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ABSTRACT

Poly(dimethylsiloxane) (PDMS) based resins are materials used in large amounts on spacecrafts
and satellites. When such materials are exposed to proton irradiation, especially in geostationary
environment, they tend to crack and turn yellow, this being detrimental to their operational
status. Here we present the elaboration and ageing of hybrid materials made of the embedding
of non- or vinyl-functionalized silica nanoparticles (SiO> NPs) assembled into a photonic
crystal at the surface of a PDMS matrix. The influences of the size of the nanoparticles, the
thickness of the crystal as well as the grafting density of vinyl moieties on the proton resistance
of the materials were studied. The materials maintained the initial transparency of PDMS in a
wide spectroscopic range. Transparency of the materials was evaluated using UV-vis-NIR
spectroscopy before and after accelerated proton-induced ageing was carried out to simulate
part of proton irradiation encountered in geostationary environment. Fourier Transformed Infra-

Red-Attenuated Total Reflection (FTIR-ATR) experiments allowed comprehensive study of
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the mechanisms leading to the stabilization of the materials in terms of cracking and yellowing.
Stabilization in regards of cracking was revealed thanks to optical and scanning electron

microscopy.

Keywords: proton irradiation, polymer stability, poly(dimethyl siloxane), silica nanoparticle,

nanocomposite

INTRODUCTION

Study of interactions between charged particles and materials is of prime importance as these
energetic particles may induce damages in materials through which they go. Silicon-based
resins are widely used nowadays as they possess unique properties, such as low Ty (-120 °C)
[1], high Tq (> 400 °C) and optical transparency [2]. These properties make silicon-based resins
good candidates to play the role of protective layers on top of flexible solar cells for space
applications as the technique used now (coverglasses on top of the cells) does not allow
flexibility [3,4].

Although many efforts were put to protect materials from space environment, most of the
researches focused on protection from atomic oxygen (AO) [5-8], electrons [9] and UV
radiations [10-14]. As mentioned by Di et al [15], only few works were conducted on proton
irradiation protection. The best working solutions were nanocomposites with fillers such as
detonation nanodiamond [16,17], ZnO [18,19], various metal oxides [20-22], polyoctahedral
silsesquioxanes [23] (POSS) or single wall carbon nanotubes (SWCNTSs) [24,25].

Looking at space geostationary environment, proton irradiation causes progressive cracking as
well as yellowing of PDMS resins [26—29]. Mass loss is also observed due to the outgassing of
volatile molecules such as Hy, CH4, and silanones. Decrease of the amount of Si-C bonds was

proven by infrared spectroscopy [26,29] concomitantly with an increase of the Si-O-Si bonds



due to the loss of organic parts such as methyl groups. These observations lead to the conclusion
that the surface of the resin changed for a structure close to inorganic silica (SiOx) [15,29]. It
was also observed that this layer does not seem to be further degraded by proton irradiation,
leading to the idea of preventing degradation by inserting SiO> NPs at the surface of the resin
so that the latter would preserve its transparency and flexibility while allowing protons to
deliver their energy mainly in radiation-resistant silica. Indeed, it is known that the stopping
power of materials depends mainly on their density [30] and calculations made using NIST
PSTAR tables [31] showed that a silica layer of about 2.5 um would have one sufficient to
block 240 keV protons.

Following previous unpublished work [33], here is presented the elaboration of class-I and
class-II hybrid materials consisting of PDMS resins bearing a layer of non or vinyl-
functionalized, compactly assembled SiO> NPs at their surface and their effect on the reduction

of cracking and yellowing after proton irradiation are presented.

EXPERIMENTAL SECTION

Class-I and class-II hybrid materials were prepared in 3 steps: first SiO> NPs were synthesized
and functionalized, then they were self-assembled into a photonic crystal and consequently

embedded into the PDMS matrix.

Chemicals and Materials.

