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Developing a stable, reliable, and industrially compatible method to control hydrophobicity is crucial for

separation, transportation, and the generation of special surfaces. An e-HMS-PDMS silica gel nanoparticle

coating was prepared using a two-step electron beam irradiation (EBI) process, consisting of (i) grafting of

two organic groups onto thiol-functionalized hollow mesoporous silica (HMS-SH) with 10 MeV EBI and (ii)

curing of polydimethylsiloxane (PDMS) onto silicone rubber using the HMS hybrid materials prepared in

step i as an additive with 200 keV EBI. The tuneable grafting of functional groups and the surface

properties of the silica, which was embedded in the PDMS layer, allowed us to precisely control the

hydrophilicity of the PDMS layer by means of altering the grafting gradient of the silica and the loading ratio

of the monomers. A diverse range of vinyl-structured monomers can be used in this method, and the

selection of suitable monomers is vital in determining the physical properties of the coating layer. The

hydrophilicity of the coating can be linearly controlled within a specific range (50° to 155°) by using suitable

monomers, allowing for the design of surfaces with specific hydrophilic and hydrophobic requirements.

Keywords: Electron beam irradiation; Nanoparticle composite coating; Hydrophilicity/hydrophobicity;

Thiol-ene click reaction.

1 Introduction

Both hydrophilic and hydrophobic surfaces play a crucial role
in engineering applications. Hydrophilic surfaces facilitate
rapid liquid spreading,1 while hydrophobic surfaces promote
the formation of microdroplets or bead-like structures. The
regulation of material surface hydrophilicity facilitates the
development of anti-pollution coatings,2,3 control over
biomaterial–cell interactions,4 and various wetting and
separation technologies.5,6 Surface hydrophilicity also impacts
liquid transport and heat conduction,7 enhancing the
performance of heat exchange equipment and batteries.8,9

Additionally, it influences the design and application of
heterogeneous catalysts10 and functional nanoparticles
(NPs).11 Hence, accurate regulation of surface hydrophilicity

holds significant potential for diverse applications across
various fields.

A variety of external stimulation methods can regulate the
hydrophobicity of surfaces,12 including the application of
electrostatic fields13,14 and electrochemical switches,15 or the
utilization of specific wavelengths of light to alter the contact
angle of material surfaces.16,17 Additionally, thermal18 and
mechanical switching19 represent potential methodologies.
The challenges of the above methods arise from the
instability of these external stimuli, the manufacturing cost
of the corresponding device, and the limited range of surface
contact angle control. Similarly, chemical modification20–22

and plasma spraying techniques23 are employed to augment
the hydrophilicity of surfaces to achieve desired surface
properties. The above methods often encounter difficulties in
achieving the specific contact angle requirements for a stable
interface. A simple and reliable method is therefore still
needed to accurately control coating hydrophilicity.

Electron beam irradiation (EBI) technology is a scalable
physical method widely used in the food24 and chemical
industries,25 offering advantages such as the absence of
chemical initiators,26 high efficiency, and environmental
friendliness.27 An appropriate energy electron beam can initiate
the desired radical reactions, leading to molecular cross-

458 | Ind. Chem. Mater., 2024, 2, 458–468 © 2024 The Author(s). Co‐published by the Institute of Process Engineering,
Chinese Academy of Sciences and the Royal Society of Chemistry

a State Key Laboratory of Advanced Electromagnetic Technology, Huazhong

University of Science and Technology, Wuhan 430074, Hubei, PR China.

E-mail: jhuang@hust.edu.cn
bHubei Key Laboratory of Material Chemistry and Service Failure, School of

Chemistry and Chemical Engineering, Huazhong University of Science and

Technology, Wuhan 430074, Hubei, PR China. E-mail: klgyl@hust.edu.cn
cHuadian Electric Power Research Institute Co., Ltd, Hangzhou 310030, China

† Electronic supplementary information (ESI) available. See DOI: https://doi.org/
10.1039/d4im00015c

O
pe

n 
A

cc
es

s 
A

rt
ic

le
. P

ub
lis

he
d 

on
 0

6 
M

ay
 2

02
4.

 D
ow

nl
oa

de
d 

on
 3

/6
/2

02
6 

7:
55

:2
5 

PM
. 

 T
hi

s 
ar

tic
le

 is
 li

ce
ns

ed
 u

nd
er

 a
 C

re
at

iv
e 

C
om

m
on

s 
A

ttr
ib

ut
io

n-
N

on
C

om
m

er
ci

al
 3

.0
 U

np
or

te
d 

L
ic

en
ce

.

