison pointed out a clear influence of quantum
dots on the kinetics of degradation attributed to the photocatalytic effect. Indeed, while some
20 % of the ester groups were consumed after 15 hours of irradiation in the composite
material, the same percentage was attained after 100 hours of irradiation in the absence of
QDs.

Fig. 6

Since the band at 1153 cm™ corresponds to the stretching vibrations of the C-O bonds of
the ester groups, a linear correlation between the two bands of the ester groups at 1724 and
1153 cm™ should be expected. The inset of Fig. 6b shows that a linear correlation was
observed whether ZnO QDs were present (1 wt%) or not.

In a following step, the influence of the doping percentage of semi-conductor nanocrystals

on the composition of the gases stemming from the degradation of the polymer matrix was

15



examined. For this purpose, three sample containing increasing amounts of QDs (0, 1 and 5
wt %) were analyzed by HS-SPME/GC-MS. For 10 and 150 hours of irradiation in an
accelerated artificial ageing device (SEPAP 12/24), the TIC chromatograms, obtained for the
three materials, were compared (Fig. 7a). It turns out that the higher the doping percentage in
the matrix was, the lower concentration in the evolved gas phase was. By way of illustration,
Figure 7b shows this behaviour in the case of 2-(2-ethoxyethoxy)ethanol (compound J).
Similarly, the formation of ethanoic acid (compound H) drastically decreased in the presence
of ZnO QDs (Fig. 7a)
Fig. 7

In order to better encircle the role played by the nanoparticles in the photo-oxidation
mechanism, a purge and trap dynamic headspace extraction coupled with a polychromatic in-
situ irradiation and GC-MS systems was used to follow the kinetics of formation of the gases
at shorter exposure times. The detected species were ethanal (1.8 min), ethanol (compound B,
4.0 min), 2-ethoxyethanol (E, 16.5 min) and 2-(2-ethoxyethoxy)ethanol (J, 23.8 min). Ethanal
clearly evidenced by this technique would subsequently oxidize to ethanoic acid. From these
in-situ GC-MS experiments, it was observed that increasing amounts of ZnO QDs mainly
favoured the accumulation of ethanol and 2-(2-ethoxyethoxy)ethanol in the gaseous phase
(Fig. 8). These results confirmed that the semi-conductor nanocrystals mainly affected the
photochemical behaviour of the polymer through their photocatalytic effect.

Fig. 8

Hydroxyl radicals are known to be the main reactants in the photocatalytic process. This
species resulted from reaction occuring between the photogenerated hole-electron pairs and,
water and O, molecules [62-64]. Despite the fact that the studied acrylate photopolymer was
hydrophobic, the presence of hydrophilic groups such as C=0O and CH,CH,O allowed

sorption of water molecules [65-67]. Thus, the higher amount of particles in the polymer is,
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the higher concentration of HO® is and finally the more important the photocatalytic effect is.
This feature is illustrated in Fig. 8b by the increasing concentration of 2-(2-
ethoxyethoxy)ethanol with increasing the amount of QDs. Knowing that Norrish | and ester
elimination reactions (scission reactions) could account for the formation of this compound, to
explain such a behavior (Fig. 8b), one could hypothesize a hydrogen atom abstraction at 3
position of the C=0 by HO?®, as illustrated in Fig. 9. The resulting macroradicals would evolve
into macroalkoxy radicals through the formation and the decomposition of hydroperoxides. f3-
scission reaction would give rise to radicals that in turn undergo a decarboxylation process.
Under oxygen and light exposure, the obtained radicals would subsequently yield 2-(2-
ethoxyethoxy)ethanol.
Fig. 9

Denisyuk et al [68] studied the photopolymerization of acrylate monomers at 365 nm in
the presence of ZnO nanoparticles (20 nm diameter). They proposed a mechanism accounting
for the role played by ZnO in the photoinitiation step (see Fig. 5 in reference 68). This
mechanism involved photogenerated holes that abstracted hydrogen from vinyl groups of the
monomers (H at 3 position of the C=0). Contrary to what was reported by Denisyuk [68], the
presence of QDs did not affect the kinetics of the post-polymerization of PETTA/2-EEEA

(not shown).