Poly(dimethylsiloxane) (PDMS) was provided by MAP as a bi-component material: base and
hardener. The base contains predominantly vinyl-terminated PDMS and Pt catalyst (Karstedt
catalyst). The hardener is a hydride based siloxane. The cross-linked reference PDMS sample
was prepared by mixing the base with the hardener in a 10:1 weight ratio. Absolute ethanol

(VWR), tetraethyl orthosilicate (TEOS) and L-arginine (both Fluka), vinyltriethoxysilane



(ABCR) as well as ammonium hydroxide (28 % NH3, Alfa Aesar) were used as received

without further purification.
Synthesis and functionalization of SiO2 NPs.

SiO2> NPs with controlled shapes and sizes were synthesized following the modified Stober
method. It consists firstly in the synthesis of small irregular SiO> NPs called seeds, later

undergoing a growth step in a Stober medium [32].

To synthesize seeds, 100 mL of a 6 mM L-arginine solution were transferred into a 250 mL
flask mounted with a condenser and heated at 60 °C. When the temperature was stabilized at
60 °C, 8 mL of TEOS (36.1 mmol) were added to the medium. The mixture was stirred lightly
in order to allow the formation of a small vortex, homogenizing the aqueous phase without
disturbing the floating organic phase consisting of TEOS. The reaction was left heated and

stirred until total consumption of the TEOS (around 2 to 3 days).

To obtain 260 nm nanoparticles from the seeds previously synthesized, 455 mL absolute ethanol
(7.79 mol), 35 mL ammonia aqueous solution (0.52 mol) and 250 uL of the seed solution were
transferred to a 1L round flask. 35.6 mL of TEOS (160.6 mmol) were added to the mix dropwise
thanks to a syringe driver at a volumetric flow rate of 0.5 mL.h"!. The concentration of the
solution was determined with a dry extract. A few mL of the solution were dialyzed against

pure water for DLS experiments.

To functionalize nanoparticles with vinyl moieties, a calculated volume of vinyltriethoxysilane,
thanks to Equation 1, was added directly to a known volume of SiO> NPs in their Stober
medium. dra represents the nominal grafting density (nm™) of the functionalizing agent, Mga
its molar mass and pra its density. The mixture was stirred for 3 h at 25 °C before being refluxed
for 1 h. The particles were used directly after their concentration was measured with a dry

extract.



6-dpa"Mra"Vsio, Csio,

VEa= (Eq. 1)

NA'PFA'PSi02 'DSi02

Self-assembly of nanoparticles and creation of a silica layer of controlled

thickness.

A volume of 250 nm in diameter SiO, NPs solution was transferred to a Petri dish of known
radius r. To obtain a silica layer of thickness h, the volume to be transferred to the flask was

calculated thanks to the following equation 2:

_ Psio, 074 w’h

\Y% (Eq. 2)
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Then, the petri dish was transferred to an oven where it was left at 70 °C under vacuum in order
to remove the Stober medium and let the nanoparticles self-assemble. Once out of the oven, the
content of the Petri dish appeared green in reflection and pink in transmission as can be seen

on Figure 1, due to the self-assembly of the nanoparticles into a photonic crystal [34].

Figure 1: a) self-assembled SiO> NPs observed in transmission b) self-assembled SiO> NPs
observed in reflexion c) same nanoparticles after PDMS was poured over and cross-linked

Embedding of the silica layer in the PDMS resin.



PDMS was found in the form of a base and a hardener to be mixed in a 10:1 weight ratio. As
the refractive indexes of silica and PDMS are very close one from the other (respectively 1.475
and [1.42 to 1.46] depending on the considered wavelength) [35,36] the content of the Petri
dish slowly turned transparent as the PDMS diffused through interstitial spaces between the
nanoparticles. The Petri dish was then transferred to an oven for cross-linking of the resin (15
h at 70 °C). After this step, final materials could simply be peeled off the Petri dish and used as

they were following a similar procedure as the one developed by Sun and coworkers [37].
Characterization of materials.

