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Sunlight-Induced Cross-Linked Luminescent Films Based
on Polysiloxanes and p-Limonene via Thiol-ene “Click”

Chemistry

Yujing Zuo, Jinfeng Cao, and Shengyu Feng*

The increasing pursuit of biocontained elastic materials led the investiga-
tion of the potential use of the monoterpene limonene in film synthesis via
thiol-ene reaction. Poly[(mercaptopropyl)methylsiloxane] (PMMS) is first
synthesized. By controlling the molar ratio of PMMS and functional mono-
mers, such as polyethylene glycol allyl methyl ether or rhodamine-B, PMMS
is partially functionalized while leaving spare mercapto groups that could be
further used as cross-linking sites. On the basis of the functionalized PMMS,
novel transparent silicone luminescent films with hydrophilic tunable proper-
ties are prepared by natural-sunlight-triggered thiol-ene “click” chemistry

by using p-limonene as a cross-linker. Their structures and properties are
thoroughly characterized. Transparent luminescent films are coated on com-
mercially available UV-light emitting diode (LED) cell from solution medium
followed by an in situ cross-linking step; a colorful LED cell is obtained
through this facile and efficient method. The UV-LED coated by films show
very intense photoluminescence under normal visible light or the light is on,

radical polymerization.! Usually, films
or elastomers based on polysiloxanes are
cross-linked by the following three main
methods: 1) platinum-catalyzed hydrosi-
lylation between vinyl groups and Si-H
bond, 2) titanium-catalyzed condensation
reaction of alkoxysilane with —OH-ended
polysiloxanes, and 3) thermal-initiated free
radical cross-linking reaction. However,
most of these processes are catalyzed by
heavy metals,'%! and metallic catalysts
should be avoided from the standpoint
of “green” chemistry.'213 Therefore, the
establishment of a new general strategy
to prepare a cross-linked polysiloxane
network is imperative. The addition reac-
tion between thiol and olefins to produce
thioethers has been known for some time,
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and has very high coloric purity.

1. Introduction

Polysiloxanes have received extensive attention in the field of
polymers because of their advantageous physical properties.
The Si-O-Si bonds are flexible and commonly reach bond
angles of 135°-180°.I1 Additionally, polysiloxanes exhibit excel-
lent permeability and low surface energy.?*l Moreover, as
nonpetroleum-based products, terpenes represent a cheap and
abundant class of nonpolar substances with enormous potential
for the synthesis of bio-based polymeric materials.”) One of the
“green” constituents, p-limonene is present in large amounts in
the rind of oranges and related fruits and thus can be obtained
as a by-product of the citrus industry.[>® This fragrant mol-
ecule has two unconjugated electron-rich alkenes with dif-
ferent degrees of substitution and thus is an ideal candidate for
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and both Michael addition and free-radical
addition mechanisms are depicted.'*']
Thiol-ene “click” chemistry, a robust and
environment-friendly radical-based, versa-
tile, and rapid process in the presence of oxygen, could fulfill
our anticipations.'®1% However, most of the thiol-ene cross-
link reactions are induced by UV light and can proceed at wave-
lengths of approximately 365 nm.[?*2!l Even though thiol-ene
reactions have been studied for a long time, covering different
scientific fields from polymer science to biochemistry, only very
few examples have been reported on thiol-ene additions irradi-
ated by natural sunlight.2122l The generation of thiyl radicals
using solar radiation should be possible. To the best of our
knowledge, literature on cross-linking networks realized by
sunlight induced thiol-ene reaction is not present to date. Thus,
we focused on a novel cross-linking system synthesized under
sunlight. Compared with the conventional thiol-ene reactions
triggered by UV light, a sunlight-induced reaction indicates a
“greener” method that does not need excessive power.
However, the typically unpleasant odors of low-mole-
cular-weight thiols also have limited their commercial utili-
zation.?>?Y1 To overcome these disadvantages and to obtain
photocuring materials based on poly[(mercaptopropyl)methyl-
siloxane] (PMMS) with enhanced performance, we introduced
p-limonene containing two different vinyl groups into PMMS to
develop a novel sunlight-cured hybrid material. To take advan-
tage of the physical and mechanical properties of polysiloxane-
based materials and to allow connection with other functional
molecules, PMMS was chosen as the base component for the
siloxane-based systems.
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Additionally, the chemical modification of well-defined pre-
polymer chains is a valuable way to obtain functional macromol-
ecules, and thiol-ene addition to PMMS offers tremendous ver-
satility for molecular design.?>?! Thus, allyl rhodamine-B and
oligo(ethylene glycol) allyl methyl ether (AEM-6) were chosen
to modify a PMMS side chain via thiol-ene reaction before
cross-linking to obtain functional membrane films. Desired
side groups are incorporated via unobtrusive thioether linkages
without the introduction of additional functionalities. Moreover,
by controlling the molar ratio of PMMS to functional mono-
mers, PMMS can be partially functionalized while leaving spare
thiol groups that could be further used as cross-linking sites
in the preparation of PMMS-based films. After incorporation
of functional groups (rhodamine-B), luminescent films were
obtained, which make the composites suitable for optoelectronic
devices such as light emitting diodes (LEDs). Commercial LEDs
offer advantages such as environmental friendliness, low power
consumption, and long lifetime.?”?%] For fast and convenient
curing, the films can be obtained after coating the uncured reac-
tion mixture onto devices of any shape. Luminescent films from
the solution were coated on commercially available UV-LED
cells followed by an in situ thiol-ene curing step; colorful LED
cells can be fabricated through an efficient way with less cost.[?’]