View Article Online
View Journal  | View Issue

http://crossmark.crossref.org/dialog/?doi=10.1039/d4im00015c&domain=pdf&date_stamp=2024-08-14
http://orcid.org/0000-0003-2764-7106
http://orcid.org/0000-0002-5209-1528
http://orcid.org/0000-0001-5130-3026
http://orcid.org/0000-0001-8959-325X
https://doi.org/10.1039/d4im00015c
https://doi.org/10.1039/d4im00015c
http://creativecommons.org/licenses/by-nc/3.0/
http://creativecommons.org/licenses/by-nc/3.0/
https://doi.org/10.1039/d4im00015c
https://pubs.rsc.org/en/journals/journal/IM
https://pubs.rsc.org/en/journals/journal/IM?issueid=IM002003


Ind. Chem. Mater., 2024, 2, 458–468 | 459© 2024 The Author(s). Co‐published by the Institute of Process Engineering,
Chinese Academy of Sciences and the Royal Society of Chemistry

linking, grafting,28,29 and alteration of the material
properties.30 The pioneering thiol-ene reaction, triggered by
electron beams, modifies fibers and films,31,32 enabling surface
property alterations across various materials. Simultaneously,
the in situ curing of PDMS by electron beams is primer-free
and rapid, and exhibits loadable characteristics.33

In this study, thiol-ene click grafting between hollow
mesoporous silica (HMS) and two monomers with different
polarities was initiated using a 10 MeV accelerator. By
adjusting the volume ratio of the monomer solutions, graded
grafting rates can be achieved for the hybrid materials. With
the incorporation of HMS microspheres as a core additive,
the e-HMS-PDMS coatings underwent rapid curing within
seconds under 200 keV EBI. By changing the vinyl-containing
monomers and their loading ratio, the hydrophilicity of the
generated e-HMS-PDMS coating can be tuned to some extent.
The EBI technology enables grafting and curing in just
seconds, without the need for chemical initiators or heating
processes. This, combined with the coating's stability, gives it
potential for industrial use.

2 Results and discussion
2.1 Characterization of the EBI-grafted hybrid material G1 series

In the coating method outlined in this study (Fig. 1), the
grafted HMS hybrid materials G1–G5 exhibit varying grafting
rates on their respective selected monomers, thereby
influencing the physicochemical properties of the additives
and subsequently impacting the hydrophilicity of the e-HMS-
PDMS coatings. All of the additives, G1–G5, were fully
characterized by physicochemical methods to make sure that
the EBI grafting of HMS was successful. For simplicity, in this
part, G1 was selected as an illustrative example to show the

details of material analysis. The G1 additives G1 were
synthesized by using a mixture composed of 3-sulfolene and
octadec-1-ene as the grafting reagent. From G1–0 to G1–6, the
volume ratios of 3-sulfolene to octadec-1-ene was changed
from 10 : 0 to 9 : 1, 7 : 3, 5 : 5, 3 : 7, 1 : 9, and 0 : 10, respectively.

The FTIR spectra of the hybrid materials in the G1 series
are shown in Fig. 2a. A weak peak appears at 1309 cm−1 from
G1–0 to G1–5, which can be assigned to the antisymmetric
stretching vibration absorption peak of OSO,35 while the
possible stretching vibration absorption peak of OSO
that appears near 1160 cm−1 is covered by the strong
stretching vibration absorption peak of silicone Si–O–Si. The
intensity of the saturated CH2 antisymmetric and stacked
stretching absorption peaks36 at 2925 cm−1 and 2855 cm−1

increased from G1–1 to G1–6 with the increase in volume
proportion of 1-octadecene, while the weak S–H peak of
mercaptan at 2563 cm−1 disappeared for HMS-SH.37 The FTIR
spectra in Fig. 2a indicate that the EBI-based grafting of
monomers onto the HMS materials is indeed successful, and
by changing the original loading ratio of the two monomers,
a clear difference in terms of the density of grafted groups
can be found.