The sizes of the synthesized nanoparticles were analyzed by dynamic light scattering (DLS) at
90° on a Malvern Zetasizer Nano ZS90 apparatus after being dialyzed against milli-Q water.
The PDMS matrixes bearing nanoparticles were characterized by UV-vis-NIR spectroscopy on
a Perkin Elmer lambda 1050 in transmission mode in a spectral range from 250 to 2500 nm to
verify their optical transparency. The spectra were obtained with a scanning speed of 400 nm
per minute and at a resolution of 1 nm. Scanning Electron Microscopy experiments were
conducted on a Zeiss GeminiSEM300 in high vacuum mode after metallization of the samples
with platinum. Optical microscopy was carried out with a Karl Zeiss microscope mounted with
a 10 megapixels Canon PowerShot A640 camera. FTIR-ATR spectra were performed on a
Bruker VERTEX 70 spectrometer, equipped with diamond crystal (GladiATR PIKE
technologies) for attenuated total reflection mode. The spectra were acquired from 4000 to 400

cm’! at room temperature using 64 scans at a resolution of 2 cm™'.
Accelerated ageing of materials.

Proton irradiations were conducted in the MIRAGE facility at ONERA, similar to the
SEMIRAMIS one described in the literature [38]. It consists of a high-vacuum chamber coupled

with a 2.5 MeV Van de Graff proton accelerator. The vacuum chamber allowed the pressure to



be kept under 10> mbar. The incoming protons had an energy of 240 keV. The samples were
irradiated with a flux of 1.25x10'! p* cm™ s™! (20 nA cm™). The total fluence was 3x10'5 p* cm"
2 for a total surface dose of 2x10% Gy. The temperature of the sample holder was maintained at

40 °C for the duration of the test.

RESULTS AND DISCUSSION

Control samples were prepared by mixing the resin’s base and hardener in a 10:1 weight ratio
and cross-linking them in an oven for 15 h at 70 °C after degassing. SiO> NPs were prepared
following a two-stage modified Stober method [39] developed by Désert and coworkers [32].
This method allows the synthesis of monodisperse SiO> NPs with controlled size and
morphology. This synthesis results in a solution of known concentration of SiO> NPs in their
Stober medium. These nanoparticles can be used directly or can be functionalized [40—42] using
vinyltriethoxysilane in order to graft vinyl moieties at the surface of the nanoparticles.
Nanoparticles with diameters ranging from 50 to 260 nm and nominal grafting densities ranging
from O to 10 functions per square nanometers were prepared and used directly in their Stober

medium (Supporting Information, Schemes S1 and S2).

In order to first evaluate the impact of the SiO> NPs layers’ thicknesses on the stability of the
materials, class-1 hybrid materials consisting of a layer of controlled thickness of non-grafted
Si02 NPs arranged in a compact manner and embedded at the surface of a PDMS matrix were
synthesized. Materials with 260 nm diameter nanoparticles with layer thicknesses equal to 1, 3,

7, 14 and 28 um were prepared (Supporting Information, Table S1).

In order now to evaluate the impact of the grafting density of vinyl moieties on SiO, NPs, class-
IT hybrid materials consisting of a layer of controlled thickness of vinyl-decorated SiO> NPs
arranged in a compact manner and embedded at the surface of a PDMS matrix were synthesized.

These nanoparticles are bonded to the polymer matrix through covalent linking assured by



hydrosilylation in the presence of a Karstedt catalyst (Pt’) [43] already existing in the
formulation of the resin’s base. Due to the heightened sensibility of the synthesis of SiO> NPs
to parameters, such as temperature or concentrations, materials with two different diameters
nanoparticles (250 and 260 nm) with a layer thickness of 7 um and with different nominal
grafting densities ranging from 0.01 to 10 vinyl functions per square nanometers were prepared

(Supporting Information, Table S2).

Finally, to evaluate the impact of the size of the SiO» NPs, class-II hybrid materials were
synthesized. These nanoparticles are bound to the polymer matrix through covalent linking
assured by the Karstedt catalyst present in the resin’s base. Materials with 50, 100 and 260 nm
diameter nanoparticles with a layer thickness of 7 pm and with different nominal grafting
densities were prepared (Supporting Information, Table S3). The grafting densities on the
different nanoparticles were chosen so that the amount of vinyl moieties per unit of volume was

equivalent to the ones on 260 nm nanoparticles with grafting densities of 0.1 and 1 vinyl.nm™.

