
Introduction

Nanoparticles are widely used for various industrial and sci-
entific applications to achieve a specific performance of ma-
terials such as polymers. Among the different types of nano-
particles, silica is commonly used as a filler,1–5 as a catalyst
carrier,6,7 inwater purification,8,9 and for biological andmed-
ical applications.10 As a filler, the silica surface usually needs
to be modified by functional chemical groups to improve ap-
plication performance. For example, silica in situmodified by
silane, silica-silane reacted during the mixing step, is a stan-
dard filler system in tire technology,mainly for passenger car
tire treads as it reduces fuel consumption.1 However, it has a
few drawbacks: an elaborative mixing process2 and the gen-
eration of harmful byproducts during production.3 In order
to overcome these drawbacks, an alternative modification
process, such as pre-treatment before the mixing process, is
a promising path. Pre-treated silica eliminates the need for
adding a coupling agent during the mixing process and im-
proves the mixing performance.11–14

Various surface treatment techniques were considered for
preparing surface-treated silica, such as conventional solu-
tion modification,2,3,12,15 plasma polymerization,9,16–20 and
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Abstract Chemically modified silica is widely used as a reinforcing filler
in elastomers. The modification is generally done in situ while preparing
the rubber. However, in order to increase the efficiency and facilitate the
mixing process, the silica can be pre-treated by a 2-step molecular layer
deposition. The precursors for the modification are 3-mercaptopropyl-
triethoxysilane (MPTES) and octanoyl chloride (OC) to react with MPTES
and form a blocked silane. The precipitated silica nanofiller was success-
fully treated with MPTES and showed a self-limiting behavior: saturation
occurred at 2.7%. Furthermore, DRIFTS (diffuse reflectance infrared
Fourier transform spectroscopy) analysis confirmed the successful dep-
osition of MPTES on the silica surface by showing the -SH peak that ap-
peared after the reaction of MPTES and silica. In the second step, OC was
introduced to form a thioester on the surface of the MPTES-treated sili-
ca, controlling the reactivity of the mercapto group from MPTES by
blocking it to prevent a negative influence on the processing behavior
of the rubber. Thermogravimetric analysis (TGA), Fourier-transform in-
frared spectroscopy, and X‑ray photoelectron spectroscopy (XPS) ana-
lytical results confirmed the deposition of the blocked mercapto silane
on the silica. TGA results demonstrated the self-limiting behavior of OC,
and DRIFTS and XPS proved the thioester formation. A thioester peak
after the 2nd reaction step with OC appeared. At the same time, the dis-
appearance of the -SH signal from the MPTES was observed, indicating
the formation of the blocked mercapto silane structure. Transmission
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vapor (gas)-phase modification.21–24 Among these surface
modification methods, gas-phase modification offers inher-
ent advantages, such as the absence of a solvent, versatility
concerning particle size and structure,25 and controllability
and scalability.26 Besides, the gas-phase modification can
provide a well-structured and dense modification, better
than the conventional solution modification.27 Molecular
layer deposition (MLD) is amethod to deposit an organicma-
terial on a substrate by using alternating precursors.28,29 This
methodoffers outstanding control over the amount ofdepos-
ited material by relying on self-limiting surface reactions.
Fluidizedbeds are effective reactors for functionalizingnano-
particles in a gas phase.30–32 The particles are fluidized in the
reactor: suspended in an upward carrier gas (typically N2)
streamwith a velocity at which drag and gravity are in equi-
librium. Thecarrier gas flowwill also carry thevaporizedpre-
cursors for modificationwhile fluidizing the nanoparticles.

For the gas-phase modification of silica in a fluidized bed
reactor, some requirements are crucial for the precursors:

1. The precursor changes the silica surface to become more
hydrophobic and less polar.

2. The precursor leads to functionality which can react with
the polymer during vulcanization.

3. The precursor can be transported out of the bubbler by
the carrier gas, i.e., it has a sufficiently high vapor pres-
sure at the processing temperature.

Silanes are suitable candidates for silica treatment since they
are commonly used in the tire industry.33 However, most
commercially available silane coupling agents such as
TESPD, TESPT, and OTPTES (commercial name NXT), as
shown in Table 1, have boiling points higher than 250°C,

which is inappropriate for application in gas-phase modifi-
cation due to the low vapor pressure and, thus, insufficient
precursor input.

