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ABSTRACT: Sulfur-rich polymers generated from the inverse
vulcanization of elemental sulfur with unsaturated monomers have
emerged as a family of organic polymers with unique
functionalities and broad potential applications. First described
in 2013, inverse vulcanization is still in its infancy regarding its
fundamental development, property exploration of the resultant
polymers, and practical utilizations. Herein, the robust properties
of sulfur-rich composites generated by inverse vulcanization with
SiO,-embedded elemental sulfur are revealed, furnishing super-
hydrophobicity with static water contact angles of up to 154.7 +
1.8° a high anticorrosive effect of 98.9% protection efficiency for
Mg alloy in 3.5 wt % NaCl solution, and a good antibacterial
performance against Escherichia coli (81%) and Staphylococcus
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aureus (75%). The resulted composite also shows excellent self-cleaning functionalities. This has not only expanded the properties/
functionalities and applications of the sulfur-rich polymers resulting from inverse vulcanization but also provided low-cost
alternatives to superhydrophobic coating materials for practical applications.

KEYWORDS: sulfur-rich polymers, self-cleaning, inverse vulcanization, superhydrophobic

1. INTRODUCTION

As a family of organic polymers, sulfur-rich polymers generated
from inverse vulcanization with elemental sulfur (Sg), by-
products of the petrol and nature gas industries with over 70
million tons of production annually, are of significantly
growing interest for their unique functionalities and potential
applications."”” Since the pioneering work demonstrated by
Pyun and co-workers in 2013,” many efforts have contributed
to the development of inverse vulcanization, recognizing the
properties of the resultant polymers as well as exploring their
practical applications.” ' Therefore, the applications of these
sulfur-rich polymers have been investigated extensively. They
are promising and have advantages in many aspects due to the
interesting structural components and functionalities distin-
guished from the carbon-based polymers, such as environ-
mental protection and rectification,'’ noble metals recov-
ery,lz_17 Li—S batteries,"* ¢ fertilizers,””** optical devi-
ces,””*% and healable/self-healable polymeric materials,>" ~**
in addition to many applications still to be explored.

Of particular note is that the sulfur-rich polymers inherit the
activity of elemental sulfur against some bacteria and
microorganisms, facilitating their applications in antibacterial
and anticorrosive materials much more feasibly than their
carbon-based counterparts. Only a few examples show the
antibacterial property of sulfur-rich polymers and their
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applications up to date. Thus, Lienkamp et al. demonstrated
that a smooth film obtained by spin coating a poly(S-DIB)
copolymer dissolved in 1,4-dichlorobenzene solution possessed
biological activity. Obvious microphase separation (<60 wt %
S) was observed when the polymer’s carbon-containing
repeating units separated to the air—polymer interface,
resulting in the polymer coatmg belng hydrophobic and
capable of killing Escherichia coli (E. coli li).>* Hasell et al.
investigated those blended copolymers of poly(S-DIB) and
poly(S-DCPD) have bactericidal effects to E. coli, while the
sole poly(S-DIB) has a bactericidal effect to Staphylococcus
aureus (S. aureus) instead.*®

On the other hand, microorganisms dominated the
degradation and/or failure of organic coatings of ship hulls
and sea equipment in the ocean, limiting the effectivity of
anticorrosion coatings in hostile marine environments.
Circumventing the formation of biofilms on the coating of
ship hulls and pipelines is also of extensive importance in the
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Scheme 1. Preparation Diagram of SiO,@PSDP: (a) SiO,, (b) Intermediate, (c) SiO,@PSDP, (d) the Chemical Reaction
Equations of (f) Intermediate and (g) SiO,@PSDP, (h) Representative Airbrush, (i) Adhesive Spraying, and (j) Artificial
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marine industry.*°”** Meanwhile, the superhydrophobic
surfaces are immersed in a polar solvent or a corrosive
medium, and they may spontaneously form an air layer
between the liquid—solid interface according to the anti-
corrosion mechanism.”” When the superhydrophobic surface
adheres to some bacteria or microorganisms, these surfaces
induce the water droplets to roll or rotate as the polar water
droplets cannot be attached, eliminating the bacteria just
landed or causing them to burst. Although these antiadhesive
surfaces are able to oppose or restrain cell adhesion, they are
insufficient for reducing the growth of microorganisms.*’~*
Therefore, the development of a functional anticorrosive
coating with both superhydrophobic and antibacterial proper-
ties is still inevitably demanded.

Herein, a strategy to develop superhydrophobic, antibacte-
rial, and anticorrosive composite materials derived from the
sulfur-rich polymers generated by the inverse vulcanization
with SiO,-embedded elemental sulfur tailored with a hydro-
phobic functional group was investigated for the first time, and
the resultant composites show superhydrophobicity, with good
to excellent antibacterial and anticorrosive properties. The tests
were carried out with nanoparticles of obtained sulfur-rich
composites sprayed onto glass slide and/or magnesium alloy
surfaces. SiO, nanoparticles (SiO,) were used to construct
micro-/nanoroughness. Sg, 1,3-diisopropenylbenzene (DIB)
and 1H,1H,2H-perfluoro-1-octene (PFO) were coated onto
SiO, in the order of sequence to form the coating SiO,@
Poly(S-DIB-PFO) (SiO,@PSDP). The adhesive spraying (3M
75) was used to improve the binding force of SiO,@PSDP
with the glass slide and magnesium alloy surface.