3.2.2. Surface mechanical properties

According to the literature [32], in the vicinity of nanoparticles, the polymer degraded
faster. Some cracks were initiated at the polymer/particle interface and then propagated in the
depth of the sample thus leading to removal of the matter. Under the prevailing experimental
conditions, the ZnO doped photopolymer exhibited cracks after 60 hours of irradiation

compared to 100 hours in the case of undoped polymer.
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In order to rationalize the influence of the nanoparticles on the mechanical properties of the
composite materials (1 wt% of ZnO QDs), the nano-hardness was measured using AFM upon
irradiation. The values were compared with the ones obtained in the case of the undoped
polymer for irradiation times ranging from 0 to 50 hours; beyond 50 hours, the doped polymer
became cracked. The weak difference observed before irradiation (Table 3) for the samples
was not significant since it was within the accuracy range. The results reported in Table 3
revealed that the presence of ZnO quantum dots did not affect the kinetic evolution of the
nano-hardness. This observation is in perfect agreement with what was previously
established: 1) the increase of the nano-harness of undoped polymer is mainly related to the
post-polymerization of residual acrylate vinyl groups (Fig. 5b), and 2) the presence of
nanoparticles did not modify the kinetics of post-polymerization (not shown).

Table 3

3.2.3. Fluorescence properties

ZnO quantum dots exhibit a green-yellow fluorescence emission attributed to defects
located at the surface [69,70]. The recombination of the photogenerated electrons in the
shallow trap level with the holes in deep trap level could be responsible for this emission
[69,71-73]. Nevertheless, it is worth mentioning that the origin of this fluorescence was
subject to controversy. Anyway, whatever the mechanism of defect emission, if the
photogenerated charge carriers were involved in the degradation process, one should expect a
partial or complete quenching of this fluorescence. After 30 minutes of irradiation, a total
extinction of the fluorescence at 570 nm (Aexe. = 350 nm) was observed and in parallel, a new
emission developed at 390 nm. However, the fluorescence emission was recovered after 3
days of storage in the dark and at room temperature. This point will be discussed later. It was

verified that the excitation spectrum under emission at 570 nm effectively corresponded to
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ZnO QDs absorption (Fig. 10a). The species responsible for the emission at 390 nm was not
identified yet.

Fig. 10b displays the evolution of the fluorescence emission after irradiation and storage in
the dark during one, two and three days. It shows the partial quenching of the visible
fluorescence of the nanoparticles. Interestingly, the residual fluorescence linearly correlated
with the decrease of the ester functions of the photopolymer (band at 1724 cm™) (Inset of Fig.
10b), as expected. This correlation corroborated the involvement of electron-hole pairs in the
mechanism of photo-oxidation of the polymeric matrix.

Fig. 10

According to the literature [74,75], the extinction, observed after irradiation, was
attributed to a photoinduced electron accumulation process due to the lack of oxygen in the
bulk of the material. This excess of electrons prevented the recombination with green
emission. The partial recovery of the emission when the irradiated sample was stored in the
dark might be accounted for the slow diffusion of oxygen in the depth of the samples. Oxygen
might act as an electron scavenger and prevent the charges from accumulating in the

conduction band [74].

3.3. Influence of the size of ZnO nanoparticles on the phostability of the photopolymer

As part of their investigations on ZnO-polyurethane, Gu et al [76] evidenced the role
played by the polymer/nanoparticle interface in the photodegradative process of the polymer
matrix. They showed that the higher the amount of ZnO in the media, or the lower the
nanoparticle size was, the more pronounced the photocatalytic effect and the degradation
were. To rationalize these observations, they assumed that the properties of the polymer were

different at the interface and in the bulk [76]. With an approach aiming at evaluating the
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influence of the size of ZnO QDs on the oxidative degradation of the polymer, two types of
particles were used: synthesized QDs, 5 nm diameter and commercial NPs, 10-30 nm
diameter.

ATR-IR analysis revealed that the chemical modifications of the matrix strongly depended
on the size of nanoparticles. The initial rate of degradation of the polymer was determined in
the absence of ZnO and in the presence of 1 wt% of nanoparticles using the ester groups
(band at 1724 cm™) as a probe. The results are reported in Table 4.