The screening of precursors for gas-phase modification
has led to 3-mercaptopropyl-triethoxysilane (MPTES) as
the material of choice. The boiling temperature of MPTES is
210 °C, a relatively low boiling point compared to the other
silanes. It is anticipated that this allows for the generation
of a sufficiently high precursor gas flow due to the relatively
high vapor pressure. The MPTES structure consists of three
ethoxy groups on one side of the molecule for coupling to
the silica surface. A mercapto (thiol) moiety is attached to
the other side of the molecule, which can react with the rub-
ber matrix. It is well known that the reactivity of mercapto
silanes is too high to be controlled adequately for most ap-
plications in the rubber industry. Besides, it was reported
that isoprene-based polymers, including natural rubber or
synthetic isoprene rubber, hamper the reaction between
the silica and the polymer.34

One way to control the reactivity of the thiol is to intro-
duce a protecting group, a compromise between achieving
good processing characteristics while mixing rubber and
maintaining a high coupling efficiency. Such a blocked silane
is actually in use for the in-situ modification of silica, e.g., a
3-octanoylthio-1 propyltriethoxysilane (OTPTES). It is re-
ported that the use of this silane for modification of silica
during the mixing process improves the processing behavior
and reduces the reactivity of the sulfur moiety compared to
the unblocked MPTES.35,36 Therefore, we propose to achieve
this blocking by following theMTPES deposition by the reac-
tion with octanoyl chloride (OC) to form the protecting
group. The envisaged reactions of MPTES and OC are de-
picted in Scheme 1.

Table 1 Commonly used silane coupling agents

Silane Chemical name Chemical structure Molecular weight (g/mol) Boiling point (°C)

TESPD Bis(triethoxysilylpropyl)disulfide 475 > 250

TESPT Bis(triethoxysilylpropyl)tetrasulfide 539 > 250

OTPTES 3-Octanoylthio-1-propyltriethoxysilane 364 > 400
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This paper investigates whether MLD of MPTES and OC
can modify the surface of silica nanoparticles in a homoge-
nous way, introducing thioester moieties. This is a step to-
wards more effective silica pre-treatment for rubber appli-
cation.

Results and Discussion

Determination of the Optimal Conditions for MPTES
Deposition

After partial or complete MLD treatment, all samples were
analyzed by thermogravimetric analysis (TGA) to compare
the samplesʼ weight loss, shown in Figure 1. In the first in-
stance, the weight loss increased with increasing pulse time
but reached saturation around an MPTES pulse time of 60
minutes. Only minor deviations were found for longer
pulses, except for a very long pulse time of 300 minutes,
whichmight have led to disulfide formation or condensation
reaction of MPTES.

Figure 2 represents the diffuse reflectance infrared Four-
ier transform spectroscopy (DRIFTS) spectra of untreated

and MPTES-treated silica after different pulse times. The
spectra of MPTES, as such, were also measured to identify
the specific peaks of MPTES. MPTES showed the CH band in
the range of 3000–2800 cm−1 and the mercapto group, -SH,
at a wave number of 2565 cm−1 with a low peak intensity.
The MPTES-treated silica showed an increase in the CH band
intensity at 3000–2800 cm−1 with an increase in pulse time;
the SH band from MPTES can be followed at ~2580 cm− 1.37,38

DRIFTS and TGA results confirm that MPTES was deposited
on the silica surface and actually reacted with the silanol
groups on that surface. The combined analyses show that
an optimum is reached at a pulse time of > 60min; a longer
pulse does not lead to a further increase in the SH band in-
tensity.

Scheme 1 Mechanisms for the MPTES and OC reactions.

Figure 1 TGA results: weight loss 200–850°C vs. MPTES pulse time.
The sample numbers (#) refer to Table 3.

Figure 2 DRIFTS results of MPTES-treated silica: a) full spectrum, b) -SH
peak region (2620–2500 cm−1).
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Reaction Conditions for Deposition of OC on the
MPTES/Silica Sample

The second reaction introduced OC as a protecting agent for
the mercapto group on Sample #3, the MPTES-treated silica
sample with optimum coverage. After the treatment with
OC, the samples were measured by TGA to determine the
weight loss. The weight loss of Sample #3 with only MPTES
(2.7%, corresponding to approximately 0.228 µmol of
MPTES/gsilica) was compared to the weight loss value of the
MPTES/OC-treated silica as a reference. After 10 minutes of
pulse time, the OC-treated sample showed an increase in
weight loss of approximately 0.9% higher than Sample #3.
The weight loss value kept increasing with the OC pulse time
of up to 30 minutes. Beyond this pulse time, the weight loss
value was saturated at around 6.1%, 3.4% higher than Sam-
ple #3, corresponding to 0.267 µmol of OC/gsilica deposited
on the silica. The weight loss of the samples is given in Fig-
ure 3.

