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ABSTRACT

The internal dispersion structure of silica fillers in polymer matrix is significant
for design and fabricating high-performance polymer composite. In order to
explore the relationship between fillers spatial dispersion states and mechanical
properties, we use superficial fluorescent labeling to achieve fillers visualization
in polymer matrix with laser scanning confocal microscopy. Through the effect
of fluorescent silane coupling agent, the uniform red fluorescence characteristics
were shown on the silica surface. The 2D-planar and 3D-spatial dispersion states
of silica fillers in rubber matrix can be accurately observed with fluorescence
imaging technology. The results by Avizo software statistics show that high-
content silica fillers in composite tend to undergo dissociation of aggregates.
These dissociated small volume aggregates which facilitate the interaction
between particles and rubber matrix to dissipate mechanical energy effectively
and rapidly improve rubber toughness. This successful visualization method
opens a new avenue in spatial dispersion description of fillers aggregates in
organic—inorganic composite.
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silica fillers in the polymer matrix [8-11]. Two com-
mon methods to solve the problem are modifying
silica fillers or increasing the filler content in polymer

Introduction

Silica/silicone rubber is an important composite
material because of its excellent scalability and high
resiliency [1-4]. The silica fillers as a traditional
inorganic fillers are widely used in the silicone rubber
for improving the mechanical strength and thermal
stability [5-7]. However, the premise of achieving
these improvements lies in the good dispersion of
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[12-14]. Although the support of a series of advanced
techniques has been used to evaluate the changes of
fillers structure in polymer matrix, such as SEM,
AFM, TEM and Nano-CT [15-21], these testing
methods are always damaging the sample or taking
long test time. The relationship between internal
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Scheme 1 Fluorescent labeling of silica and visualization process of silica fillers in polymer composite.

spatial dispersion state and mechanical enhancement
is still lacking evaluation criteria [22, 23].

In recent years, combining fluorescence display
technology with optical microscopy to visualize
internal structure in materials is an effective method
[24, 25]. The visualization of convenient and nonin-
vasive is native functionalities for laser scanning
confocal microscopy (LSCM) can be widely using in
fluorescence detection field. Therefore, the fluores-
cent properties of materials become the key point to
visualization of the dispersion states. The rare earth
(RE) materials due to their excellent optical proper-
ties have been developed in display technique, opti-
cal detection and fluorescent or laser systems [26-28].
However, the conventional prepared method for
inorganic optical materials was doped with RE ions
in situ, and this also extremely limits the application
of inorganic optical materials [29]. Up to now, a kind
of special silane coupling agent establishes a bridge
to connect RE ions and the surface of inorganic
materials [30, 31]. This successful method of fluores-
cent labeling inorganic materials broadens the
application range of optical materials, and proposed
a new method to achieve the precise and integrated
evaluation for the spatial dispersion state of inorganic
fillers in polymer matrix.

In this work, we choose a typical silica/silicone
rubber composite to reveal the relationship between
the internal dispersion structure of silica fillers and
polymer mechanical properties. The silica fillers
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(silica G, ~ 200 nm) were first been homogeneous
fluorescent labeling with fluorescent silane coupling
agent (Eu(DBM-Si);) [30]. The as-prepared fluores-
cent silica fillers (Silica FG) with strong red emission
were filled into the silicone rubber matrix. The dis-
persion of fluorescent silica fillers can be distinctly
visualized, and a series of 2D images were acquired
by laser scanning confocal microscopy (LSCM). The
3D dispersion state of the fillers was reconstructed
with the support of software modeling (Avizo)
(Scheme 1). Furthermore, the change of internal dis-
persion which is different amount of fillers in silicone
rubber matrix can be correlated to their mechanical
properties. This work also serves to demonstrate that
the fluorescent labeling and confocal fluorescence
imaging technology are convenient methods to eval-
uate the internal fillers dispersion, which is also
available for large-scale industrial applications and
different polymer composite systems.