The schematic illustration of the preparation process and the
microscopic morphology of SiO,@PSDP are shown in Scheme

1. Parts a and b of Scheme 1 represent the SiO, and
intermediate, in which the blue and magenta network structure
demonstrates Sg and the DIB segment in SiO,@PSDP,
respectively. Scheme 1lc illustrates SiO,@PSDP, where the
red network structure represents the PFO segment in SiO,@
PSDP.

2. EXPERIMENTAL DETAILS

2.1. Materials and Characterizations. Sulfur (Sg or S, sublimed
powder, > 99.5%, Shanghai Chemical Reagent Co. Ltd., China), 1,3-
diisopropenylbenzene (DIB, > 97.0%, Shanghai Aladdin Biochemical
Technology Co. Ltd., China), 1H,1H,2H-perfluoro-1-octene (PFO,
98.0%, Shanghai Titan Scientific Co. Ltd., China), zinc diethyldithio-
carbamate (Zn(DTC),, >99%, Shanghai Titan Scientific Co., Ltd,,
China), myrcene (90%, Rowen Reagent Co. Ltd., China),
dicyclopentadiene (DCPD, 98.0%, Tansoole Co. Ltd., China), 1-
octene (98%, Aladdin Chemistry Co. Ltd., China), 2,2,6,6-
tetramethylpiperidinooxy (TEMPO, 98%, Shanghai Titan Scientific
Co. Ltd., China), 2,6-di-tert-butyl-4-methylphenol (BHT, 99%,
Shanghai Titan Scientific Co. Ltd., China), chloroform-d (CDCI,,
99.8 atom % D, stab. with Ag, cont. 0.03 V/V % TMS, Ningbo
Cuiying Chemical Technology Co. Ltd., China), dimethyl sulfoxide-d4
(DMSO-dg, 99.8 atom % D, TMS, Energy Chemical Co. Ltd., China),
SiO, nanoparticles (SiO,, 15—20 nm, >99.5%, Shanghai Aladdin
Biochemical Technology Co. Ltd., China), beer extract (Beijing
Shuangxuan Microbial Culture Medium Product Factory), agar
powder (Beijing Solarbio Science & Technology Co. Ltd., China),
peptone proteose (Shanghai Zhonggin Chemical Reagent Co. Ltd.,
China), sodium chloride (Yantai Shuangshuang Chemical Co. Ltd.,
China), adhesive spray (AS, 3M75, 3M Co. Ltd., China), and absolute
ethyl alcohol (99.7%, Sinopharm Group Chemical Reagent Co. Ltd.,
China) were used.

Nuclear magnetic resonance (NMR, Varian Mercury Plus 400 and
Agilent DD2—600 MHz, USA), X-ray photoelectron spectroscopy
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(XPS, Thermo ESCALAB 250XI). Fourier-transform infrared (FTIR,
Digilab FTS-3000, USA), and X-ray energy dispersive spectrometer
(EDS, Oxford INCA, X-MAXS0, England) were used. Powder X-ray
diffraction (PXRD, Rigaku D/Max-2200PC, Japan) patterns of S,
polymers, and composites were characterized using Cu Ka radiation
(1 =1.5418 A) at 40 kV, 100 mA, and scanning range from 5° to 80°.
Differential scanning calorimetry (DSC, TAQ2000, USA, and
Discovery series DSC25, TA Instruments) was conducted at constant
heating and cooling rates of 10 °C min™' under N, atmosphere in the
range from —S0 to +150 °C. Thermogravimetric analysis (TGA,
Mettler Toledo TGA/DSC1, Switzerland) was performed in N, and
flowed from 25 to 800 °C at a rate of 10 °C min™". The water contact
angle (WCA) was measured with a SL200 KB apparatus at ambient
temperature. The electrochemical workstation (ChenhuaCHI660E,
Shanghai) tested the anticorrosion performance of coatings, and the
scanning rate of the Tafel potentiodynamic polarization curve was 10
mV/s.

2.2. Synthesis of SiO,@Poly(S-DIB). To a 100 mL Schlenk tube
equipped with a magnetic stir bar was added SiO, (50 mg) in DMF
(9 mL), and the mixture was treated with ultrasound for 1S5 min at 25
°C. After the addition of Sg (256 mg, 1 mmol) and Zn(DTC), (7 mg,
1.5 wt %), the reaction tube was sealed and degassed thoroughly with
argon, connecting with the tail gas absorption tube to the branch of
the Schlenk tube. When a yellow homogeneous dispersed solution
was appeared from the mixture with heating at 135 °C, DIB (159 mg)
in DMF (1 mL) was injected into the mixture by syringe, followed by
a quick degassing with argon again. The mixture was then reacted for
S h at the same temperature. The obtained mixture was settled out
with ethanol after cooling down, named as SiO,@Poly(S-DIB) and
abbreviated as SiO,@PSD. In addition, various ratios of SiO,, Sg,
Zn(DTC),, and DIB were applied for comparison while other
conditions were maintained.