The reaction of MPTES bonded to silica with OC is given in
Figure 4a. The silica sample reacted only with OC and
showed a 3.5% weight loss. OC can react with silanol moi-
eties directly to form an ester group (SiOCO), as shown in
Figure 4b, or it can react with water, which was adsorbed
on the silica via hydrogen bonding, to form octanoic acid,
see Figure 4c.

In Figure 5, Fourier-transform infrared (FTIR) spectra of
the modified silica nanoparticles confirm the chemical at-
tachment of OC to the MPTES-silanized silica surface. The
full spectra of all studied samples are shown in Figure 5a, in-
cluding the untreated silica as a reference. The treated sam-
ples showed an increase of the C−H band intensity at

3000–2800 cm−1, indicating the successful treatment of the
silica surface with OC. In Figure 5b, the band at 2580 cm−1

corresponding to the S–H bond, which appeared after the
reaction of silica with MPTES, disappeared again during the
reaction with OC for a longer pulse time than 30min, which
indicates the reaction of the -SH groups from MPTES with
OC to form the thioester. The chlorine atom reacts with the
hydrogen from the -SH group to form hydrogen chloride.

In Figure 6, the FTIR spectra of the precursors are given.
First, the thioester, 3-octanoylthio-1-propyltriethoxysilane,
formed by the reaction between MPTES and OC,39 is de-
tected by the thioester band at ~1690 cm−1. Next, octanoic
acid, the hydrogenated form of OC,40 shows a specific band
at ~1710 cm−1 corresponding to the carboxylic ester instead
of the band at ~1800 cm−1 for the halide group from OC.

In Figure 7, the deconvoluted DRIFTS results give more
detailed evidence of the reaction between MPTES and OC.
In the deconvoluted spectra range of 1900–1500 cm−1, the
silica samples treated by MPTES/OC show the thioester band
intensity at ~1680 cm− 1.41 This proves again that the -SH
group reacted with OC in the thioesterification reaction.
The halide peak showing a band at ~1800 cm−1 was not seen

Figure 3 TGA results: weight loss 200–850°C versus pulse time for OC
deposition.

Figure 4 Possible reaction mechanisms between silica and OC.

Figure 5 DRIFTS spectra of the untreated and treated silica samples: a)
full spectra; b) blow-up of the region between 2650 and 2500 cm−1 for
the SH group.
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on any of the treated samples, implying that all unreacted
OCwas removed during purging or converted to octanoic ac-
id by hydrolysis. The latter indicates that the carboxylic peak
was detected in all samples with OC treatment. This implies
that residual octanoic acid is present, which is not removed
during purging due to its high boiling point (> 240°C). The
sample treated with OC only (Sample #10) showed a single
carboxylic peak at ~1710 cm−1, indicating that the halidewas
hydrolyzed to form the acid. No peak indicated the direct re-
action between the silanol groups and OC. This reaction does
not occur under these circumstances.42

The X‑ray photoelectron spectroscopy (XPS) spectra of
Sample #3 from the first reaction, MPTES treated, and Sam-
ple #8 from the second reaction treated with MPTES and OC
are shown in Figure 8a, along with the spectra from the un-
treated silica for comparison. The increment intensity of the
peak corresponding to C 1 s in samples #3 and #8 confirms
the presence of MPTES and MPTES/OC on the silica surface.
The minor C 1 s peak in the reference sample is present due
to contaminations or traces of carbon dioxide in the equip-
ment chamber. The S2p scan in Figure 8b showed the S2p
doublet at 163.5 and 164.7 eV,43 respectively, corresponding
to the sulfur in the SH group of Sample #3. MPTES/OC-treat-
ed silica showed peaks corresponding to the expected diva-
lent sulfur of the thioester at 163.7 and 164.9 eV41 in the ex-
pected 2:1 ratio.