In this work, we report on the use of thiol-ene chemistry
to photochemically cross-link a thin film based on PMMS (or
functionalized PMMS) and p-limonene irradiated by sunlight,
which is the first example of a “thiol-ene” sunlight-induced
photocured hybrid material. In addition, the thiol-ene reaction,
as a useful chemical conjugation toolbox, was adopted to syn-
thesize functional PMMS before cross-linking to enhance the
properties of the film. Moreover, cross-linked films that can be
easily coated on commercially available LEDs show potential
application in devices.

2. Results and Discussion

2.1. Reaction of Model Compound

Limonene represents an exceptionally versatile monomer for
the introduction of new chemical functional groups that can be
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directed toward specific polymerization techniques.l*¥) Charac-
terization of cross-linked PMMS in the molecular level is rela-
tively difficult because of the insolubility of the network.?:32
To obtain a deeper understanding of the reaction sites and to
further the cross-linking, a small experiment using model
compounds was designed. As depicted in Scheme 1, 1-dode-
canethiol was selected as the model compound for its struc-
tural similarity with PMMS. Initially, the thiol-ene addition
was performed under solvent-free conditions at room tempera-
ture. Unfortunately, this method did not work here because
of insufficient miscibility of both reactants. The model reac-
tion was carried with the least amount of THF that solubilizes
p-limonene, mercaptan, and radical initiator. The "H-NMR data
of 1-dodecanethiol, p-limonene, and the addition product are
listed in Figure S1 (Supporting Information). Two different
olefin protons of p-limonene from different positions originally
located at 5.0-5.7 ppm, as well as the thiol proton of the S—-H
bond of 1-dodecanethiol appearing at 1.3 ppm, disappeared.
The appearance of the proton peaks around 2.5 ppm in the
product is also apparent, which is attributed to the methane
proton of the CH,-S bond. These results demonstrate the effi-
ciency of the reaction in forming the addition products based
on p-limonene through a stable thioether linkage. Moreover,
the quantitative reaction with a molar ratio of 1:2 of limonene
and 1-dodecanethiol indicate that the two different vinyl groups
could react with the thiol group. Not only have we found that
the two different vinyl structures retain sufficient reactivity
necessary for the thiol-ene cross-linking process, but also the
existence of a slightly rigid ring that may also confer extra
mechanical strength to the films.[**!

2.2. Preparation of the Cross-Linked Films

According to the conclusions obtained from the prepara-
tion of model compounds, limonene is an exceptional di-ene
monomer for the preparation of thiol-ene networks. Moreover,
photo-induced thiol-ene polymerizations are known to rapidly
react to form highly uniform networks with narrow glass tran-
sitions and easily tailorable mechanical properties. The step-
growth mechanism of polymerization favors the formation of
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Scheme 1. Reaction route of model compounds.
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Scheme 2. Cross-linking of the silicone film networks and their different addition styles.

multiple species prior to gelation, thus resulting in high con-
versions at the gel point and largely homogeneous, 3D cross-
linking films.B4