Pre-irradiation UV-vis-NIR characterization

The spectra of all the materials synthesized in the full 250 — 2500 nm range are available in the
electronic supporting information (Supporting Information, Figure S1). The effect of the silica
layers’ thicknesses on the materials’ transparency was investigated using non-functionalized
260 nm in diameter silica. The spectrograms of these materials in the range 250 — 750 nm are
presented on Figure 2. Samples are named as follow:

diameterOfNanoparticles_graftingDensity_thicknessOfSilicalayer_sampleNumber.
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Figure 2: UV-vis spectra of materials containing non-functionalized nanoparticles with
different layer thicknesses before proton irradiation

The materials’ transparency is preserved with respect to the pristine resin as long as the SiO>
NPs layer’s thickness does not exceed 7 um. Below this value, materials keep a transparency
equivalent to the one of the plain PDMS resin. This is supposed to be due to the low amount of
interfaces that photons have to go through before reaching detectors in the spectrometer,
interfaces on which scattering phenomena occur. A noticeable drop in transmittance in the range
250 — 300 nm is observed for all materials containing nanoparticles and is because the
nanoparticles are forming a photonic crystal with a characteristic distance of 260 nm,
susceptible to interact with incoming photons.

Similarly, UV-vis-NIR experiments were carried out on the synthetized materials in order to
evaluate the effect of the grafting density on the transparency of the materials. For this purpose,

materials consisting of a PDMS matrix in which is embedded a layer of constant thickness (7



um) of SiO2 NPs decorated with vinyl moieties and nominal grafting densities ranging from
0.01 to 10 functions per square nanometers were synthesized. Spectra in the range 250 — 750

nm are shown in Figure 3.
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Figure 3: UV-vis spectra of materials containing functionalized nanoparticles at different
grafting densities before proton irradiation

No discernable effect of the grafting density on the transparency of the materials was observed.
Nonetheless, the effect of the size of the nanoparticles can be observed as the transmittance of
the materials containing 260 nm SiO> NPs slightly lowers in the range 250 — 300 nm.

Once again, UV-vis-NIR experiments were carried out on the synthetized materials in order to
evaluate the effect of the size of the decorated nanoparticles on the transparency of the
materials. For this purpose, materials consisting of a PDMS matrix in which is embedded a
layer of constant thickness (7 um) of SiO> NPs of decreasing sizes (260 to 50 nm) and decorated

with vinyl moieties (Supporting Information, Table S3). Spectra in the range 250 — 750 nm are
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available (Supporting Information, Figure S2). A drop in transmittance is observed with
decreasing nanoparticles size due to the increased amount of interfaces encountered by light.
One can notice as well that the transmittance of materials containing 260 nm SiO2 NPs slightly

lowers in the range 250 — 300 nm for the same reasons above described.

Post-irradiation characterizations

Cracking evaluation

Samples were irradiated in the MIRAGE chamber consisting of a 2.5 MeV Van de Graff proton
accelerator linked to a vacuum chamber. Following the irradiation, materials were observed

with the naked eye as can be seen on Figure 4.

Figure 4: Naked eye observation of irradiated materials.

On the one hand, materials containing non-functionalized nanoparticles do not seem to have a
great stabilizing effect even though they did crack a bit less than control materials. On the other
hand, it appears that materials containing functionalized nanoparticles show a significantly

reduced amount of cracks though this phenomenon is hard to quantify. Further investigation
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led to look at every sample with an optical microscope. The images obtained are presented

Figure 5.
Control 260_NF_7 2
260_F1_7 2 260_F10_7_1

Figure 5: Images of irradiated materials obtained by optical microscopy (x50). The scale bar
is the same for every sample (500 um). Yellowing due to microscope lamp

Once again, it appears that the amount of cracks per unit area is lowered on stabilized materials
though this factor is hard to evaluate quantitatively. There is a direct link between the amount
of cracks and the thermo-optical properties of the materials as cracks lead to scattering
phenomena partly responsible for the drop in transmittance observed after proton irradiation.
Scanning electron microscopy characterizations were also performed to bring evidence about a
few assumptions made during the elaboration of the samples. Images demonstrating the

robustness of the self-assembly method can be seen Figure 6.