Experimental
Materials

Dibenzoyl methane (DBM), 3-(triethoxysilyl)-propyl
isocyanate (95%, ICPTES), and Eu(NO;);-6H,O
(99.99%) were purchased from Aladdin Reagent Co.
Tetraethyl orthosilicate (TEOS) was obtained from
Chengdu Kelong Chemical Co, Ltd. Sol-gel
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monodisperse silica (referred to as silica G) was
prepared on our own using the well-known Stober
method [32, 33] Silicone rubber (type: 110-2, M,
= 6.5 x 10° 0.23% mol ™' vinyl content) was pur-
chased from Zhejiang Xin’an Chemical Group Co.,
Ltd. (China). Hydroxyl silicone oil (GY-209-3) was
used as structure controlling and coupling agent,
which was kindly provided by Chenguang Research
Institute of Chemical Industry, China. Dicumyl per-
oxide (DCP, 99%, AR) used as a vulcanization agent
was purchased from Chengdu Kelong Chemical
Reagent Industry (China). The other materials are all
commercially available.

Superficially fluorescently labeling silica
fillers

The fluorescent silane coupling agent (Eu(DBM-Si)3)
has been successfully synthesized by our previously
reported method [32], which can be fixed on the
surface of silica by covalently grafting and achieve
fluorescent labeling. The experimental process is as
follows: 1 g silica G was activated at 110 °C for 2 h
and dispersed in 20 ml solution (anhydrous alcohol:
water 3:1, v/v) with ultrasonic dispersion for 30 min.
Then, 13% fluorescent silane coupling agent was
dissolved in 3 ml anhydrous alcohol and dripped
into the silica G dispersion liquid at 50 °C, and the
pH of the solution was adjusted to 10 by ammonia.
After stirring for 2 h, the solution was centrifuged
and washed with anhydrous ethanol and deionized
water for several times, respectively. The samples
were dried at 60 °C for 24 h in air. The achieved
fluorescently labeled silica G was referred to as silica
FG.

Fabrication of silica/silicone rubber
composite

The silica-filled silicone rubber compound was pre-
pared by two-step mixing method. First, the silicon
rubber (30 g), the 10-40 wt% silica FG (3-12 g) and
the 8 wt% hydroxyl silicone oil (2.4 g) were mixed
together under 105 °C and 90 rpm for 30 min. Sub-
sequently, the mixed silicon rubber was cooled down
to room temperature and kept for 1 week to ensure
an equilibrium adsorption. Second, the 2.5 wt%
cross-linking agent DCP was added into the mixed
silicon rubber at room temperature with 90 rpm for
15 min and then was cured to a film by a
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compression molding machine at 160 °C and 10 MPa
for 10 min to obtain the vulcanizates.

3D dispersion states reconstructed of silica
in silicone rubber

To ensure the fluorescent silica-filled silicon rubber
and to enable a high-quality analysis of the disper-
sion, excitation laser was operated to acquire 2D
images, and their digital image resolution are up to
1024 x 1024 pixel (Voxel size: x =0.568 pm,
y =0.568 um, z = 0.148 um), during image acquisi-
tion from x, y, z three dimensions. All the confocal
images were captured in Tiff format, and the test time
of nearly 500 consecutive confocal images (image
size: 581.25 x 581.25 pm?) was 20 min.

The hundreds images acquitted from LSCM only
present fluorescence of silica surface, and so the two
phases of silica and rubber do not need to be distin-
guished. 3D visualization analysis of the acquired
images was realized by Avizo Fire VSG software
(Visualization Sciences Group, Bordeaux, France).
During the reconstructed process, the method and
authenticity of imaging are the key factors. The
threshold chosen is very important to be close to the
real condition [20], which was modified and deter-
mined until the calculated volume fraction from 3D
images was very close to the theoretical value in filled
silicon rubber. Finally, 3D images were obtained
through the volume rendering. The 3D images intu-
itively demonstrate the silica dispersion in silicon
rubber, and more information can be calculated by
using Label Analysis and Volume Fraction.