2.3. Synthesis of SiO,@Poly(S-DIB-PFO). To a 100 mL Schlenk
tube equipped with a magnetic stir bar were added SiO, (120 mg)
and DMF (8 mL), and the mixture was treated with ultrasound for 15
min at 25 °C. After the addition of Sg (358 mg, 1.4 mmol) and
Zn(DTC), (8 mg, 1.5 wt %), the reaction tube was sealed and
degassed thoroughly with argon, connecting with the tail gas
absorption tube to a branch of the Schlenk tube. When a yellow
homogeneous dispersed solution appeared from the mixture with
heating at 135 °C, DIB (159 mg) in DMF (1 mL) was injected into
the mixture by syringe, followed by a quick degassing with argon
again. The mixture was reacted for S h at the same temperature. Then
PFO (346 mg, 1 mmol) in DMF (1 mL) was injected into the
mixture by syringe followed by quickly degassing with argon again,
and the resultant mixture was reacted for another S h at the same
temperature. The obtained mixture was settled out with ethanol after
cooling down, named as SiO,@Poly(S-DIB-PFO) and abbreviated as
SiO,@PSDP. In addition, various ratios of SiO,, Sg, Zn(DTC),, DIB,
and PFO were applied for comparison while other conditions were
maintained.

2.4. Synthesis of Poly(S-DIB-PFO). A 100 mL Schlenk tube
equipped with a magnetic stir bar was sealed after the addition of Sg
(358 mg, 1.4 mmol) and Zn(DTC), (8 mg, 1.5 wt %), in which the
air was cleared away using argon, connecting with the tail gas
absorption tube to the branch of the Schlenk tube. When a yellow
homogeneous solution appeared at 135 °C from the mixture, DIB
(159 mg, 1 mmol) in DMF (9 mL) was injected into the mixture by
syringe, followed by a quick degassing with argon again. The mixture
was reacted for S h at the same temperature. Then PFO (346 mg) in
DMF (1 mL) were injected by syringe into the mixture with
degassing, and the resultant mixture was reacted for another 5 h at the
same temperature. After cooling down, the mixture was precipitated
in ethanol, filtered, washed with ethanol, and dried at 60 °C for direct
use later, named as Poly(S-DIB-PFO), abbreviated as PSDP.

2.5. Sprayed onto a Coating. Poly(S-DIB), SiO,@PSD, SiO,@
PSDP, SiO,, SiO,@S, SiO,@Poly(DIB), SiO,@Poly(PFO), SiO,@
Poly(DIB-PFO), SiO,@Poly(S-Myrcene-PFO), SiO,@Poly(S-
DCPD-PFO), and SiO,@Poly(S-DIB-Octene) are dispersed in the
ethanol solution. After the addition of the resultant dispersion (S mL)

to the HD-130 (0.3 mm) type airbrush which is connected to the U-
601G type air pump, the targeted glass slide previously sprayed with
3M 75 glue was then evenly sprayed with these dispersed
nanoparticles in solution by the air pump, and the slide was dried
at 60 °C for 6 h to measure the WCA of resultant coatings afterward.

2.6. Self-Cleaning Experiment. In order to test the self-cleaning
performance of the prepared SiO,@PSDP coating, the prepared
nanoparticles were sprayed on a glass slide, which was dried at 60 °C
for 6 h without any further treatments; the resultant glass slide was
tilted on a watch glass and sprinkled with a certain amount of sand.
The water droplets were then dropped onto the coating surface to
remove the sand, verifying the self-cleaning property of the coating.
The self-cleaning performance of the coatings by water droplets was
recorded by a digital camera (see the Supporting Information for
details).

2.7. Peeling Test. The commercially available 3M 810 test tape
was pasted onto the coating, and a certain pressure was applied on the
back of the test tape to make it firmly stick on the coating surface. The
peeling test experiments were then carried out by quickly peeling off
the tape from the coating surface and were followed by a WCA
measurement of the coating surface after sticking/peeling S, 10, S0,
100, and 200 times.

2.8. Anticorrosion Experiment. AZ31B Mg alloy (2.5 cm X 1.0
cm X 0.05 cm), polished with 400 grit sandpaper to remove the
passivation layer on the surface, was ultrasonically cleaned in acetone
and ethanol for 30 min and then dried naturally in the air. The
electrode of AZ31B Mg (Mg) was wrapped with tape except for the
targeted exposed test area (1 cm®) around the bottom, which was
dipped in the electrolyte, as well as the top connection point. The
designed coating was prepared by the spraying the dispersed solution
of SiO,@PSDP onto the Mg alloy and drying it in an oven at 60 °C
for 6 h. A three-electrode electrochemical workstation system was
adopted: the counter electrode is a platinum sheet, the reference
electrode is silver/silver chloride (Ag/AgCl), and the working
electrode is bare Mg alloy or coated Mg alloy (Mg/SiO,@Poly(S-
Myrcene-PFO), Mg/SiO,@Poly(S-DCPD-PFO) and Mg/SiO,@
Poly(S-DIB-Octene)), and the electrolyte is composed of 3.5%
NaCl aqueous solution. The Tafel curve at a rate of 10 mV/s of the
exposed coating surface was then measured within a —2 to +1 V range
to clarify the anticorrosion effect.