For a widely used catalytic cross-linking system, the func-
tional group tolerance, catalytic efficiency, and structural tun-
ability are of primary concern. The DMPA (2,2-Dimethoxy-2—
phenylacetophenone)-catalyzed system was selected in this
study as it is expected to efficiently work with various mono-
mers. A series of cross-linked thiol-ene networks was syn-
thesized through photopolymerization of multifunctional
PMMS with p-limonene. Before irradiation with sunlight, fixed
amounts of PMMS, p-limonene, and DMPA were dissolved in
THF(tetrahydrofuran) (Table S2, Supporting Information). The
mixture was then poured into a Teflon mold. After curing under
natural sunlight, the liquid mixture turned into a cross-linked
gel, which was cut out from the mold and then immersed in
dry THF several times to eliminate unreacted small molecules.
As shown in Scheme 2, three cross-linking styles may be
obtained: one represents diaddition style and the other two are
monoaddition styles from two different reaction sites. The suc-
cess of preparing thin films constitutes the prerequisite for a
material used in device fabrication; therefore, we have prepared
transparent films of the hybrid materials by drop-casting the
uncross-linked reactants mixture onto flat substrates.

For preparing polysiloxane-based films, efficient cross-
linking based on the design of the cross-linker and cross-
linking ratio has a crucial role in building a stable polymeric
network. Thiol-ene networks also require stoichiometric con-
trol to tune mechanical properties with reactive groups within
the material. As listed in Table S2 (Supporting Information), a
series of complexes was prepared following the same procedure
with varying p-limonene content. The mechanical properties of
the films were tested by identifying their Shore A hardness by
using a Shore A durometer. The hardness of the resulting poly-
mers has a direct correlation with crosslink density. Toluene
swelling method was applied to measure the cross-link den-
sity (v) and M, of the obtained films. Table 1 shows that the
number of cross-link sites obtained from a thiol-ene reaction
increases from 2.63 to 4.67 with the increase in limonene con-
tent, as expected. Meanwhile, Shore A hardness increased with
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cross-linking density. This strategy allows for fine tuning of the
mechanism properties. Moreover, other potential uses such as
postfunctionalization could be further achieved either in the
bulk of the material or at the film surface.

2.3. Luminescent Properties of the Films Obtained

When irradiated by UV light, cross-linked networks C1, C2,
and C3 based on PMMS emit a blue color at film state, which
was derived from the coordination of the lone pair of S with Si
atoms. The room temperature emission spectra of C1, C2, and
C3 excited by 330 nm are shown in Figure 1a. All of the films
display an emission peak with a maximum wavelength (A,,.,) of
approximately 410 nm. C1, C2, and C3 show analogic fluores-
cence spectra, and both the maximum emission peak and lumi-
nescent intensity were not changed when cross-linking density
was altered, which also explained the absence of any effect of
limonene on fluorescence properties. According to the CIE
1931 RGB colorimetric system, bright emissions of the films
can be easily observed by the naked eye upon excitation with a
wavelength of 330 nm, as illustrated in Figure 1b.

Unlike the carbon atom, silicon has five empty 3d orbitals
that could be used as electron acceptors. Fluorescence was
assumed to be generated by the lone pair electrons of S that
coordinated with Si atoms, which is consistent with our pre-
vious report.'?l The ligand field split the 3d orbital of the
Si atom, which was degenerated before coordination. The

Table 1. Hardness, cross-link densities and M. of films when swollen at
equilibrium.

Sample Swelling % 0] Cross-linking density M. Hardness
name vx 10*[mol cm™) [g mol] [Sh A]
(@ 154 0.36 2.63 3285 26

C2 119 0.41 3.64 2498 37

C3 110 0.46 4.67 1560 44

C4 149 0.35 2.46 3350 24

c8 155 0.36 2.64 3184 23
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Figure 1. Fluorescence emission spectra of C1, C2, and C3 (excitation at 330 nm) a) and emission colors of films in the CIE 1931 chromaticity diagram
b); CIE color coordinates: C1. (0.150, 0.131); C2. (0.183, 0.141); C3. (0.214, 0.162) x: intensity of red, y: intensity of green.

rearrangement of electrons in the split orbitals resulted in a d-d  large extinction coefficients.[337) Thus, it was chosen to modify

transition of electrons, which could be attributed to the lumi-  the PMMS main chain before cross-linking to endow films with

nescent properties of C1, C2, and C3.5° As blue-light-emitting  different fluorescence properties and to further expand the

polymeric films, they promise potential implementation in  range of potential implementation in applications.