Characterization methods

The morphology of silica G and fluorescent silica G
was investigated by using field emission scanning
electron microscope (FESEM) (TESCAN MAIA3
SEM) equipped with an energy-dispersive spec-
trometer and transmission electron microscopy
(TEM) (Zeiss Libra 200 FE). The photoluminescence
excitation and photoluminescence emission spectra
of fluorescent silica G were measured by using the
luminescence spectrophotometer (Model F-4500,
Hitachi) with a 150-W xenon lamp as the excitation
source. Mixed rubber was prepared by a laboratory
size internal mixer (RC400P, HAAKE Co., Ltd, Ger-
many). Cross-linked silicone rubber sheets were
prepared in a platen press (P300E, DR COLLIN Co.,
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Ltd, Germany). 2D image acquisition and 3D recon-
struction were produced using confocal laser scan-
ning microscopy (Leica TCS Sp8) and Avizo Fire VSG
software, respectively. The tensile tests were per-
formed at room temperature on RSA-G2 (TA Instru-
ments) according to ISO 37 S3A.

Results and discussion

Characterization and fluorescence properties
of fluorescent silica

The morphology and particles size dispersion of pure
silica (silica G) and fluorescent silica (silica FG) were
investigated by SEM. As shown in Fig. 1a, the silica G
synthesized through the well-known Stober method
was well dispersed and uniform with a diameter of
~ 200 nm, and its surface structure is very smooth.
Similarly, the silica FG was still spherical and
monodispersed, but its surface does not seem very

Figure 1 SEM and TEM of

silica G (a, ¢) and silica FG (b,
d).
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smooth as shown in Fig. 1b. To further understand
the detailed information of silica G surface structure,
TEM observations were also performed as shown in
Fig. 1c, d. Obviously, compared with silica G, the
surface of silica FG is not so smooth and the uneven
surface of silica FG replaces smooth one. These
results can be considered that alkoxysilane group of
fluorescent silane coupling agent uniformly bonds
with each silica G surface successfully.

From the 'H NMR of silane coupling agent which
was modified on silica surface, the characteristic
chemical shifts can be clearly identified (Fig. 2a). In
addition, the element composition of silica FG

through X-ray photoelectron spectroscopy (XPS) and
the results are shown in Fig. 2b. The results of survey
spectrum confirm the presence of carbon (C), silicon
(51), oxygen (O), nitrogen (N) and europium (Eu)
elements, and the peak areas also reflect the ele-
mental content. To further explain the elemental
distribution states of fluorescent labeling on silica FG,
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Figure 2 '"H NMR spectrum of functional silane coupling agent which fixed on silica surface (a), XPS survey spectrum of silica FG (b),
EDX element mapping of silica FG (carbon (C;) and europium (C,) indicate the range of element distribution).

the EDX elemental mapping was also employed to
describe the surface elements distribution of silica FG
(Fig. 2). The carbon and europium as representative
elements were marked red and yellow point to
indicate the range of element distribution. The results
are highly consistent with the elements of the fluo-
rescent silane coupling agent on silica FG surface,
and strongly prove that the surface of silica can be
uniformly fluorescently labeled through this fluores-
cent labeling method.

In order to guarantee the highly efficient fluores-
cence of the silica FG, the amount of fluorescent
silane coupling agent for modification was optimized
in the range of 5-17%. Limited by surface area, the
fluorescence intensity of silica G has an optimal value
at 13%. The detailed fluorescence spectra are shown
in Fig. 3. These data suggest that the silica G surface
is a homogeneous fluorescent functionalization, and
it laid the foundation for the evaluation of spatial
dispersion state in polymer matrixes.