2.9. Antibacterial Experiment. The antibacterial activity of
SiO,@PSDP nanoparticles was evaluated by the plate count method.
Gram-positive S. aureus and Gram-negative E. coli were selected as
representative bacterial strains. Single colonies of E. coli and S. aureus
strain were selected from the Luria—Bertani (LB) agar plate and
inoculated in an LB fluid nutrient medium (50 mL). Bacteria
suspensions were grown under shaking (200 rpm) at 37 °C for 1S h.
The suspensions were diluted by phosphate buffered saline (PBS)
solution to acquire 106 CFU/mL bacteria samples. To evaluate the
antibacterial properties of SiO,@PSDP nanoparticles (10 mg, 200
ug/mL), they were cocultivated with bacteria, and the blank group,
where only the bacteria solution was added without the sample, and
the samples were run with a constant temperature shaking (200 rpm)
at 37 °C for 6 h. After the culture is completed, PBS solution was used
to dilute the culture solution continuously by 10 times (three dilution
multiples of 10°, 10 and 107), and then the resultant diluted solution
(120 pL) was taken and spread evenly on the LB solid medium. The
resultant plate was then placed in a constant temperature incubator at
37 °C for 18 h, observing and taking pictures to record the number of
colonies. Each group was set up with 2 parallel repetitions. In
addition, all samples and utensils in the experiment were sterilized in
advance in a high-temperature and high-pressure steam sterilizer at
121 °C for 30 min.

3. RESULTS AND DISCUSSION

Synthesis and Characterization of SiO,@PSDP. As
micro-/nanoroughness is critical to the superhydrophobic
property, SiO, nanoparticles (SiO,) were used along with Sg,
zinc diethyldithiocarbamate (Zn(DTC),), 1,3-diisopropenyl-
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Figure 1. (a) 'H NMR of the DIB, Poly(S-DIB), PFO, and PSDP. The illustration is an partial enlarged view of DIB, Poly(S-DIB) and PSDP, and
the orange solid circle represents CDCl,. (b) 'F NMR of the PFO and PSDP. The illustration is an partial enlarged view of PFO and PSDP. (c)
TGA thermograms of Sg, PSDP, SiO,@PSD, and SiO,@PSDP. (d) DSC thermograms of PSDP and SiO,@PSDP. (e) FTIR spectra of DIB,
Poly(S-DIB), PFO, PSDP, SiO,, SiO,@PSD, and SiO,@PSDP. (f) PXRD spectra of S, PSDP, SiO,, SiO,@PSD, and SiO,@PSDP.

benzene (DIB) and 1H,1H,2H-perfluoro-1-octene (PFO) in
the order of sequence to form the coated SiO, copolymers
Si0,@Poly(S-DIB-PFO) (SiO,@PSDP). Thus, SiO,-embed-
ded elemental sulfur was obtained by reacting sonicated SiO,
(in DMF at 25 °C for 15 min) with Sg under an inert
atmosphere, presumably mainly by physical interaction via the
van der Waals force between sulfur and the silica surface, so
that sulfur is coated on SiO,. Then, by the control of the
reactant ratio, poly(S-DIB) was retained with SiO, nano-
particles via inverse vulcanization of the resultant SiO,-
embedded elemental sulfur with DIB in the present of

Zn(DTC), (1.5 wt %) based on a free radical polymerization
mechanism.””'° Meanwhile, the external DIB segments hold a
lower surface energy than the SiO, counterpart,*’ facilitating
the coating with low surface energy monomer of PFO by the
adoption of a tandem method under inert gas protection which
prevents the free radicals from being adventitiously sacrificed
by the oxygen in the air** and consequently generating SiO,@
Poly(S-DIB) (SiO,@PSD) in a simple and easy way.3 The
obtained SiO,@PSDP together with similar PSDP were
characterized by NMR, FTIR, DSC, TGA, and PXRD
spectrum analysis (Figure 1). In the '"H NMR spectra, the
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peaks of Poly(S-DIB) at 5.38 and S.11 ppm are attributed to
=C-H and =CH, of DIB, suggesting the existence of
unreacted olefin double bonds after the inverse vulcanization
of Sg with DIB for S h; however, the peaks at 5.98 ppm (=C—
H) and 5.82 (=CH,) corresponding to PFO molecules
completely disappeared, while the broad signals at 1—3 and 3—
4.5 ppm belong to the alkane proton of CH, and S—C—H
proton peaks in Poly(S-DIB) and PSDP,"” evidencing the C—$
covalent bond formation in the polymers together with the
presence of peaks at around 56 ppm in *C NMR of both
Poly(S-DIB) and PSDP for the newly formed C—S bond
(Figure §7).>" As shown in Figure 1b, compared to PFO, the
broader peaks in '’F NMR of PSDP indicated that polymerized
PFO was present, presumably due to the chemical shifts from
multiple fluorine atoms after polymerization. PSDP was
reduced with NaBH, to further confirm its structure. There
are no obvious peaks at the chemical shift of 3—4.5 ppm in 'H
NMR spectrum after reduction (Figures S1 and S2), indicating
the absence of the previous S—C—H positions in the reduced
PSDP. The M, of the soluble fraction of the pristine PSDP was
as high as 263000 g/mol, and it was decreased to 164000 g/
mol after reduction. The possible reason for the decrease of the
M, for the reduced PSDP could be the S—S bond in the
compound is reductively cleaved by the reducing reagent to
obtain a polymer of DIB and PFO. These results revealed the
success of well-designed PSDP copolymers tailored with PFO.
There are no NMR spectra presented for SiO,@PSDP due to
the insufficient solubility. The identical 'H NMR spectra of the
poly(PFO) and poly(S-PFO) indicated no reaction occurred
between Sy and PFO (Figures S4—S6).