Figure 6: a) Side view of a teared sample b) intersection of two cracks on an irradiated
material c) Side view of a 7 um thick silica layer embedded in the resin
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Figure 6.a shows the nanoparticles are close-packed forming a photonic crystal and justifies the
use of the factor 0.74 (which is the packing fraction of a dense packing of spheres) in (Eq. 2)
allowing calculation of the volume of SiO> NPs solution required to create a layer of
nanoparticles of controlled thickness. This explains as well the optical properties of the silica
layer before embedding in the resin. On Figure 6.b is shown the intersection of two cracks on
an irradiated material containing undecorated nanoparticles. It shows that the particles are well
coated with PDMS suggesting a good wetting. Figure 6.c shows measurement carried out on a
non-irradiated material demonstrating that the actual thickness of the silica layer is in

accordance with the theoretical one.

Post-irradiation UV-Vis-NIR characterization

The same UV-vis-NIR experiments as the ones carried out before irradiation were conducted
again to evaluate the stabilizing effect of the SiO2 NPs layer regarding the transparency of the
materials. The spectra in the full 250 — 2500 nm range for all tested materials are available
(Supporting Information, Figure S3). Spectra of the same materials used for Figures S2, 2 and
3 after proton irradiation are also available (Figure 7 and Supporting Information, Figures S4,
and S5). What was true before irradiation remains: if the layer is too thick, the transmittance
drops. Materials containing nanoparticles with layer thickness greater than 7 um were stabilized
in the UV range (up to 350 nm) whereas they are detrimental to transparency in the visible

range: non-functionalized nanoparticles do not offer great stabilization of the resin.
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Figure 7: UV-vis spectra of materials containing functionalized nanoparticles at different grafting densities after proton
irradiation

Concerning the effect of the grafting density, spectra show that every material containing
functionalized nanoparticles was stabilized in the UV region in comparison with control
samples. Besides, an effect of the grafting density was shown. It appears that there is a
maximum in terms of stabilization when nanoparticles are functionalized at a nominal grafting
density of 1 vinyl.nm™. We believe that these materials offer sufficient cohesion between the
SiO> NPs, while preserving flexibility necessary to allow constraint relaxation due to the
densification of the matrix. These materials are therefore less subject to cracking, thus leading
to less scattering than other materials containing SiO> NPs grafted with higher vinyl contents.
The impact of the size of the nanoparticles was also investigated. Once again, the conclusions
that could be drawn from the pre-irradiation characterization are still valid: materials containing

smaller nanoparticles offer more interfaces per unit of distance leading to more scattering
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events, eventually bringing down transmittance. Materials that had the best stabilizing effect
were those containing 260 nm SiO> NPs. As the transparency range of interest is 250 — 2500
nm for spatial applications, one can say that the optimal size for nanoparticles is 250 nm. Indeed,
even if it seems here that 260 nm nanoparticles offer greater stabilization, one should remember
that in terms of original transparency, that is to say before irradiation, 260 nm nanoparticles
interact with light therefore bringing down transmittance in the 250 — 300 nm region. That is
why it can confidently be said that the most suitable material would be one containing 250 nm
nanoparticles decorated with vinyl moieties at a nominal grafting density of 1 function per

square nanometer.

In order to quantify the stabilization in terms of transparency of the resin, the solar absorptances

(as) of the materials were calculated before and after irradiation according to Equation 3 [44].

Jog? AQIG )
ag="= 55— (Eq.3
S fzzss(?ols(l) " (Eq.3)

The solar absorptance corresponds to the effectiveness of a material in absorbing radiant energy
emitted by the sun. In the case presented here, as should be as small as possible, this would be
interpreted as a proof of transparency in the wavelength range of interest. Indeed, these
materials should be as transparent as possible in the region of the spectrum where the sun deliver
maximum power while it would not be as much of a problem elsewhere in the said spectrum.