The TGA curves of the hybrid materials of the G1 series
are presented in Fig. 2b. All of the materials exhibit a quite
similar trend of thermogravimetric loss. The abrupt
thermogravimetric loss is concentrated between 300 °C and
400 °C, where the grafted organic matter is rapidly lost. The
residual weight of the G1 material decreases from 70.5% to
59.9%. This can be ascribed to the high molecular weight of
octadec-1-ene (252.48) compared to 3-sulfolene (118.15). In
G1–1 to G1–5, as the amount of grafted octadec-1-ene
increases, the heat loss of the organic matter becomes more
significant. The results obtained from thermogravimetry

Fig. 1 Schematic illustration of the coating method for the preparation of e-HMS-PDMS by electron beam irradiation.
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analysis allowed us to estimate the grafting densities of
3-sulfolene and octadec-1-ene of the hybrid material. For G1–
0, the grafted 3-sulfolene was estimated to be 0.45 mmol g−1,
and for G1–6, the grafted octadec-1-ene is 0.63 mmol g−1. The
results indicated also that the grafting rate of the two
monomers can indeed be regulated in this EBI-based surface
modification method.

The specific surface areas of the hybrid materials of the
G1 series and their calculated pore sizes are depicted in
Fig. 2c. The average pore size of the hybrid materials remains
virtually unaltered, but their specific surface area exhibits a
downward trend with the increase in the volume ratio of
octadec-1-ene. Nonetheless, the minimal value of their
specific surface area is still higher than 440 m2 g−1.

Fig. 2d directly exhibits the elemental composition of
carbon, hydrogen, and sulfur in the hybrid materials of the
G1 series. Compared to HMS-SH, the content of the carbon
and hydrogen elements in the grafted materials is
augmented, whereas the sulfur element content diminished.
As the monomer volume ratio varied, the carbon element
content in the G1 series escalated progressively, whereas the
elemental sulfur content demonstrated a downward
tendency. The specific values of the content for each element
are presented in Table S1.†

The particle size distribution curve is presented in Fig. 2e.
The average particle size of the hybrid materials of the G1
series ranges from tens to thousands of nanometers,
exhibiting a combination of large and small microspheres. As
the proportion of modifier varies, the population of smaller-
sized microspheres increases, leading to an overall increase
in the average particle size and alterations in the uniformity

of the particle size distribution. A higher volume ratio of
1-octadecene corresponds to more fragmented silicon
microspheres and a greater degree of unevenness in the
particle size distribution.

Based on zeta potential analysis (Fig. 2f), HMS-SH exhibits
an overall negative charge because of the presence of unpaired
electrons on its surface, modified with mercaptan groups.
While there is a slight increase in zeta potential during the
irradiation grafting process, the changes in the volume ratio of
the grafted monomer do not exhibit consistent patterns within
a certain range, possibly due to the absence of inherent charge
on the monomer itself. The particle size distribution and zeta
potential data for G2–G5 are presented in Table S3.† The results
above demonstrate the successful induction of a mercaptan
click grafting reaction between the silicon microspheres and
the two monomers using electron beam. Additionally, the
grafting rate can be controlled by adjusting the volume ratio of
the monomers.

The XRD pattern of the G1 series additives in Fig. 3
exhibits a prominent peak at 2.36 degrees and a broad, flat
peak at around 22.30 degrees. The peak characterized by a
small angularity in Fig. 3b signifies the pore structure
information present in the HMS material.38,39 In comparison
to HMS-SH, the intensity of the grafted NP peak is notably
diminished, and its apex shifts towards a smaller angularity.
This alteration in the peak's characteristics suggests
modifications to the pore structure,40,41 which may lead to a
change in the specific surface area of BET adsorption. Fig. 3c
displays an amorphous peak at approximately 22.30 degrees.
As the volume of octadec-1-ene monomer increases, the peak
strength progressively escalates, suggesting that the quantity

Fig. 2 The physical and chemical properties of the hybrid materials of the G1 series. (a) FTIR spectra; (b) TGA curves; (c) BET adsorption specific
surface area and pore size; (d) elemental analysis; (e) particle size distribution curves; (f) zeta potential measurements.
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of amorphous organic matter in the materials
correspondingly augments.42 Overall, the EBI-based grafting
of organic moieties does not alter the structural framework
of the HMS-based materials. However, the grafting density of
each organic monomer on the hybrid material can be
manipulated to some extent by changing the volume ratio of
the vinyl-containing monomer. The other hybrid materials
obtained were also analyzed using XRD, and the
corresponding results are shown in Fig. S12.† The influence
of different monomers on the properties of these hybrid
materials follows a similar trend as observed in the G1 series.