2D and 3D images acquisition of fluorescent
silica

Under the excitation of UV energy, the basic principle
used to reveal the superficial energy conversion of
silica FG and the 2D images acquisition method is

illustrated in Fig. 4. The absorption wavelength (1.ps)
converted to the emission wavelength (lem) is
attributed to fluorescent silane coupling agent of sil-
ica FG surface. Because of the interaction of hydrogen
bonds among the abundant silanol groups on silica
surface, the silica combine into aggregates in rubber
matrix [34]. However, the silica particles inside the
aggregates are only in contact with each other, and
the change in the environment of the rare earth ions
on silica surface is not obvious. Therefore, the subtle
changes in their concentration are not enough to
cause dissipation of excitation energy at the emission
level by cross-relaxation between rare earth ions and
reduced fluorescence performance [35]. These surface
Iuminescence information of silica aggregates can be
obtained by LSCM scanning.

The effectiveness of fluorescent labeling is quite
important to ensure that silica aggregates can be
observed by LSCM and represent the dispersion state
in the rubber matrix. As obtained from LSCM images,
the fluorescent image and overlapping can be
observed, representing the silica FG. The bright red
emission of silica FG can be observed under the
excitation of 405-nm laser irradiation (Fig. 5a).
Meanwhile, the red and dark areas are attributed to
silica FG and rubber phases, respectively. The over-
lapping image demonstrates the observed
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Figure 3 Excitation (a) and emission (b) spectra of silica FG with fluorescent silane coupling agent content in range of 5—-17%, the insets

show the photograph of silica FG under 365 nm UV light.
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Figure 4 Schematic drawing illustrating the use of fluorescent silane coupling agent to label silica G. Energy can be converted to visible
light that only occurs on the surface of silica G and the 2D image acquisition by LSCM scanning through the x, y, and z axes.

luminescence originates from silica FG in rubber
matrix (Fig. 5¢).

The obvious fluorescence performance of silica FG
in rubber matrix implies the great potential to eval-
uate the dispersion state of silica in the polymer
matrix. In our work, more than 400 pieces of the 2D
consecutive confocal images are accurately obtained
at different focal planes in the silica FG/rubber
composite through the optical sectioning (Fig. S1).
The 3D images can be reconstructed through Avizo
Fire VSG software (Visualization Sciences Group,
Bordeaux, France) based on a series of 2D consecutive
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confocal images to reflect the 3D architectures and
spatial dispersion state in the composite. The 3D
median filtering and interactive thresholding was
selected to reduce the noise and adjust the imaging
threshold of images. This condition was used to get
close to the real situation, and determine the same
threshold to construct 3D images of silica FG. Fig-
ure 6 shows the 3D images of the silica FG/silicone
rubber composite with silica FG 10-40 wt%, respec-
tively. The images provide a direct visual observation
of the silica in the rubber matrix, and the number of
the emission aggregates increased which can be
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Fig. 5 Confocal fluorescence microscopy images of silica/silicon rubber with 40 wt%: a fluorescent image, b bright-field optical image,

¢ overlapping.

observed with the increased content of silica FG
(Fig. 6a—d). These obvious aggregates are due to the
interaction of abundant silanol groups on silica sur-
face. Therefore, the silica with different aggregate
sizes can be easily distinguished and the spatial dis-
persion is legibly visualized (Fig. 6a;—-d;). In addition,
the cross-sectional images of rubber composite also
show a similar distribution state (Fig. 52) and the
result indicated that the 3D fluorescence visualization
could show the real dispersion state in the
composites.

Moreover, the aggregates volume of different silica
contents in rubber matrix can be counted directly by
Avizo software. For all samples, the volumes of
aggregates are mainly less than 200 um®, and the

large volume gradually shifts to small volume from
10 to 40 wt% (Fig. 7a—d). Thus, the change in silica
aggregates has caused our widespread concern. The
aggregate volumes smaller than 10 um® and larger
than 200 pm® (denoted as Ps and PL) were selected to
evaluate the aggregation degree of aggregates
(Fig. 7e). The different contents of silica fillers in sil-
icon rubber affect Ps and PL. For 10 wt% silica fillers
in silicon rubber, Ps is about only 23.6%, which
reaches 84.5% in 40 wt%. Meanwhile, PL decreases
from 37.4% in 10 wt% to 4.7% in 40 wt%. The syn-
chronous changing trends of Ps and PL reveal that the
high-content silica tend to undergo aggregates
release, which is conducive to the formation of small
volume aggregates.