Is(M) is tabulated in norm ASTM E 490 and corresponds to the energy carried by photons
emitted by the sun per unit of time per unit of area for a given wavelength (mW.cm2.nm™).
Besides, A(L) —the spectral absorptance of the material—- is equal to 1 - (R(A) + T(X)). It was
decided to calculate the spectral absorptances of the materials considering R(A) = 0 as a decent
approximation. Indeed, the aim here was not to obtain true values of solar absorptivity but to
be able to compare different materials. Due to the size of the sample holder in the MIRAGE

15



facility, two different batches had to be irradiated separately. To reach better comparability of
the different batches, each material was compared to the control sample that was irradiated in
the same time as itself. Results are gathered in Table 1 and 2 relating respectively to batches 1

and 2.
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Table 1: Comparison of the solar absorptances of synthesized materials (batch 1), before and
after proton irradiation.

Rate of Rate of change in A(as)
Sample name as before as after «
irradiation®  irradiation® change A(os)* compared to control sample
(%) (%)
Control sample 0.10 0.21 124 0.12 N/A
260_F1_7_1 0.09 0.14 56.5 0.05 -56.1
260_F1_7_2 0.08 0.15 89 0.07 -39.4
260_F2_7_1 0.09 0.16 68.5 0.06 -45.0
260_F2_7_2 0.09 0.16 86 0.07 -36.8
260_F5_7_1 0.10 0.17 66.5 0.07 -43.0
260_F5_7_2 0.09 0.17 91.5 0.08 -31.0
260_F10_7_1 0.08 0.16 104 0.08 -32.2
260_F10_7_2 0.08 0.17 106 0.09 -24.8
260_NF_1_1 0.08 0.20 161.5 0.12 29
260_NF_1_2 0.07 0.19 157.5 0.11 -3.7
260_NF_3_1 0.09 0.20 123 0.11 -6.6
260_NF_3 2 0.10 0.22 129.5 0.12 53
260_NF_7_1 0.09 0.17 94.5 0.08 -28.6
260_NF_7_2 0.09 0.21 131.5 0.12 23
260_NF_14_1 0.16 0.28 74.5 0.12 2.8
260_NF_14_2 0.17 0.25 52.5 0.09 -26.5
260_NF_28_1 0.18 0.36 100 0.18 52.0
260_NF_28_2 0.15 0.32 112.5 0.17 44.8

*alpha values were rounded for readability
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Table 2: Comparison of the solar absorptances of synthesized materials (batch 2), before and
after proton irradiation.

Rate of change in A(as)
Sample name . as b.ef(.)re . os a.uftfer Rate of A(0s)*  compared to control sample
irradiation* irradiation* change (%) (%)
Control sample 0.09 0.27 209 0.18 N/A
250_F0.01_7_1 0.08 0.22 156 0.13 -28.5
250_F0.01_7_2 0.09 0.23 140 0.13 -28.5
250_F0.05_7_1 0.09 0.23 163.5 0.14 -24
250_F0.05_7_2 0.09 0.22 133 0.12 -32.5
250_F0.1_7_1 0.08 0.22 177 0.14 -25
250_F0.1_7_2 0.09 0.20 134.5 0.12 -37.5
250_F0.5_7_1 0.10 0.20 110 0.10 -43
250_F0.5_7_2 0.09 0.22 153.5 0.13 -28.5
100_F0.39_7_1 0.09 0.24 151 0.14 -23
100_F0.39_7_2 0.09 0.33 248 0.23 27
100_F0.039_7_1 0.10 0.29 188 0.19 2.72
100_F0.039_7_2 0.09 0.23 168.5 0.14 -22
50_F0.19_7_1 0.10 0.30 202.5 0.20 11
50_F0.19_7_2 0.11 0.30 161.5 0.18 -1
50_F0.019_7_1 0.12 0.32 176.5 0.20 10.5
50_F0.019_7_2 0.15 0.36 142 0.21 15.5

*alpha values were rounded for readability

as(before)—ag(after) % 700
as(before)