To shed light on the grafting reaction mechanism, electron
paramagnetic resonance (EPR) testing was employed to identify
the specific types of free radicals generated by EBI. A free
radical scavenger, 5,5-dimethyl-1-pyrroline N-oxide (DMPO),
was quantitatively added to the solution containing grafted
monomers. DMPO possesses a ·NO oxidation center and
contains several conjugated π-electron systems in its molecular
structure, thereby exhibiting a strong affinity for other free
radicals and forming stable free radical admixtures with them.
Consequently, the application of an EPR magnetic field reveals
distinct characteristics of unpaired electrons. Upon incidence
of the electron beam on the system, a large number of
electrons activate the grafting reagent in the solution system,
generating free radicals that form adducts with DMPO (Fig. 4).

In comparison to the pure solvent without grafting reagent,
typical vinyl free radical signals are observed, along with
coupling constants αN = 14.6 G and αH = 20.3 G, indicating the
generation of vinyl free radicals by the monomer during
irradiation.43–45 In a vinyl monomer solution, high-energy
electrons effectively excite numerous vinyl radicals within a
remarkably short time, promoting their reaction with modified
sulfhydryl groups on the HMS microspheres and ultimately
leading to covalent bond grafting.

The FSEM images of the G1 series hybrid materials are
shown in Fig. 5, including the HMS-SH before grafting and
G1–1, G1–3, and G1–5 with monomer ratios of 9 : 1, 5 : 5, and
1 : 9, respectively. Fig. 5a and b showcase the HMS-SH
materials,46 which are spherical materials with a diameter of
about tens of microns. Some of these materials exhibit
hemispherical shapes and irregularities. In contrast, G1–1
exhibits no significant variation in Fig. 5c, while G1–3,
depicted in Fig. 5d, maintains a similar spherical morphology
until the volume ratio of octadec-1-ene reaches 90% i.e., G1–
5. As shown in Fig. 5e and f, some fragments are adhered to
the spherical particles. The FSEM images revealed that the
microstructure of the HMS series hybrid materials remained
unaffected by irradiation grafting-induced functional group
formation. With a change in monomer, particle aggregation
may occur due to fragment-induced interactions. In Fig. S13,†
the TEM images of the small microspheres with a diameter
of hundreds of nanometers reveal the nature of the complex
pore structure and hollow shell structure of this series of
silicon microspheres.

Fig. 3 The XRD patterns of the hybrid materials of the G1 series. (a) 2–40 degrees; (b) 2–5 degrees; (c) 10–30 degrees.

Fig. 4 The EPR spectra of octadec-1-ene and 3-sulfone solutions
during EBI.

Fig. 5 The FSEM images of the hybrid materials of the G1 series. (a
and b) HMS-SH; (c) G1–1; (d) G1–3; (e and f) G1–5.
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The distribution of elements on the surface of the hybrid
material in Fig. 6 was further analysed using the EDS
mapping spectrum based on the FSEM images provided. To
quantify the surface element content to some extent, a
higher magnification was used to ensure that the entire
field of view is filled by the silicon microspheres. The
silicon element is uniformly distributed on the material's
surface, indicating a uniform grafting process. The sulfur
element within the sulfhydryl group is uniformly dispersed
on the surface of HMS-SH, accounting for a mass fraction
of 7.37%. For comparison, the content of sulfur element on
the surface of the materials varies from 7.34% in G1–1 to
5.38% in G1–3 following exposure to varying monomer
volume ratios and decreases to 1.31% in G1–5. The content
of carbon element also exhibits a significant increase,
ranging from 31.97% in HMS-SH, 21.72% in G1–1, and
26.52% in G1–3 to 35.99% in G1–5. Further details can be
found in Fig. S2–S5 and S16–S18.† In conjunction with the
results of elemental analysis (Fig. 2d), the variation in
volume between the two monomers during EBI grafting
imparts distinct elemental content for the hybrid materials,
evident both overall and on their surface.

2.2 Characterization of EBI-crosslinked PDMS

The above analysis of the hybrid materials of the G1 series
demonstrates that adjusting the monomer ratio enables the
preparation of mesoporous materials with varying grafting
rates during EBI grafting, resulting in different properties
while maintaining their structure. To exploit the microscopic
gradient difference for macroscopic surface characteristic
variation, the hybrid materials were incorporated as crucial
additives into EBI-crosslinked PDMS to prepare a uniform e-
HMS-PDMS coating.