The thermogravimetric analysis (TGA) and differential
scanning calorimetry (DSC) further confirmed the generation
of designed polymers of PSDP and SiO,@PSDP (Figures
l¢,d). The 5% thermal decomposition temperature (Tgeqs0) Of
obtained PSDP and SiO,@PSDP is up to about 200 °C.
Subsequently, the PSDP and SiO,@PSDP undergo a process
of weight loss of 45.4% and 79.6% before 330 °C due to the
possible decomposition of sulfur bonds.*> Compared to the
continuous weight loss of PSDP after around 300 °C,
negligible weight loss was observed for SiO,@PSDP after a
similar range of temperatures (330 °C), indicating that the
cross-linked structure has a fairly stabilizing effect for
nanoparticles. The slight weight loss at 550 °C possibly
corresponded to the loss of the polymerized PFO as no such
performance was observed for the similar composite of SiO,@
Poly(S-DIB) (Figure 1c). As shown in Figure 1d, compared
with the glass transition temperature (Tg) of PSDP at 4.2 °C, a
T, of —11.9 °C was obtained for SiO,@PSDP. The
endothermic peaks of SiO,@PSDP composite at 108.1 and
113.9 °C are likely attributed to the melting transitions (T,) of
the orthorhombic and monoclinic phases of the remaining
sulfur ingredient.”**~*" It is probably due to the random
extent polysulfide chains of the copolymer, indicating that a
portion of the sulfur coated on SiO, was unable to fully
participate in the inverse vulcanization.

The formation of PSDP, SiO,@PSD, and SiO,@PSDP was
demonstrated by Fourier-transform infrared spectroscopy
(FTIR) as well (Figure le). Compared to pristine DIB, the
peaks at 3087 and 1630 cm™' bands of the Poly(S-DIB)
attributed to =C—H and =CH, were diminished or entirely

https://doi.org/10.1021/acsapm.2c00490
ACS Appl. Polym. Mater. XXXX, XXX, XXX—=XXX


https://pubs.acs.org/doi/suppl/10.1021/acsapm.2c00490/suppl_file/ap2c00490_si_003.pdf
https://pubs.acs.org/doi/suppl/10.1021/acsapm.2c00490/suppl_file/ap2c00490_si_003.pdf
https://pubs.acs.org/doi/suppl/10.1021/acsapm.2c00490/suppl_file/ap2c00490_si_001.mp4
https://pubs.acs.org/doi/10.1021/acsapm.2c00490?fig=fig2&ref=pdf
https://pubs.acs.org/doi/10.1021/acsapm.2c00490?fig=fig2&ref=pdf
https://pubs.acs.org/doi/10.1021/acsapm.2c00490?fig=fig2&ref=pdf
https://pubs.acs.org/doi/10.1021/acsapm.2c00490?fig=fig2&ref=pdf
pubs.acs.org/acsapm?ref=pdf
https://doi.org/10.1021/acsapm.2c00490?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as

ACS Applied Polymer Materials

pubs.acs.org/acsapm

JSM-6701F SEl 5.0kV X10,000 WD 8.0mm Tum JSM-67011 SEI 50kvV  X20,000 WD 8.0mm Tum
= £
Cwi H Element  wt. % at. % Element  wt. % at. %
] C 56.46 76.45 C 25.57 37.41
. F 418 358 o 650  7.14
3 3 s 3936  19.97 F 4754 4396
3 ] si 423 265
] S 16.16 8.85
205
o:jm,l|l|llllll|ll|llllll'l']'l'lll'll| B = o g ) B N S B B = A o = R L P R St P |
0 5 10 15 keV! 5 10 15 keV

Figure 3. SEM images of SiO,@PSDP (a, b); EDS image of PSDP (c); EDS image of SiO,@PSDP (d).

gone, and a new peak at 622 cm™' was noticed, belonging to

the newly formed C—S bonds. The peaks at 1376 and 1250
ecm™! in the PSDP, SiO,@PSD, and SiO,@PSDP were
assigned to C—C and C—F bonds stretching vibrations. The
strong absorption band of SiO,@PSD and SiO,@PSDP at
3600—3200 cm ™ is ascribed to the stretching vibration peak of
Si—OH, similar to that of SiO,. Aligned to PSDP, two new
strong bands appeared at 1112 and 809 cm™" corresponded to
Si—O—Si stretching of SiO,@PSD and SiO,@PSDP,** ™" and
the absorption peak at 475 cm™" originated from the bending
vibration peak of Si—O. All these data support that SiO,@PSD
and SiO,@PSDP were synthesized successfully.