The rates of change were calculated as follow: Rate of change =

(Eq.4). These values, as well as the solar absorptances differentials, give a good idea of how
much the transparencies of the materials have evolved from their initial states to their aged ones.
Solar absorptances differentials are not sufficient to allow ageing comparisons between
different batches for reasons aforementioned. In order to compare the two batches, solar
absorptances differential must be normalized by the A(as) value of the control sample. This is

why the rates of change in solar absorptances differentials (R%A(as)) compared to control

18



samples were calculated following Equation 5: the smaller this value; the better the stabilization
of the material in terms of transparency. It has to be noted that a material with a small solar
absorptance differential may seem like an interesting one even though it could have a terrible
initial transparency, incompatible with its usage: this is why one has to look upon the initial
solar absorptances. Fortunately, every material presented here presents at least a decent initial
absorptance so that the rate of change in solar absorptances differential will be the only factor

discussed from now on.

A(ag)sample- Aag)control

*100

Rate of change in solar absorptances differential [R%A(as)] = Ao eontrol
S

(Eq.5)

R%A(0s) values could be as high as 52 % for a sample containing a 28 um thick layer of 260
nm non-functionalized nanoparticles, meaning that this material aged even worse than its
control in terms of transparency. This is also the case for the great majority of materials
containing non-functionalized nanoparticles or smaller ones, though the values obtained were
more lenient. It was even found that some of these materials could be stabilized compared to
control samples as some of the values obtained were negative, e.g. for 100_F0.39_7_1 or
100_F0.039_7_2 with values of -23 % and -22 %, respectively. Non-functionalized
nanoparticles (NF_7_1 and NF_7_2) may have a positive effect on the stabilization of the
optical properties of the materials in which they were embedded, though this effect was not
repeatable from one sample to another (with values of R%A(as) of -28.6 % and 2.3 %,
respectively). Indeed, the cohesion of the nanoparticles with the matrix relying only hydrogen
bonds and weak interactions is not sufficient to disable cracking, leading to scattering
phenomena. Materials containing functionalized nanoparticles were all stabilized compared to
control samples as long as the thickness of the silica layer was in the range 3 — 14 um. Indeed,

for these materials, R%A(as) were all negatives ranging from -24 % for 250_F0.05_7_1 to -
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56.1 % for 260_F1_7_1. Altogether, R%A(as) values ranged from -56.1 % to 52 % and are both
comparable and representative of the materials’ ageing. The stabilization previously observed
qualitatively on the raw spectra concerning the grafting density of the nanoparticles is now

characterized quantitatively.

Materials containing 7 um thick, 260 nm functionalized SiO> NPs were all stabilized regardless
of the grafting density on the NPs with rates of change in solar absorptances differential starting
at least at -25 %. Besides, there is a clear trend showing that the stabilizing effect shown with
functionalized 250-260 nm nanoparticles assembled into a 7 um thick layer reaches a maximum
when the nominal grafting density of vinyl moieties is around 1 function per square nanometer
as foreseen during the post-irradiation spectroscopic characterization (Figure 8). Materials
containing a 7 um thick, 260 nm SiO> NPs functionalized with a nominal grafting density of 1
vinyl/nm? were the most stabilized as their rate of change in solar absorptivity compared to the

control samples was ranging from almost -40 to -55 %.
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Figure 8: effect of the grafting density on the optical stabilization of samples containing nanoparticles of around 250 nm and
assembled into a 7 um thick layer
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FTIR-ATR study of degradation and stabilization mechanisms

Materials containing nanoparticles, whether functionalized or not, were stabilized in
comparison with unprotected ones; better understanding of the underlying mechanisms was
needed. Materials were then studied by means of FTIR-ATR both before and after irradiation.
Spectra of control material and 260_F1_7_1 both before and after irradiation are presented

Figures 9 and 10.
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Figure 9: FTIR-ATR spectra of a control sample before and after proton irradiation
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Figure 10: FTIR-ATR spectra of 260_F1_7_1 sample before and after proton irradiation