future applications. As shown in Scheme 3, transparent luminescent films were
As a cheap and convenient dyestuff, rhodamine-B has excel-  achieved after cross-linking. We directly stimulated the films at

lent biocompatibility properties, high quantum yields, and 298 K at a wavelength of 540 nm to investigate the luminescence
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Scheme 3. Preparation of luminescent films by introducing rhodamine-B (1) and UV-LED coated with the luminescent film (2).
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Figure 2. a) Fluorescence emission spectra of C4 and C5 (excitation at 540 nm), b) fluorescence emission spectra of C4 and C5 (excitation at 365 nm),
and c) emission colors of films in the CIE 1931 chromaticity diagram; CIE color coordinates: C4. (0.601, 0.402); C5. (0.600, 0.403). d) Emission colors
of films in the CIE 1931 chromaticity diagram; CIE color coordinates: C4. (0.584, 0.390); C5. (0.591, 0.383). e) Image of C4 under normal visible light.

f) Image of C4 under 365 nm UV lamp illumination.

properties. The emission spectra of the luminescent film (C4
and C5) are shown in Figure 2. The characteristic emission
peak of rhodamine-B was found at a wavelength of 580 nm in
C4. The position of the characteristic peak in C5 did not move
even after reducing the pigment content, but the intensity of
the fluorescence emission decreased; thus, the novel cross-
linking network does not reduce the luminescence of rhoda-
mine by inducing “fluorescence quenching”. The energy excited
the fluorescence of rthodamine derived from two ways: directly
excited by UV or visible light, or energy transferred from the
PMMS substrate. Each dyestuff molecular was surrounded by
PMMS after cross-linked step; thus, energy transferred from
the PMMS substrate is the main excitation style. Using a chem-
ical bonding style, rather than physical blending, the dispersion
of rhodamine in the cross-linking system was very well, which
facilitate the energy transfer between the PMMS substrate and
dyestuff molecules. The intensity of fluorescence emission can
be easily tuned by controlling the molar ratio of the fluorescent
molecules. Human eyes are sensitive to the monochromatic
spectral lights of wavelengths ca. 580 nm (red) because of the
CIE1931 RGB colorimetric system. The inserted photograph
of C4 (Figure 2e) shows intense red emission under normal
visible light. To further explore the application of UV-LED, C4
and C5 were stimulated at 298 K at a wavelength of 365 nm.
As shown in Figure 3D, the characteristic peak of rhodamine-B

© 2015 WILEY-VCH Verlag GmbH & Co. KGaA, Weinheim

could also be detected at approximately 580 nm. Therefore,
the bright emission of C4 can be easily observed by the naked
eye upon illumination with 365 nm excitation light provided
by a 100 w ultraviolet lamp, as shown in Figure 2f. In brief,

[ contact angle
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Figure 3. Contact angles of the cross-linked films: (from left to right) C1,
C6, C7, C8, and C9.
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the luminescent film prepared by sequential thiol-ene “click”
chemistry shows potential applications as a coat of UV-LEDs.

2.4. Regulation of the Contact Angles

Subtle manipulation of solid surface properties is central in
the design of smart materials. PDMS network was reported
to have a hydrophobic surface with contact angle of 109°.
Oligo(ethylene glycol) allyl methyl ether (AEM-6) was incorpo-
rated into the PMMS side chain with different molar ratios by
using facile thiol-ene reaction before cross-linking. This incor-
poration is logical because the hydrophilic polyether segment
could reduce the surface energy of the obtained cross-linked
films. As shown in Scheme 4, a range of AEM-grafted PMMS
(P2, P3, P4, and P5) was synthesized through the thiol-ene
reaction of PMMS with stoichiometric AEM-6 in THF at room
temperature for 10 min. The resulting products were color-
less and viscous oils that were soluble in most common sol-
vents. The resulting products were subjected to GPC and NMR
measurements. In the 'H NMR spectra (Figure S2, Supporting
Information), the characteristic signal of the vinyl group of
AEM-6 at approximately 5.5 ppm disappeared in P2, whereas
the integral area of thiol peak located at 1.5 ppm diminished.
Both results indicate that the thiol-ene reaction was complete.
The side chain thiol protons of PMMS were originally located
at 1.5 ppm, on the basis of the integral ratio of thiol peaks. The
actual graft density was around 5% after thiol-ene reactions,
which was a perfect match with the designed scenario. Thus,
we can conclude that thiol-ene “click” chemistry is an efficient
method to graft hydrophilic groups onto PMMS chains, and the
graft densities can be accurately controlled by simply mixing
PMMS with vinyl monomers in desired molar ratios.