Table 4

First, it must be observed that the rate of degradation decreased by a factor of ten by
addition of ZnO NPs compared to the reference undoped system while it increased by roughly
a factor of 2 with ZnO QDs. To confirm these results, the samples were also analyzed by
infrared spectroscopy in transmission mode and the same influence of the size of the
nanoparticles on the degradation rate was observed. So, the nanoparticles with the biggest size
seemed to act as protectors against photoinduced degradation of the polymeric matrix. This
unexpected behavior is not consistent with what was reported by Gu et al on ZnO-
polyurethane systems [76].

If ZnO-NPs exhibit a protective action against the photodegradation, this effect should go
along with a modification of the HS-SPME/GC-MS chromatograms. Indeed, after 150 hours
of exposure, the chromatograms of volatile organic compounds stemming from the irradiation
of the undoped polymer and of the composite material (1 wt% ZnO NPs, size 10-30 nm) were
similar (Fig. 11a) while only ethanoic acid (compound H) was generated in the sample doped
with ZnO QDs (Fig. 11). To get a better idea of the influence of nanoparticles, we focused on
2-ethoxyethanol (compound E) and ethanoic acid. The evolution of the area of the peak of
compound E as the function of the size of the nanoparticles is given in Fig. 11b. The

following tendency was observed: the area obtained for the composite with 1 wt% NPs 10-30
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nm diameter was higher than the area for pure polymer which was itself, higher than that of
material with 1 wt% QDs, 5 nm diameter. This tendency corroborated the conclusions issued
from infrared spectroscopy analysis, i.e.nanoparticles of 10-30 nm diameter played a
photoprotector role in our experimental conditions.
Fig. 11
Ethanoic acid not only resulted from the photo-oxidation of the 2EEEA but also from
the subsequent oxidation of degradation products. Whereas in the case of pure photopolymer,
this species accumulated in the gas phase, in the presence of ZnO QDs, it underwent a
photocatalytic degradation responsible of its low production as shown in Fig. 11. According
to the literature, the photocatalytic degradation of ethanoic acid proceeded both in liquid and
gas phase [77, 78]. The degradation occured by decarboxylation and by oxidation involving
the holes and the hydroxyl radicals. Besides, ab initio calculations underlined that the main
degradation pathway with the hydroxyl radicals was the abstraction of the acidic hydrogen, at
the carboxylic acid side. The hydrogen abstraction resulted in the corresponding radical which

may decompose into CO, and the CH3 radical [79].

4. Conclusions

The durability of a new ZnO/acrylate polymer material requires investigating the effect of
the nanofillers on its long term lifetime. This assessment passes first through the
understanding of the photochemical behavior of undoped PETTA/2EEEA polymer upon
exposure under conditions simulating solar light. During the course of the irradiation, the
copolymer simultaneously underwent a post-polymerization and a photo-oxidation. These

phenomena led to chemical modifications (loss of the residual vinyl groups, of the ester and
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ether functions and, the formation of photoproducts in the macromolecular backbone and of
volatile organic compounds) and to surface mechanical properties changes (particularly nano-
hardness). In particular, 2EEEA units contributed to the instability of the copolymer towards
the photodegradation.

Then, a particular attention was paid to the influence of ZnO quantum dots, QDs (5 nm
diameter) on the degradation of the host matrix. On the one hand, the study revealed that QDs
did not modify the kinetics of the post-polymerization. On the other hand, it pointed out that
the nanoparticles acted as a photocatalyst involving the generated hole-electron in the
degradation process. As a consequence, QDs underwent a partial quenching of their green
yellow fluorescence. Introducing 1 wt% of quantum dots boosted 1) the rate of degradation;
this latter doubled by comparison with the one in the case of the undoped PETTA/2EEEA
copolymer, 2) the development of the cracks and, 3) the formation of volatile organic
products. The quantity of the released gas was all the more important as the doping
percentage increased.

Finally, the photostability of the polymeric matrix strongly depended on the size of the
nanofillers. Indeed, ZnO nanoparticles of 10-30 nm diameter exhibited an unexpected
photoprotective effect on the degradation contrary to their counterpart quantum dots (5 nm
diameter). Introducing 1 wt% led to a decrease of the rate of degradation by a factor of 10 by
comparison with that of the undoped polymer. Concerning the post-polymerization process,
whatever the size of the nanoparticles, its kinetics remained unchanged.