The EBI-crosslinked PDMS serves as a robust and adhesive
elastomer interface between the substrate and additives, and
thereby it is crucial to optimize the formulation of PDMS and

the EBI dose. The influence of the PDMS mass fraction on its
curing properties was investigated using a consistent surface
dose of 600 kGy. As illustrated in Fig. 7a, the DSC curves all
exhibit a single peak. Within this range, DMS functions as a
good solvent for PDMS,47 resulting in the formation of
uniform phases in the films. Nonetheless, the endothermic
peaks of 18% PDMS and 22% PDMS exhibit slightly leftward-
tilted characteristics, in line with the literature's depiction of
imperfect curing.48 In contrast, the peaks of 26% PDMS and
30% PDMS demonstrate a rightward tilt, indicating the
presence of partial cure attributes. The curing characteristics
of the prepared samples were evaluated and are presented in
Table S2,† based on DSC thermograms and dimensionless
curing indexes. The TGA curves shown in Fig. 7b
demonstrate thermal stability up to temperatures close to
400 °C. Coatings formulated with 24% and 26% PDMS
exhibit superior temperature resistance and thermal stability
at the same mass loss. The final coating formulation was
determined as 24% PDMS with the best curing properties.

The radiation dose of 200 keV EBI curing not only directly
affects the degree of PDMS crosslinking, but also correlates
with the efficiency of e-HMS-PDMS coating preparation. The
crosslinking properties of 24% PDMS were evaluated using
FT-IR, DSC and TGA. In the DSC curve at 100 kGy and 0 kGy
(Fig. 8a), there were distinct sharp partial peaks observed
apart from the main peaks, indicating a lack of homogeneity
in the PDMS and DMS phase at lower doses. As the dose
gradually increased, the endothermic peak shifted towards
lower temperatures, accompanied by an increase in peak
width and a closer resemblance to complete curing.49 The
appropriate dose was found to be between 500 and 600 kGy.
When the dose reached 1000 kGy, the endothermic peak
almost disappeared. The TGA curves depicted in Fig. 8b
demonstrate that the coating formulation remains consistent,
indicating that the increase of the dose does not exert a
significant impact on its thermal stability. A dosage of 600
kGy was determined as the irradiation curing threshold for e-
HMS-PDMS. A noteworthy point is that the curing time for e-
HMS-PDMS the size of an A4 sheet of paper through EBI is
merely 40 s.

The FTIR spectrum in Fig. S6† reveals that the process of
EBI curing did not alter the chemical bond type, while the
displacement of certain peaks indicates bond reinforcement.
EPR spectroscopy was employed to capture the free radicals

Fig. 6 The EDS mapping scan images of the hybrid materials of the
G1 series.

Fig. 7 The (a) DSC thermograms and (b) TGA curves of the coatings
under different doses of EBI.
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generated during the cross-linking of PDMS and DMS during
irradiation. PDMS and trapping agent DMPO were
homogenized with benzene solvent. Benzene was added
before irradiation (red curve), after irradiation (blue curve),
or not at all (black curve). Pure benzene served as the control
(green curve). As depicted in Fig. 9, although similar
experiments have been reported,50,51 the EPR spectrum only
exhibits the phenyl radical signal upon irradiation with αN =
14.0 G; αH = 21.4 G,52 while other signals were negligible.

2.3 Hydrophilic and hydrophobic regulation of the e-HMS-PDMS
coatings

The range of contact angle regulation, the linear fitting
correlation between contact angle and monomer solution
ratio, and the maximum error of contact angle measurement
were used to evaluate the effect of the method described in
this study on surface hydrophilicity regulation. The surface
contact angles of the G1 series e-HMS-PDMS coatings
(Fig. 10a) range from 50° to 155°, and the volume ratio of
3-sulfolene to octadec-1-ene monomer solution exhibits a
linear correlation with an average contact angle
determination coefficient R2 = 0.9687. Furthermore, on the
same surface, the maximum deviation in contact angle is
merely 1.6 degrees. The microstructure of the irradiated
cross-linked PDMS in Fig. 10b exhibits a smooth morphology,
whereas the G1–3 e-HMS-PDMS coating (Fig. 10c–e)
demonstrates typical nanoparticle coating characteristics,
with uniformly distributed spherical additives ranging from
several microns to tens of microns in diameter on the surface
of the coating.

Some free radical initiators such as AIBN can
decompose under heating conditions, producing active free
radicals and nitrogen, thereby initiating the same grafting
reaction. In comparison, GC1 employs a chemical method
for grafting under the same monomer concentration,
aiming to contrast the merits and demerits of the two
methods. The GC1 e-HMS-PDMS coating exhibits a limited
hydrophilic and hydrophobic adjustment range of 74° to
142°, with a coefficient of determination R2 = 0.8281 and
a maximum error of 3.2 degrees on the same surface.
Comparing GC1–0 (74°) with G1–0 (50°), we observed that
the EBI method exhibited superior hydrophilicity, possibly
due to its higher grafting rate. When the volume of
octadec-1-ene exceeds 10%, irregular trends in
hydrophilicity are observed in the GC1 series coatings.
The hydrophilicity of GC-1–2 to GC-1–6 was similar,
suggesting that changes in monomer concentration did
not significantly affect the chemical process. Compared to
chemical initiators, which have limited half-life and
temperature requirements, EBI can generate numerous free
radicals instantly through incident electrons without
introducing any chemical pollutants into the system. The
advantages of EBI in terms of efficiency and cleanness are
crucial for implementing this method.