Surface energies of the cross-linked thiol-ene networks were
determined through static contact angle measurements. The

(2)

Sunlight 30 min
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image of the drop was calculated from the shape of the drop
(both left and right contact angles) with an accuracy of £0.1°
by using an image analysis system. Distilled water was used
as the test liquid. All measurements were performed at room
temperature. The contact angles with different mass ratios
of AEM-6 in the side chain are shown in Figure 3. The cross-
linked film without AEM-6 grafted has a contact angle of 98.5°,
whereas the PDMS has been reported to have a contact angle
of 109°.381 We attribute the lower contact angle to the import
of the limonene that increased hydrophilicity. As expected,
the contact angles decreased from 98.5° to 65.1° when AEM-6
loading was increased. The contact angles of films with AEM-6
were lower than that of the direct cross-linked network; more-
over, the contact angles of the films almost linearly decreased
with the increase in AEM-6 content. These results indicated
that the introduction of AEM-6 could lower the contact angles
of the cross-linked films, and the contact angles can further be
quantitatively tuned by changing AEM-6 loading in films via
chemical grafting. Inclusion of AEM side chains can render
the hydrophobic PDMS a more hydrophilic surface without
altering its transparency.

2.5. Thermodynamic Analysis

The thermal behavior of the cured films was evaluated by means
of differential scanning calorimetry (DSC) analysis. As illus-
trated in Figure S3 (Supporting Information), C1 exhibits the
lowest glass transition temperature (T;) at approximately —33 °C.
The glass transition temperature of C2 was increased to approxi-
mately —18 °C with the increase in limonene content. C3 has
the highest glass transition temperature at —4 °C, as expected.
The DSC data clearly show an increase in glass transition tem-
perature when the cross-linker content (limonene) in the photo-
curable formulation was increased. The increase in T, values

LED light

cross-linking

DMPA

ﬂ

limonene

Teflon mold

Scheme 4. Synthesis of P2 to P7 by thiol-ene reaction before cross-linking step.
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was observed in hybrid sunlight-cured systems. This finding
can be attributed to the strong interactions between the PMMS
main chain and the limonene domains. The limonene imported
would strongly hinder the polymeric chain mobility, reducing
the segmental motion and inducing an increase in T, values.
Meanwhile, the DSC curves of the sunlight-curing films show
narrow glass transition temperature range, which demonstrates
that high uniformity of the formed thiol-ene networks and the
photocuring is carried out by the step-growth mechanism.

Thermal gravimetric analysis (TGA) was used to investi-
gate the effects of the different functional cross-linkers on the
thermal stability of the PMMS films. The thermal stabilities of
PMMS films were determined by TGA under N, (Figure S4,
Supporting Information). PMMS films exhibited high thermal
decomposition temperatures (Ty at 5 wt%) at 310 °C; thus,
device fabrication by vacuum evaporation is feasible. Material
decomposition occurred when temperature increased from 310
to 600 °C, and two distinct weight-loss regions were detected.
Selected films initially lost weight when the temperature was
from 310 to 385 °C because of organic decomposition. The
mass loss rate in the second weight-loss region from 385 to
600 °C decreased as a result of the decomposition of the heat-
resistant Si-C and Si-O backbones. Temperatures of initial
decomposition of the different films were generally consistent,
which indicate that functionalization of PMMS side chain did
not affect the thermal stability of the films. C6 shows a higher
amount of residue due to the introduction of poly-ether chain
which has a higher carbon content.