It is known that commercially available pre-treated silica
has the disadvantage that only the external surface of the
silica clusters is suitably modified: unmodified silica sur-
faces are revealed during the mixing process when the clus-
ters are broken into smaller units.5 Therefore, in order to es-
timate the modification homogeneity of the MLD process, a
crushing test was used to mimic silica cluster breakdown
during mixing, followed by XPS analysis. The results are giv-

Figure 6 FTIR results of 3-octanoylthio-1-propyltriethoxysilane (refer-
ence), octanoic acid, and octanoyl chloride (precursor).

Figure 7 Deconvoluted DRIFTS results of untreated, MPTES/OC, and
OC-treated silica in the region between 1500 and 1900 cm−1.

Figure 8 XPS results: a) full spectra of the modified and unmodified
silica samples; b) S2p signals of MPTES-treated Sample #3, and MPTES/
OC-treated Sample #8.
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en in Table 2. The crushed samples #3 and #8 showed com-
parable surface elemental concentrations with the un-
crushed sample, indicating sufficient deposition on the indi-
vidual nanoparticles.

This implies that the gas-phase reaction relatively homo-
geneously modifies silica particles. The vaporized MPTES
precursor is small, approximately ~1.1 nm, and can pene-
trate the vacancies of the silica cluster since their estimated
size based on a close-packed formation of spherical particles
of 20 nm in diameter is 3.1 nm. The gas-phase precursors
will react with the isolated silanol or geminal silanol groups
on the silica surface. Once MPTES reacts with all reactive si-
lanol moieties, the surface reaction is self-limited, and a con-
densation reaction between free MPTES and immobilized
MPTES on the silica surface barely occurs. As no catalyst
was used, the degree of condensation was low.43

The morphologies of untreated silica, MPTES (Sample
#3), and MPTES/OC (Sample #8)-treated silica samples were
visualized by transmission electron microscopy (TEM). Un-
treated silica has a primary particle size of approximately
20 nm. MPTES- and MPTES/OC-treated silica showed no dif-
ference in morphology compared to untreated silica based
on several TEM images; an example is shown in Figure 9.
These pictures do not show a breakdown of silica clusters in-
to smaller units during the MLD process. Instead, it indicates
that the structural properties of the silica are not signifi-
cantly changed and that the three-dimensional cluster
structure is maintained.

Energy-filtering TEM (EFTEM) analysis showed a homo-
geneous carbon deposition on the silica surface of MPTES/
OC-treated silica (#8 MPTES: 120min/OC: 60min), as
shown in Figure 10, before and after crushing. There is no
significant change supporting the previous XPS results.

Conclusions

Precipitated silicawas successfully modified byMLD: MPTES
was deposited in the first step, followed by a reaction of OC
with the mercapto group of MPTES. TGA, FTIR, and XPS anal-
yses confirmed the successful deposition of both precursors
and the formation of the blocked mercapto silane on the sil-
ica nanoparticles. The optimal pulse time for MPTES was
120min, and for OC, 30min. DRIFTS and XPS proved the
thioesterification reaction by the appearance of the SH peak
after the first step for the reaction of MPTES and silica, and
its disappearance after the second step, the reactionwith OC
to form the thioester. The treated silica had a well-distrib-
uted carbon and sulfur deposition on the outer and inner sil-
ica cluster surfaces regardless of the breakage of the silica
clusters. This qualifies MLD as a better alternative to the con-
ventional pre-treatment in solution.

Experimental Section

Precursors and Other Materials for MLD

Highly dispersible silica with a specific surface area mea-
sured by cetyl trimethyl-ammonium bromide (CTAB) ad-
sorption of 177m2/g (ULTRASIL® 7005, Evonik AG, Germany)
was used as a substrate for surface treatment. MPTES (purity
98.5%, Sigma Aldrich) was selected as a precursor for the
first reaction step for the MLD treatment of the silica sam-
ples. The molecular weight of MPTES is 238.4 g/mol, and
the boiling temperature is 210°C with < 2mbar of vapor
pressure at room temperature. As a blocking agent, OC (pu-
rity 99%, Sigma Aldrich) was selected as a second precursor.