The X-ray powder diffraction (PXRD, Figure 1f) shows that
there are no obvious characteristic diffraction patterns in
PSDP, indicating that the crystalline octatomic Sg is trans-
formed into an amorphous polysulfide chain interior to the
polymer skeleton. However, there are obvious Sg diffraction
peaks in SiO,@PSD and SiO,@PSDP, showing that the
existence of unreacted Sg coated on the surface of SiO,
nanoparticles persisted but presented no barrier to the
formation of the designed polymer-coated SiO, nanoparticles.

The introduction of TEMPO or BHT, a free radical
scavenger, into the reaction system revealed that the PFO is
initiated by the active free radicals existing in Poly(S-DIB)
coated on the SiO, nanoparticles (Figure S16).

The chemical composition and bonding state of the SiO,@
PSDP coating were further verified by X-ray photoelectron
spectroscopy (XPS) and illuminated the mechanism of
wettability change. As shown in Figure 2a, the XPS survey
spectrum from PSDP is mainly composed of C, O, F, and S

elements,”*" while the spectrum for SiO,@PSDP shows
obvious O 1s (40.08%, at. %) and Si 2p (19.09, at. %) signal
peaks at 533.1 and 103.9 €V,>** the atomic ratio of element O
to Si is about 2:1. For the high-resolution spectrum of the C 1s
electrons (Figure 2c), the peaks at 283.9, 285.0, 291.4, and
2922 eV are identified and corresponded to C—C, C-S,
—CF,—, and —CF; groups of SiO,@PSDP.”*"***> Compared
to PSDP, a slight change of the binding energy of the
aforementioned elements was observed for the introduction of
SiO, into SiO,@PSDP. Analogously, the high-resolution S 2p
spectrum (Figure 2d) shows that SiO,@PSDP can be
deconvoluted into four peaks at 161.5, 162.3, 162.8, and
164.0 eV whereas the binding energies of the S 2p;,, (161.5
eV) and S 2p, ,, (162.3 eV) are assigned to the C—S bond, and
the binding energies of S 2p;,, (162.8 V) and S 2p, ,, (164.0
eV) belong to the S—S linkage.”*® The existence of C—S and
S—S bonds signified the formation of linear sulfur bridges for
the Sy ring after inverse vulcanization. The results of XPS
further clarified that abundant low surface energy PFO groups
were successfully grafted on the surface of SiO,@Poly(S-DIB),
which is a key factor for the building of superhydrophobic
coatings. However, the physisorbing of polymers onto the SiO,
indicates favorable intermolecular interactions between them.

To test the scope of the current protocol and examine the
property-structure correlations, a series of similar polymers
were synthesized by the same procedure, such as Poly(S-
Myrcene) vs Poly(S-Myrcene-PFO), Poly(S-DCPD) vs Poly-
(S-DCPD-PFO), and Poly(S-DIB-Octene) as well as all of
them coated onto SiO, counterparts, and all the polymers and
composites were characterized by 'H NMR, FTIR, TGA, and
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Table 1. Wettability (WCA) as a Function of the Amount of SiO,, Sg, DIB, and PFO with Different Ratios

entry SiO,/mg S:DIB:PFO/mol S/mmol

1 - 1:1:0 1

2 NV 1:1:0 1

3 50 1.25:1.25:0 1.25

4 S0 1.5:1.5:0 1.5

S S0 2:2:0 2

6 Nu 1:1:1 1

7 S0 1.25:1.25:1.25 1.25

8 S0 1.5:1.5:1.5 1.5

9 S0 2:2:2 2
10 30 1:1:1 1
11 NV 1:1:1 1
12 80 1:1:1 1
13 100 1:1:1 1
14 120 1:1:1 1
15 150 1:1:1 1
16 120 0.8:1:1 0.8
17 120 1.1:1:1 1.1
18 120 1.2:1:1 12
19 120 1.3:1:1 1.3
20 120 1.4:1:1 1.4
21 120 1.5:1:1 1.5
22 120 1.6:1:1 1.6
23 120 1.4:0.8:1 1.4
24 120 1.4:0.9:1 1.4
25 120 1.4:1.1:1 1.4
26 120 1.4:1.2:1 1.4
27 120 1.4:1.3:1 1.4
28 120 1.4:1:0.8 14
29 120 1.4:1:0.9 1.4
30 120 1.4:1:1.1 1.4
31 120 1.4:1:1.2 1.4
32 120 1.4:1:1.3 1.4
33 120 1.4:1:1.4 1.4