2.6. Morphology of Cross-Linked Silicone Films

The hybrid networks obtained were highly transparent, which
indicated that microphase separation in these films did not
occur.?l Morphological investigations of the dual-cured films
were performed by means of scanning electronic microscopy
(SEM) analysis. C1, C4, and C8 were selected for discussion.
The SEM micrographs for the cured films obtained from
the mixture are shown in Figure 4. These images show that
the phases are strictly interconnected with no macroscopic
phase separation or aggregation of small molecules. The
p-limonene domains are embedded in the polymeric matrix
on a nanometric scale. All of them were analogous for their
similar preparation procedures. As shown in Figure 4b, no
change in microstructure occurred after introduction of
hydrophilic groups within the membrane material (C4). C8
also did not show any phase separation after the import of
luminescent molecules (Figure 4c). Results indicated that
this cross-linking procedure could yield a homogenous
surface.l*0)

2.7. Coat onto a Commercial Available UV-LED Light

The films can be easily coated on any round-shaped object
because of their excellent film-forming ability, as well as their
mild cross-linking reaction condition under sunlight. Instead
of casting on the flat substrate to obtain the luminescent films,
we coated the reactant mixture containing rhodamine-B grafted

© 2015 WILEY-VCH Verlag GmbH & Co. KGaA, Weinheim
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Figure 4. SEM images of cross-linked films a) C1, b) C4, and c) C8.

PMMS onto a commercially available UV-LED cell followed by
a cross-linking step. The corresponding preparation route is
illustrated in Scheme 4. As shown in Figure 5, a bright red light
was achieved. We can conclude that the emission colors of the
LED light can also be similarly tuned by changing the fluores-
cent molecular species or by adjusting the excitation wavelength.
More types of colorful LED lights can be obtained by a similar
approach.

Adv. Funct. Mater. 2015, 25, 2754-2762
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(a)

(b)

Figure 5. Images of commercial available UV-LED cell (left) and UV-LED
coated with the luminescent film (right), a) under normal visible light and
b) when the LED is on in a dark place.

3. Conclusion

Green hybrid films based on PMMS and p-limonene, which
possess excellent film properties, were developed. Such a robust
material offers tunability of mechanical and chemical prop-
erties under simplified processing conditions, which further
decreases the barrier to exploiting polysiloxane-based films
while increasing the range of possible applications. These trans-
parent films could be coated on round-shaped objects, such as
UV-LED cell from solution medium, before cross-linking, which
makes them ideal candidates for fabricating devices used as dis-
play and lighting in an environment-friendly way. Most impor-
tantly, this study demonstrates how an appropriate synthesis
strategy can be applied to terpene monomers while allowing the
development of new environmentally benign materials.

4. Experimental Section

Materials: ~ 2,2-Dimethoxy—2—phenylacetophenone  (DMPA)  and
p-limonene were purchased from Aladdin Co. (China) and used
as received. Oligo(ethylene glycol) allyl methyl ether (AEM-6), 3-
Mercaptopropylmethyldimethoxysilane  (MPDMS) and Dimethoxy-
dimethylsilane were purchased from Diamond Advanced Material of
Chemical Inc. (China) and distilled before use. Tetrahydrofuran (THF)
was purified according to routine procedure and distilled over sodium
before use.

Characterization and Measurements: Proton nuclear magnetic
resonance ('H NMR) spectra were recorded on a Bruker AVANCE
400 spectrometer at 25 °C using CDCl; as solvent and without
tetramethylsilane as an interior label. Gel permeation chromatography
measurements were carried out in THF (1 mL min™') at 40 °C with a

Adv. Funct. Mater. 2015, 25, 2754-2762
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Waters 515 liquid chromatograph (Milford, MA) equipped with a
refractive-index detector 2414. DSC measurements were studied using
SDTQ 600 of TA Instruments. The films were loaded in aluminum
pans, heated from 25 to 200 °C. The heating and cooling temperature
ramping rates were 10 °C min~'. Thermogravimetric analysis (TGA) was
performed under N, using a TA SDTQ600 at a temperature range of
room temperature to 800 °C with a heating rate of 10 °C min~'. Contact
angle was detected using a Data physics OCA-20 contact angle analyzer
with distilled water as the test liquid. Scanning electronic microscopy
(SEM) images were obtained using Hitachi S—4800 (7 kV). The samples
were cut and coated with a thin layer of gold before the investigation.
The luminescence (excitation and emission) spectra of the samples
were determined with a Hitachi F-4500 fluorescence spectrophotometer
using a monochromated Xe lamp as an excitation source. Excitation and
emission slits measured 5 and 2.5 nm, respectively. Hardness (Shore A)
of films were measured according to ASTMD 2240-2005 method using
a Shore durometer (Laizhou Huayin Research Instruments Co., China).