Fig. 6 The 3D reconstruction images of the silica FG dispersed in rubber composite with different contents: (a, a;) 10 wt%; (b, b;)

20 Wt%; (c, ¢;) 30 wt%; (a, d,) 40 Wt%.
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Fig. 7 a—d The size distribution of silica aggregates obtained from with silica FG contents 10-40 wt%; e contents of aggregates with

sizes smaller than 10 pm® (Ps) and larger than 200 pm® (PL).

Tensile and mechanical fracture
measurements

The mechanical properties of fluorescent labeled sil-
ica (silica FG) and silica G have no obvious difference
through the typical content loading (40 wt%) to fill
into silicon rubber matrix (Fig. S3). Therefore, the
fluorescently labeled silica can effectively reflect the
dispersion state of the actual silica in the silica/sili-
con rubber composite.

On the base of this condition, the mechanical
properties of silica/silicon rubber composite with
different silica FG content loadings (0—40 wt%) were
compared. For a quantitative comparison, besides the
stress—strain curves during tensile deformation
(Fig. 8a), we calculated the fracture energy I" of all
samples, which is the work required to generate a
crack on unit area of sample and expressed as
[21, 36]:

r=1i g o(2)d(z)

@ Springer

where c(¢) is the tensile stress at strain of ¢ and L is
the initial section width of sample (2 mm).

The fracture energy I' of composite was calculated
from 41.78 (0 wt%) to 246.96 ] m™2> (40 wt%) as
shown in Fig. 8b, and the fracture energy of 40 wt%
increases by 591%. The obvious toughening effect is
attributed to the dispersion of silica particles in rub-
ber and the interaction among each other. Although
the composite generates continuous reinforcement
and toughening effects with the increase in silica
content in rubber matrix, the fracture energy incre-
ment of 10-20 wt% (55.6 ] m~2 and 82.08 ] m~?) is
less than 30-40 wt% (139.12 ] m 2 and 246.96 ] m ).
According to the internal structure, the increase in
small volume silica improves the interaction among
the particles, and larger specific surface area can
better combine with rubber matrix. The interaction
between silica particles and rubber or particles can
effectively dissipate mechanical energy, which may
account for rapid improvement in toughness.
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Fig. 8 a Engineering stress—strain curves obtained with silica FG contents 0—40 wt% and b calculated value of fracture energy.

Conclusions

We have successfully achieved the homogeneous
fluorescent labeling of silica using fluorescent silane
coupling agent (Eu(DBM-Si);). The obtained fluores-
cent silica exhibits a strong red emission with the
optimized labeling content in 13% for Eu(DBM-5i)s.
Through the LSCM imaging method, the 3D spatial
dispersion of silica fillers in the silicon rubber matrix
was reconstructed which guaranteed effective appli-
cation as a fluorescent labeling to reveal the disper-
sion state in the polymer matrix. The silica aggregates
in the rubber matrix of which volumes are smaller
than 10 pm> from 23.6 to 84.5% with the content of
silica fillers increased in the composite. At the same
time, the fracture energy increased from 55.6 to
246.96 ] m 2. Significant improvement in mechanical
properties is attributed to small-sized silica particles
which facilitate the interaction among particles or the
silicone rubber matrix, and the rubber toughness is
reinforced through effectively dissipating mechanical
energy. This proposed strategy in our study was
implemented based on the industrial standardized
processing methods which provided the great possi-
bilities to establish the relationship between fillers
spatial dispersion structure and performance of
polymers matrix.
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