To validate the universality of the method outlined in this
paper and investigate the impact of monomer selection on
the coating's hydrophilicity regulation capability, 4 other
series of e-HMS-PDMS coatings (G2–G5) were prepared by
combining several different vinyl monomers. The only
difference between the coatings of each series is the gradient
difference in the volume ratio of the two monomer solutions
during the hybrid material additive grafting process. Their
hydrophilic and hydrophobic regulation ability are shown in
Table 1.

As depicted in Fig. 11, different monomers will affect
the range and precision of regulation from the
perspective of grafting rate and morphology of the
hybrid materials, etc. In addition, the differences
between the two monomers must also be considered.
The impact on hydrophilicity varies among polar
monomers; notably, G2–0 exhibits the most hydrophilic
properties. However, the G2 group exhibits the largest
surface error, suggesting that certain dual vinyl
structures may result in uneven grafting of the hybrid
materials. This is further supported by the generally
larger particle size observed in the G2 series materials
(Table S3†). Although limited in scope, G3 demonstrates
superior regulatory linearity and holds promise for
achieving specific hydrophilicity. Conversely, when we
consider different combinations involving G4 and G5
with minimal polarity differences between the monomers,
this regulatory method is likely to be ineffective, thus
highlighting notable discrepancies in the selection and
combination of monomers for this method. Specific
physical and chemical analyses pertaining to G2–G4 are
presented in Fig. S8–S11.†Fig. 9 The EPR spectra during EBI curing of PDMS.

Fig. 8 The (a) DSC thermograms and (b) TGA curves of the coatings
under different doses of EBI.

Industrial Chemistry & Materials Paper

O
pe

n 
A

cc
es

s 
A

rt
ic

le
. P

ub
lis

he
d 

on
 0

6 
M

ay
 2

02
4.

 D
ow

nl
oa

de
d 

on
 3

/6
/2

02
6 

7:
55

:2
5 

PM
. 

 T
hi

s 
ar

tic
le

 is
 li

ce
ns

ed
 u

nd
er

 a
 C

re
at

iv
e 

C
om

m
on

s 
A

ttr
ib

ut
io

n-
N

on
C

om
m

er
ci

al
 3

.0
 U

np
or

te
d 

L
ic

en
ce

.
View Article Online

http://creativecommons.org/licenses/by-nc/3.0/
http://creativecommons.org/licenses/by-nc/3.0/
https://doi.org/10.1039/d4im00015c


464 | Ind. Chem. Mater., 2024, 2, 458–468 © 2024 The Author(s). Co‐published by the Institute of Process Engineering,
Chinese Academy of Sciences and the Royal Society of Chemistry

2.4 Stability of the e-HMS-PDMS coatings

The stability of the coating is crucial for its practical use in
industry. Therefore, various properties of the coating were
characterized and the results are presented in Table 2. In
general, the coating exhibits superior adhesion, while the
tape shows almost negligible peeling off from the X-type

grid plate with 1 mm spacing. This can be attributed to the
silane-based nature of the coating, which tightly bonds with
the silicone rubber surface. During impact resistance
testing, despite being subjected to a fall from a height of
100 cm, both the soft texture of silicone rubber and the
coating prevent any cracking or peeling off. For hardness,
the coating exhibits a H-level hardness, which is considered
relatively high within the realm of organic coatings. The
incorporation of silicon microsphere additives significantly
enhances the coating's hardness, thereby imparting better
resistance to wear and scratches. The abrasion resistance
test reveals that the G1 series coatings experience weight
loss ranging from 4.6% to 6.8%. Fig. 12 demonstrates that
initially, during the first 200 frictions, there is no significant
change in contact angle and uniformity of the coating;
however, afterwards they gradually decrease and deviate
towards PDMS's inherent contact angle (102°), possibly due
to surface damage. To enhance its abrasion resistance
properties in future work, consideration can be given to
adjusting the additive mass fraction.