DIB/mmol PFO/mmol WCA/deg
1 - 102.5 + 7.2
1 - 128.3 + 1.7
1.25 - 132.5 + 2.4
1.5 - 134.6 + 2.8
2 - 1394 + 0.8
1 1 136.5 + 1.0
1.25 1.25 1352 + 1.6
1.5 1.5 136.0 + 1.7
2 2 140.6 + 2.1
1 1 106.1 + 1.6
1 1 136.5 + 1.0
1 1 137.1 £ 0.5
1 1 139.8 + 0.5
1 1 142.6 + 0.5
1 1 142.1 + 1.7
1 1 123.6 + 2.1
1 1 141.6 + 3.7
1 1 1442 + 24
1 1 1495 + 1.8
1 1 1547 + 1.8
1 1 1404 + 1.3
1 1 1453 + 1.3
0.8 1 1122 + 1.5
0.9 1 124.8 + 1.2
1.1 1 1472 + 1.6
1.2 1 146.0 + 0.7
1.3 1 148.1 + 1.5
1 0.8 148.5 + 1.6
1 0.9 152.3 + 0.7
1 1.1 151.1 + 2.7
1 1.2 150.7 + 2.1
1 1.3 147.3 + 0.9
1 1.4 146.8 + 0.1

PXRD (Figures S8—S15). '"H NMR, FTIR, and PXRD showed
the possible synthesis of the corresponding analogues, and the
Tegs0 Of similar materials synthesized with other cross-linkers
such as myrcene, DCPD, and SiO,@Poly(S-DIB-Octene)
reached 180 °C.

Morphological and Elemental Composition Analyses.
The surface morphology and element composition of PSDP
and SiO,@PSDP were evaluated by Scanning Electron
Microscopy (SEM) and Energy-Dispersive X-ray Spectroscopy
(EDS). The surface of the SiO,@PSDP substrate becomes
rough, and significant microspheres were scattered (Figure
3a,b). These shapes and structures are conducive to the fine
superhydrophobic features of the materials. The presence of C,
F, and S elements in PSDP was found in the corresponding
EDS (Figure 3c) analysis. The EDS spectrum of SiO,@PSDP
(Figure 3d) demonstrated that the characteristic elements of
the coating surface include C, O, F, Si, and S atoms, with a
dramatic increase of the F element content. It is supported that
the coating surface contains a large quantity of PFO segments,
further proving the successful formation of designed PSDP
encapsulated SiO, nanoparticles.

Contact Angle Measurement. The wettability of the
material surface, a property of which SiO,@PSDP was
designed with in mind, is a distinguishing feature to its actual
application, namely, the superhydrophobic surface furnishing
the aforementioned advantages such as self-cleaning and

corrosion resistance. Spraying technology is conducive to the
preparation of large-scale superhydrophobic surfaces, and the
wettability of SiO,@PSDP coated glass substrates using such
technology was assessed by the measurement of static contact
angle. Compared to the Water Contact Angle (WCA) of the
original Poly(S-DIB) at 102.5 =+ 7.2°. Significant increases
were secured with the embedded SiO, in the polymers (entries
1 vs 2—8, Table 1). Interestingly, a WCA of 136.5 + 1.0° was
observed for the addition of PFO into the polymer (entry S,
Table 1), with a lesser amount of polymer addition as the
optimum. The decline in micro-/nanoroughness caused by the
increased amount of PFO in the polymer could lower the
superhydrophobicity dominantly. Subsequently, the impact
factors on superhydrophobicity, such as cross-linking, mono-
mers, and SiO,, were systematically investigated (Table 1). As
expected, the amounts of SiO,, Sg, DIB, and PFO all have
pronounced effects on the superhydrophobicity of the resultant
polymers and so do their ratios. Therefore, a maximum
corresponding WCA of up to 142.6 + 0.5° was achieved with
120 mg of SiO,, and 154.7 + 1.8° for 1.4 mmol of the Sg used.
The optimal reagent quantity of SiO, at this reaction scale is
120 mg, which combined with a molar ratio of 14:1:1
S:DIB:PFO, gives the best material reported here, in terms of
contact angle. The wetting properties of different substances
coated on SiO, nanoparticles were studied (Table S2), and the
superhydrophobic SiO,@PSDP coating was consequently
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prepared by a spraying method as reported in literature,”” with
PFO directly affecting the wetting properties of SiO,-based
composites.

The scope of the cross-linkers and the property-structure
correlations for the superhydrophobicity of SiO, embedded
polymers were conducted by the replacement of DIB with
other olefins (Tables S3 and S4; Figures S3 and S4). Thus,
with the optimal ratio of SiO,@PSDP, the WCA of SiO,@
Poly(S-Myrcene-PFO) reaches 136.5 + 1.0° when the
myrcene is used (Table S3), and a further increase up to
148.9 + 0.5° could be obtained with a high portion of poly(S-
Myrcene). Interestingly, with a rigid and cyclic cross-linker,
DCPD, the WCA can reach up to 150.5 + 1.7° under
optimized conditions (Table S4). Of particular note is that the
low surface energy PFO replaced with olefin I-octene, the
same carbon chain length analogue, afforded a similar SiO,@
Poly(S-DIB-Octene) composite with the WCA of 130.5 +
2.2°, indicating the important role of PFO in the wetting
performance (Table SS). The primary results suggested that
cross-linkers with aromatic structure afforded higher WCA
than the aliphatic counterpart, as was also observed for the
superhydrophobicity.