As previously mentioned in the literature, this investigation is all the more important as the
role played by ZnO nanoparticles towards the photostability could not be predicted. Besides,
this assessment is relevant for the design and reliability of composite materials with required

properties in their service life.
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Figure captions

Fig. 1. Monomers (a) Pentaerythritol tetraacrylate (PETTA) and( b) 2-(2-ethoxyethoxy)ethyl

acrylate (2EEEA).

Fig. 2. (a) Infrared spectra waterfall and (b) changes in the infrared spectra of a

PETTA/2EEEA film upon in situ irradiation at A > 300 nm and 40 °C.

Fig. 3. (a) HS-SPME/GC-MS chromatogram of a PETTA/2EEEA film as a function of
irradiation time in SEPAP 12/24 (A > 300 nm, 40 °C). (b) Kinetic evolution of the area of the
peak of ethanoic acid (H) and 2-(2-ethoxyethoxy)ethanol (J) stemming from the irradiation of

a PETTA/2EEEA film.

Fig. 4. Proposed degradation pathways of 2-(2-ethoxyethoxy)ethanol initiated by H
abstraction at positions 1and 2. PH designates 2EEEA units that contain hydrogen labile in the

o position to respect to oxygen atom.

Fig. 5. (a) Force-displacement curves of PETTA/2EEEA polymer at 0, 50 and 300 hours of
irradiation in SEPAP 14/24 (A > 300 nm, 40 °C). (b) Kinetic evolution of calculated nano-
hardness for a given force of 20 uN upon irradiation of PETTA/2EEEA polymer. Inset:
Correlation between the nano-hardness and the decay of the residual vinyl groups (band at

1635 cm™).

Fig. 6 (a) Evolution of ATR-IR spectra of ZnO QD dispersed acrylate photopolymer (1 wt%

of QDs) and (b) Comparison of kinetic evolution of the decay of the ester groups (band at
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1724 cm™) for the pure and doped photopolymer (1 wt% of QDs). Inset: Correlation between

the two bands of the ester groups of PETTA/2EEA photopolymer.

Fig. 7. (a) Comparison of HS-SPME/GC-MS chromatograms of a pure PETTA/2EEEA film
and composite material films containing 1 or 5 wt% of ZnO QDs, after 10 and 150 hours of
irradiation in SEPAP 12/24 (A > 300 nm, 60 °C). (b) Evolution of the area of the peak
corresponding to 2-(2-ethoxyethoxy)ethanol (J) as a function of the amount of QDs, for a

given irradiation time.

Fig. 8. Kinetic evolution of formation of (a) ethanol (B) and (b) 2-(2-ethoxyethoxy)ethanol (J)
stemming from the first hours of in situ irradiation (A > 300 nm, 60 °C) and detected by GC-

MS in dynamic mode.

Fig. 9. Proposed mechanism of formation of 2-(2-ethoxyethoxy)ethanol in the presence of

ZnO involving hydroxyl radicals.

Fig. 10. (a) Excitation spectra of an irradiated PETTA/2EEEA film containing 1 wt% of ZnO
QDs after storage in the dark at room temperature during 3 days. (b) For each irradiation time
in SEPAP 14/24 (. > 300 nm and 40 °C), evolution of the fluorescence intensity at 570 nm
(Aexc. = 350 nm) of a composite film after irradiation and followed with a storage during 1, 2
and 3 days in the dark. Inset: Correlation between the maximum fluorescence intensity value

and the decrease of the ester groups (band at 1724 cm™).

Fig. 11. (a) Comparison of HS-SPME/GC-MS chromatograms of a pure PETTA/2EEEA film

and composite material films containing ZnO QDs (5 nm) or ZnO NPs (10-30 nm) (loading 1
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wt%), irradiated 150 h in SEPAP 12/24 (A > 300 nm, 60 °C). (b) Evolution of the area of the
peaks corresponding to 2-ethoxyethanol (E) and ethanoic acid (H) as a function of the size of

ZnO nanoparticles.
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Table 1

Main changes in the infrared spectra of PETTA/2EEEA polymer film after irradiation in a

SEPAP 14/24 accelerated ageing device (A > 300 nm, 40 °C).