Fig. 10 The (a) contact angle test of the G1 and GC1 e-HMS-PDMS coatings; FSEM images of the (b) EBI crosslinked PDMS and (c–e) G1–3 e-HMS-
PDMS coatings.

Table 1 Hydrophobic regulation ability of different groups in this study

Entrya Polar monomer Nonpolar monomer Regulation range R2 Maximum deviation

G1 3-Sulfolene Octadec-1-ene 50–155° 0.9687 1.6°
GC1b 3-Sulfolene Octadec-1-ene 72–144° 0.8281 3.2°
G2 MBAA Octadec-1-ene 26–155° 0.8517 16.4°
G3 Vinylacetic acid Octadec-1-ene 78–155° 0.9908 2.9°
G4 Acrylonitrile Styrene 86–143° 0.6815 4.5°
G5 Acrylonitrile Octadec-1-ene 86–155° 0.8736 1.6°

a Prepared by EBI grafting. b Prepared by chemical grafting.

Fig. 11 The contact angle test of the (a) G2, (b) G3, (c) G4 and (d) G5
e-HMS-PDMS coatings.

Table 2 Stability test results of the e-HMS-PDMS coatings

Characterization Executive standard Result

Adhesion resistance test ASTM D3359 5B
Impact resistance test ASTM D2794 >9.81 inch-pounds
Firm hardness test ASTM D3363 H level
Abrasion resistance test — Fig. 12
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Solvent stability of coating depicted in Table 3, the
bonding layers of the silicone rubber substrate and silicon
microsphere additive are cross-linked DMS and PDMS. The
solvent resistance of the coating is limited by PDMS's
chemical resistance, but it can be improved by filling the
HMS silicon microspheres.53 The coatings tend to swell in
toluene, and exhibit improved performance in water, ethanol,
dimethylformamide, and ethyl acetate.

3 Conclusion

In this study, several series of hollow mesopore silica (HMS)
hybrid materials with different grafting rates of two
monomers were synthesized using a thiol-ene grafting
method. The grafting was realized by 10 MeV electron beam
irradiation (EBI). These HMS hybrid materials are used as
additives embedded in PDMS and cured using 200 keV EBI to
prepare e-HMS-PDMS coatings. This two-step method allows
the hydrophilicity of the silicone rubber surface to be
adjusted from weakly hydrophilic to superhydrophobic. The
coating exhibits excellent adhesion, and impact resistance, as
well as a certain level of hardness, abrasion resistance, and
solvent resistance. EBI, as a pivotal technology, enables the
fabrication of coatings devoid of chemical initiators and
heating processes, with completion achievable within
seconds, and the HMS additives can be functionalized with
various vinyl monomers. The polarity difference between the
monomers leads to variations in linearity and inaccuracies in
contact angle regulation. Thus, the choice of an appropriate
monomer is crucial. Because of the simple operation and
easy access to a wide range of monomers, it is expected that
this method can be considered as an easy way to prepare
tailor-made hybrid materials on the basis of specific
requirements, and also to fabricate e-PDMS coatings.

4 Experimental

The coating method involves two sequential steps: EBI
grafting of the HMS hybrid materials and subsequent EBI
curing of the nanoparticle coating to give e-HMS-PDMS.
Different monomers are grafted onto the HMS-SH using an
AB.10 (Wuxi El Pont, China) 10 MeV accelerator, and the final
irradiation curing is completed with an EBLab 200 (Comet
AG, Flamatt, Switzerland) 200 keV accelerator. The electron
irradiation accelerator utilized in this study is presented in
Fig. S1.† The selection of the accelerator energy was
determined through a comprehensive consideration of the
target reaction type and penetration depth. Monte Carlo
simulation is employed to validate the electron beam's
penetration depth, as depicted in Fig. S14 and S15.†