The self-cleaning characteristic is another key functionality
of the superhydrophobic surface, and it has super advantages in
practical applications. The self-cleaning of the SiO,@PSDP
coating was evaluated by spraying the SiO,@PSDP on the
glass slide placed slantwise. After a little sand was sprinkled
onto the SiO,@PSDP coating surface, water droplets were
rinsed onto it to examine the self-cleaning performance,
recording by a digital camera for this self-cleaning process
(Video S1).>® It was found that the surface of the
superhydrophobic coating becomes clean again with the
water droplets able to roll and return to the original standard
without any moisture remaining, indicating an excellent self-
cleaning and superhydrophobic performance of the surface of
SiO,@PSDP. At the same time, the mechanical properties of
the material were qualitatively tested by peeling experiments,
and the WCA decreased from 154.7 + 1.8° to 1382 + 0.2°
when the number of peeling times reached 200, but the coating
still possessed hydrophobicity (Table S6).

Corrosion Resistance of the SiO,@PSDP Coating. The
anticorrosion performance of SiO,@PSDP coatings was
subsequently evaluated by the Tafel polarization curve method
(Figure 4). To simulate the corrosion of the coating on
magnesium alloy (Mg, 2.5 cm X 1.0 cm X 0.05 cm) in seawater
(3.5 wt % NaCl), the corrosion current density (I.,) and
corrosion potential (E,,,) were measured (Table S7).
Compared to the bare Mg alloy, the I, of the coated Mg
alloy is significantly decreased 2 orders of magnitude; that is
from 1.704 X 107 to 1.809 X 1078 A-cm™2. The E,,, of the
coated Mg alloy samples shifted approximately 111 mV to the
positive direction. These results demonstrated that the
composite SiO,@PSDP coating dramatically increased the
corrosion resistance of Mg alloy sheets. The corresponding
coating protection rate () of the SiO,@PSDP coating is as
high as 98.9% as calculated by formula 1.%°

1 -1
n= corrQ corr % 100%

IcorrO ( 1)

Here I, and I, are the current density of bare Mg alloy and
SiO,@PSDP coating, respectively. The similar materials
synthesized with other cross-linkers such as myrcene and

- —e— Mg/SiO,@Poly(S-Myrcene-PFO

—A— Mg/SiO,@Poly(S-DCPD-PFO

24 —v— Mg/SiO,@Poly(S-DIB-PFO)
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Figure 4. Polarization curves of the Mg, SiO,@Poly(S-Myrcene-
PFO), SiO,@Poly(S-DCPD-PFO), and SiO,@Poly(S-DIB-Octene)
samples in 3.5 wt % NaCl solution.

DCPD furnish excellent protection rate at the same level
(97.2% and 97.3% respectively), and SiO,@Poly(S-DIB-
Octene) coating also reached 95.2%, evidencing the out-
standing corrosion resistance property of these SiO, embedded
materials.

Antibacterial Activity of SiO,@PSDP. The antibacterial
properties of SiO,@PSDP were measured by the plate count
method (Figure S, Table S8). Gram-positive bacteria S. aureus
and Gram-negative bacteria E. coli were conducted as
representative strains. As shown in Table S9, the inhibitory
rates of 81% against S. aureus and 75% against E. coli were
achieved with the concentration of dispersed SiO,@PSDP at
200 pg/mL, stipulatinﬁ a g%ood antibacterial effect against both
S. aureus and E. coli.>**>*

4. CONCLUSIONS

In summary, a simple approach to develop SiO, embedded S-
rich polymers by means of the inverse vulcanization process
tailored with functional groups was verified, revealing super-
hydrophobicity, anticorrosion, and antibacterial properties of
the resultant composites. Starting with coating onto SiO,
nanoparticles, the Sg was introduced into polymer chains
through the inverse vulcanization to generate SiO,@Poly(S-
DIB) and reduce the high surface energy of SiO,. This
facilitated the low surface energy PFO coating on SiO,@
Poly(S-DIB) to generate SiO,@PSDP. The SiO,@PSDP
coating has good to excellent properties of superhydropho-
bicity (WCA of 154.7 + 1.8°), self-cleaning, antibacterial, and
anticorrosive properties. The SiO,@PSDP suspension was
sprayed on the glass slide and magnesium alloy surface to form
a superhydrophobic coating. The microstructures and thermal
properties of the SiO,@PSDP coating were characterized.
Meantime, a protection efficiency up to 98.9% for magnesium
alloy in 3.5% NaCl was achieved. The antibacterial activity
experiment showed that the antibacterial rate against S. aureus
and E. coli reached 81.4% and 74.6%, respectively. This simple
strategy offers a valuable method for constructing super-
hydrophobic, antibacterial, and anticorrosive coatings materi-
als, further expanding application areas for sulfur-rich polymers
resulting from inverse vulcanization as well as providing low-
cost alternatives to superhydrophobic coating materials.
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Figure S. Representative colonies of S. aureus formed on LB agar
plates in the presence of (a—c) PBS solution and (d—f) SiO,@PSDP.
Parts a-c and d—f were serial 10-fold dilutions. Representative
colonies of E. coli formed on LB agar plates in the presence of (g—i)
PBS solution and (j—1) SiO,@PSDP. Parts g—i and j—I were serial 10-
fold dilutions.
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