The most intense bands are the —CH3 asymmetric rocking and Si-C asymmetric stretching at
790 cm!, and both the Si-O-Si symmetric and asymmetric stretching at respectively 1010 and
1060 cm™! followed by symmetric -CH3 bend at 1258 cm™. The intensities of these bands
decrease in all cases, showing backbone degradation (chain scissions) as well as modification
of the pendant methyl groups. This is consistent with the literature about the degradation of
PDMS under proton irradiation [26-29]. Nonetheless, the degradations occurring on the organic
part of the polymer are much more pronounced in the unprotected samples (especially at 1258
and 790 cm™). The same conclusion can be drawn from the bands at 2904 and 2960 cm™,
attributed to asymmetric stretching of —CHj3 in Si-CHs. This shows that though composites are

degraded as well, the density of the degradations is lowered compared to unprotected materials.
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Concerning the densification of the matrix, ATR-IR spectroscopy was carried out on vinyl-
functionalized nanoparticles as it can be hard to distinguish Si-O vibration bands due to PDMS
from the one due to silica-like materials. These nanoparticles do not contain any PDMS, thus
all the bands (except the ones related to the vinyl moieties) appearing on the spectrum are the
signature of silica nanoparticles. On Figure S10 can be seen superposition of 3 spectra: control
sample both before and after irradiation and silica nanoparticles. It is striking to see that the
main modifications in the spectra from before to after irradiation can be attributed to the
formation of silica. Indeed, new band appears on unprotected materials at around 3400 cm™,
corresponding to the formation of —OH bonds after scission of the polymer backbone and
formation of the silica like layer as described in the literature [26]. The same conclusion can be
drawn from the bands at 1120 — 1240, 860 — 985, and 430 — 500 cm’!, increasing in all cases in
the plain PDMS resin from before to after irradiation and being typical of silica nanoparticles
as can be seen from their ATR-IR spectrum. Further proof of the densification of the matrix

under proton irradiation is also described in the article cited above.

Concerning the yellowing of the resin, considered in the literature to originate from the
formation of carbonyl moieties [26,45], it appears that materials containing nanoparticles
present a lesser increased absorption band at 1720 cm™! as can be seen of Figure 11. Once again,
this is thought to originate from the fact that less organic part is to be degraded in materials
containing nanoparticles versus those containing none. Composite materials made of PDMS
resin bearing nanoparticles at their surface are more resistant to proton irradiation, not because
they disable the classical mechanisms of degradation described in the literature but because
they reduce the amount of organic matter to be degraded, thus limiting the formation of new

undesired moieties.
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Figure 11: FTIR-ATR spectra of control and 260_F1_7_1 samples in the 1850-1550 cm’!
region

CONCLUSIONS

Class-1 and class-II hybrid materials were elaborated embedding 50 to 260 nm diameter SiO>
NPs at the surface of a PDMS matrix. SiO2 NPs used for the class-II materials were
functionalized with vinyl moieties at different nominal grafting densities ranging from 0.01 to
10 functions per square nanometer. It was shown by UV-vis-NIR spectroscopy that the
transparency of the resin in the entire 250 — 2500 nm range was not modified by the addition of
the nanoparticles as long as the thickness of the silica layer was not exceeding 7 um, regardless
of the functionalization of the nanoparticles. After proton irradiation in high vacuum, samples
were analyzed again by means of UV-vis-NIR. Data from spectroscopy allowed solar
absorptivities of the samples to be calculated. It was shown that non-functionalized particles
were not a very good mean of protection as the optical properties of materials containing them
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were only slightly improved compared to the ones of control samples. Besides, after optical and
electronic microscopy, it appeared that these materials still cracked upon proton irradiation.
Nonetheless, materials containing vinyl-functionalized nanoparticles were greatly stabilized as
their rates of change in solar absorptances compared to control samples were up to 50 %.
Furthermore, these materials shown a greater capacity to resist cracking as can be seen with the
naked eye as well as with optical microscopy. The study of the samples by means of FTIR-ATR
showed that the stabilization of the materials originates from the fact that protected materials
offer less organic matter to be degraded. These materials appear to be a promising way of

protecting flexible solar panels in regards to proton irradiation in spatial environment.
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