4.1 Preparation of G1–G5 series EBI-grafted hybrid materials

Hollow mesoporous material HMS-SH containing thiol
groups can be prepared via a common procedure.10,34 As
shown in Fig. 13, a typical process for preparing
functionalized silica hybrid materials G1 involved the
following two steps: HMS-SH (1.0 g) was placed into a 20
mL sample bottle equipped with a lid. A mixture of two
vinyl-containing monomers (both 0.5 mol L−1, totally 5 mL)
was sequentially added to the sample bottles with volume
ratios of 10 : 0, 9 : 1, 7 : 3, 5 : 5, 3 : 7, 1 : 9, and 0 : 10 and
named G1–0 to G1–6. Subsequently, an EBI treatment is
performed using an AB10.0 accelerator. The sample bottle is
placed on the accelerator's sample table and exposed to a
10 MeV electron beam. The actual beam current was
meticulously regulated to 5.4 mA. The cumulative dose was
controlled to 80 kGy. Based on previous studies,10 grafting
at this dosage was deemed sufficiently effective, and all
grafts were conducted at this specific dosage to
comprehensively investigate the impact of the volume ratio
of the grafted reagents. After finishing the irradiation, the
silica material was then subjected to washing with ethanol
(20 mL × 3) and ethyl acetate (20 mL × 3) to eliminate the
residual monomers, followed by an overnight vacuum
drying. The generality and regularity of this method were
further investigated by employing several additional vinyl
monomers and their combinations, as illustrated in Table 4.

4.2 Preparation of the e-HMS-PDMS coatings

The procedure for preparing the e-HMS-PDMS coatings was
established according to our previous method with slight
modification.33 Polydimethylsiloxane (PDMS) and dimethyl
silicone oil (DMS) were mixed in a certain mass ratio,
followed by the addition of the G1–G5 hybrid materials as
additives. The mass fraction of the additive was determined
to be 25% based on the control experiment investigating the
impact of additive content on coating hydrophilicity, as
shown in Fig. S20.† The e-HMS-PDMS formulation is applied
onto the substrate surface using a film coating machine,
resulting in the formation of a uniform liquid film with a

Fig. 12 The (a) abrasion cycle of the G1 series e-HMS-PDMS coatings
showing the friction weight loss and (b) contact angle changes with
abrasion.

Table 3 Solvent resistance test results of the e-HMS-PDMS coatings

Solvent G1–0 G1–3 G1–6

Water Good Good Good
Ethanol Good Good Good
Dimethylformamide Good Good Good
Ethyl acetate Good Good Good
Acetone Good Good Good
Toluene Swelled Swelled Swelled
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thickness of 250 microns. Subsequently, the film is exposed
to irradiation and cured under nitrogen protection. The
EBLab 200 accelerator can deliver an electron beam with an
energy of 200 keV, while maintaining a steady current of 9.3
mA. The irradiation duration was adjusted to control the
surface dose received by the coating.

4.3 Physicochemical characterization

DSC and TGA (TGA8000, PerkinElmer) tests were employed to
assess the thermodynamic stability of the coating layer, while
FTIR (VERTEX 70, Bruker) was utilized to examine the
vibrational behavior of the chemical bonds during the
radiation curing process. The G1–G5 series of HMS materials
was subjected to a comprehensive investigation of the
chemical and elemental compositions using FTIR (VERTEX
70, Bruker) and elemental analysis (EA, Elementar UNICUBE).
Their specific surface area and pore size were meticulously
characterized by BET (ASAP 2460, Micromeritics). TGA
(TGA8000, PerkinElmer) was employed to assess the
thermogravimetric properties within a temperature range of
room temperature to 800 °C. The microstructure and surface
elemental composition were characterized by utilizing FSEM
(Nova NanoSEM 450, FEI) and EDS. TEM (Tecnai G2 20, FEL)
was used to observe the internal structure of the HMS
microspheres. The particle size distribution and zeta

potential of the HMS microspheres were characterized by
nano-particle size and zeta potentiometer (BeNano 180 Zeta,
Bettersize). EPR (EMXmicro-6/1/P/L) was utilized to detect
free radical species during the irradiation processes.

4.4 Stability test of the e-HMS-PDMS coatings

The adhesion of the coating was tested according to ASTM
D3359. A blade was used to create 22 X-shaped scratches with a
spacing of 1 mm on the surface of the coating. Adhesive tape
was then applied to tear off and observe the percentage of
coating that detached. The impact resistance was determined
following ASTM D2794 by subjecting the coating to a spherical
impact head falling vertically from a certain height, generating
an impact force. The presence or absence of cracks and
detachment of the coating before and after impact were
observed to define its impact resistance. The wear resistance of
the coating was verified by repeatedly rubbing it with parallel
strokes using 100 g weights and 240-grit sandpaper on its
surface, while also assessing its hydrophilicity through repeated
measurements. The hardness characterization of the coating is
determined according to ASTM D3363, primarily by examining
whether pencils with different hardness can leave visible marks
on the surface, thus determining its hardness level. To test
solvent resistance, water, ethanol, dimethylformamide, and
ethyl acetate solutions were used. A specific area of the e-HMS-
PDMS coating was soaked in each solvent for 6 hours,
observing any swelling or dissolution phenomena.
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