Synthesis of PMMS: PMMS was synthesized according to the classical
procedure.l'l Yield: 80%. "H-NMR (400 MHz, CDCls): §=0.01-0.25 (m,
—SiCH;), 0.60-0.75 (m,~SiCH,CH,CH,SH), 1.31 (s, ~SH), 1.60-1.75
(m, —SiCH,CH,CH,S-), 2.55-2.60 (m, -SiCH,CH,CH,SH). The gel
permeation chromatography (GPC) data of PMMS was listed in Table S1
(Supporting Information).

Synthesis of Allyl Rhodamine B: Allyl rhodamine B was synthesized
according to the classical procedure."H-NMR (400 MHz, CDCl3): 1.31
(t, 12H), 3.69 (g, 8H), 4.46 (d, 2H), 5.05-5.12 (m, 2H), 5.59-5.66 (m,
TH), 7.00 (d, 2H), 7.05 (dd, 2H), 7.11 (d, 2H), 7.46 (d, TH), 7.82 (t, TH),
7.89 (t, TH), 8.32 (d, TH).

Synthesis of Functionalized PMMS (P2-P7): The structures and
synthetic route of functionalized PMMS are shown in Scheme 3. A
series of complexes (Table S2, Supporting Information) was prepared
following the same procedure. AEM-functionalized polysiloxane
(P2) was synthesized by a literature procedure.?' 0.10 g (0.29 mmol)
AEM-6, 2.00 g PMMS, and 0.04 g (0.15 mmol) DMPA were dissolved
in glass vessels containing a mixed solvent of dry THF. The vessels
were placed under UV-light irradiation (365 nm, 100 w) and stirred
gently for 10 min at room temperature. The resulting product was
purified by H,O precipitation, followed by vacuum drying at 50 °C for
24 h. Yield: 99%. 'H NMR (400 MHz, CDCl;, ppm): & = 0.01 to 0.25
(m, =SiCH), 0.60-0.75 (m,~SiCH,CH,CH,S-), 1.31 (s, =SH), 1.60-1.75
(m, —SiCH,CH,CH,S-), 1.75-1.80 (m, —SiCH,CH,CH,SCH,-), 2.55-2.60
(m, —SiCH,CH,CH,SH), 2.65-2.70 (m, ~SiCH,CH,CH,SCH,-), 3.37(s,
OCH,), 3.52 (m, -OCHy-). Rhodamine B-functionalized polysiloxane (P6
or P7) was obtained by a similar procedure. Yield: P6: 95%, P7: 93%. 'H
NMR (400 MHz, CDCl;, ppm): 6 = 0.01-0.25 (m, -SiCH;), 0.60-0.75
(M,=SiCH,CH,CH,S), 1.31 (s, =SH), 2.55-2.60 (m, —SiCH,CH,CH,S),
3.67-3.73 (q), 4.43-4.46 (d), 7.00-8.32 (m, Ar-H) The GPC data of P2~
P7 are listed in Table S1 (Supporting Information).

Preparation of Silicone Films (C1-C9) by Sunlight-Induced Thiol-ene
Reaction: The methods of film preparation films are shown in Schemes
2, 3. A series of complexes (see Table S2, Supporting Information) was
prepared following the same procedure. Taking C1 as an example, cross-
linking was achieved by mixing PMMS and the bifunctional cross-linker
p-limonene. PMMS was dissolved in THF. p-limonene and DMPA were
gradually added to the mixtures. The mixture was poured into a Teflon
mold, and the solvent was evaporated. The mold was cured under
sunlight to obtain a transparent silicone film (C1). Finally, the obtained
film was submerged in THF for 72 h. THF was changed every 24 h to
ensure that all uncross-linked materials and photoinitiator residues were
removed from the network.

Measurement of Cross-Linking Density: Extent of crosslinking of the
samples was measured by swelling at equilibrium. The samples were
immersed in toluene solvent for 72 h. The equilibrium toluene content
in the sample was determined using Equation (1)

%swelling=(M)x1OO m
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Cross-link density of the samples was calculated by the Flory and French
Equation (2)

p _~[n(-9)+o+x9”]

Ve:M
c

)

vy

Vop

where M, is the average molecular weight between two cross-linking
points, V. is the cross-link density of the sample, ¢ is the volume fraction
of the rubber in the swollen sample, x is the rubber solvent interaction
parameter, p is the density of the rubber before swelling, and V; is the
molar volume of the solvent.

Supporting Information

Supporting Information is available from the Wiley Online Library or
from the author.
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