Band consumption Band formation

Residual vinyl groups of acrylate units:

CH=CH (3037 cm™)

C=C (1635 cm™) CH, of polymer (2935 and
CH,-CH=CH (1408 cm™) 1452 cm™)

2EEEA units: O-H (3320 cm™)

CH, (2870 cm™)

C-O-C (1115 cm™)

Ester groups C=0 (1782 cm™)
C=0 (1736 cm™)

C-O (1188 cm™)
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Table 2

Volatile organic compounds released from irradiated PETTA/2EEEA film as identified by

HS-SPME/GC-MS. The labels used are the same that those cited in Ref. 25.

Retention time Confidence index Products
(min) (%)
@)
\
2.4 64 [C—0—CHyCHs
H
Ethyl formate (A)
4.0 91 CH3CH,0OH
Ethanol (B)
16.5 90 HO-CH,CH,-O-CH,CHj3
2-ethoxyethanol (E)
2
187 83 C—O—CH,CH,—O—CH,CHs
CH3/
2-ethoxyethyl acetate (G)
5
21.8 91 /C—CHS
HO
Ethanoic acid (H)
23.8 90 HO-CH,CH,-O-CH,CH,-O-CH,CH3

2-(2-ethoxyethoxy)ethanol (J)
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Table 3
For a constant load of 20 uN, comparison of the kinetic evolution of the nano-harness
(expressed in MPa) of ZnO QD dispersed PETTA/2EEEA film with that of an undoped

polymer film upon irradiation in a SEPAP 14/24 accelerated ageing device (A > 300 nm and

40 °C).
Irradiation time (h) QDs 0% QDs 1%
0 40+ 10 27 t1
3 191+6 180 + 10
20 270 £10 290 + 10
50 330+ 10 33010
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Table 4

Influence of the size of ZnO nanoparticles on the initial rate of degradation.

ZnO nanoparticles Initial rate (h™)
0% 5x 107
1 wt% of QDs (5 nm diameter) 9x10°
1 wt% of NPs (10-30 nm diameter) 0.5 x 10°

40



0 b
1l
CH;—0—C—CH=CH,

0] 0
Il I
CHZICH—C—O—CHz—C—CHz—O—C—CH:CHz CHQZCH—ﬁ—o—CHZ—CHZ—O—CHZ—CHZ—O—CHZ—CH3

I
CHZ—O—C—CH:CHZ

Fig. 1. Monomers (a) Pentaerythritol tetraacrylate (PETTA) and (b) 2-(2-ethoxyethoxy)ethyl

acrylate (2EEEA).
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Fig. 5. (a) Force-displacement curves of PETTA/2EEEA polymer at 0, 50 and 300 hours of

irradiation in SEPAP 14/24 (A > 300 nm, 40 °C). (b) Kinetic evolution of calculated nano-

hardness for a constant load of 20 UN upon irradiation of PETTA/2EEEA polymer. Inset:
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1724 cm™) for the pure and doped photopolymer (1 wt% of QDs). Inset: Correlation between

the two bands of the ester groups of PETTA/2EEA photopolymer.
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Fig. 10. (a) Excitation spectra of an irradiated PETTA/2EEEA film containing 1 wt% of ZnO
QDs after storage in the dark at room temperature during 3 days. (b) For each irradiation time
in SEPAP 14/24 (. > 300 nm and 40 °C), evolution of the fluorescence intensity at 570 nm
(Aexc. = 350 nm) of a composite film after irradiation and followed with a storage during 1, 2
and 3 days in the dark. Inset: Correlation between the maximum fluorescence intensity value

and the decrease of the ester groups (band at 1724 cm™).
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Graphical abstract

Effects of ZnO quantum dots on the photostability of acrylate photopolymers used as
recording materials

Georgia G. Goourey, Pascal Wong-Wah-Chung, Lavinia Balan, Yaél Israéli
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The photostability of ZnO/acrylate copolymer material
under irradiation conditions simulating solar light
strongly depends on the size of ZnO nanoparticles.
Nanofillers with smaller size act as a photocatalyst
involving the photogenerated charge carriers. This leads
consequently to a partial quenching of their fluorescence.
On the contrary, nanoparticles with bigger size play a
photoprotective role towards the host polymeric matrix.
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