Table 2 Elemental composition of treated silica (#3 and #8) and
crushed samples

Sample C O Si S

(%) (%) (%) (%)

Pure silica 3.1 ± 0.9 68.5 ± 0.5 28.5 ± 0.5 –

#3 (MPTES-treated
silica)

Pristine 7.3 ± 0.6 64.0 ± 0.2 28.4 ± 0.5 0.4 ± 0.05

Crushed 6.3 ± 0.4 65.8 ± 0.5 28.0 ± 0.4 0.3 ± 0.05

Deviation 1.0 ± 0.6 1.8 ± 0.5 0.4 ± 0.6 0.1 ± 0.06

#8 (MPTES/
OC-treated silica)

Pristine 12.7 ± 0.5 59.6 ± 0.5 27.1 ± 0.3 0.5 ± 0.05

Crushed 10.9 ± 0.5 61.9 ± 0.6 27.2 ± 0.2 0.4 ± 0.04

Deviation 1.8 ± 0.6 2.3 ± 0.7 0.1 ± 0.3 0.1 ± 0.06

Figure 9 TEM images: a) untreated silica, b) MPTES-treated silica, c)
MPTES/OC-treated silica.

Figure 10 TEM and EFTEM images of the MPTES/OC-treated silica
Sample #8 before and after crushing.
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The molecular weight of OC is 162.7 g/mol, and the boiling
temperature is 195°C, generating a vapor pressure of
0.8mbar at 20°C.

Preparation of MLD-Treated Silica in a Fluidized Bed
Reactor

MLDwas carried out in a reactor consisting of a vertical glass
column (50 cm high and 8 cm in diameter) placed on a dou-
ble-motor vibration table (Paja PTL 40/40–24, Netherlands)
to assist the fluidization of the silica nanopowder. Two stain-
less steel distributor plates with a pore size of 37 µm were
placed at the bottom and top of the column to obtain a ho-
mogeneous distribution of the gas inside the column and
prevent particles from leaving the reactor. MPTES was kept
in a stainless steel bubbler and heated to 110°C to increase
the vapor pressure. In addition, a second stainless-steel bub-
bler was added to the setup containing OC, which was also
heated up to 110°C for the sufficiently high vapor pressure
of OC. Both vaporized precursors were carried into the reac-
tor by a nitrogen flow (99.999 v/v%) of 2 l/min passing
through the bubblers. The lines were heated and kept at
130 °C to prevent condensation and under-delivery of gas-
eous precursors. The detailed fluidized setup is depicted in
Figure 11.

Processing Conditions for MLD Treatment of Silica

100 g of precipitated silica was placed in the column. The
deposition started with an MPTES pulse followed by an OC
pulse through the fluidized bed, with nitrogen purging be-

tween the precursor pulses and at the end of the treatment.
In addition, silica samples with only MPTES treatment and
only OC treatment were prepared for comparison. Optimum
pulse times were determined in order to reach surface satu-
ration. The settings for these experiments are given in Ta-
ble 3.

Characterization of MLD-Treated Silica

TGA (5500, TA Instruments) was used to determine the de-
gree of deposition. It was measured from 30°C to 850°C
with 20°C/min ramping rate in an air atmosphere. The TGA
weight loss curves were normalized at 200 °C, assuming all
physically absorbed water was removed.44 Therefore, only
the weight loss from 200°C to 850°C was considered.

FTIR spectra were taken with a Perkin-Elmer Spectrum
100 series equipped with a DRIFTS accessory in the
4000–600 cm−1 region. Potassium bromide (KBr, FTIR grade,
≥ 99%, Sigma-Aldrich) was used as a reference material for
the baseline and sample preparation. KBr was ground and
mixed with the silica samples, which were added in a con-
centration of 10wt.% to avoid peak intensity saturation dur-
ing the measurement. Spectra were collected at a nominal
resolution of 4 cm−1 with 128 sample scans.

Photoelectron spectra were obtained using a Quantera
SXM (scanning XPS microprobe) from Physical Electronics.
The spectrophotometer was operated under a vacuum of
3·10−8 Torr. A monochromatic Al Kα source (50W, 148 6 eV)
was used for primary excitation at an angle of 45° relative to
the sample surface. Survey scans were made to see the gross
overall atomic content of the surface layer; they were re-
corded in the range of 0 to 1200 eV. The measured inten-
sities were in the range of 600 to 12000 counts s−1. The
atomic concentrations were calculated by Equation 1.

Figure 11 Fluidized bed reactor setup for silica treatment.

Table 3 Reaction conditions for MPTES and OC deposition on silica
nanoparticles

Sample
No.

tMPTES pulse
(min)

tN2 pulsing
(min)

tOC pulse
(min)

tN2 purging
(min)

Tbubbler
(°C)

Treactor
(°C)

 1  30 30 – – 110 200

 2  60 30 – – 110 200

 3 120 30 – – 110 200

 4 180 30 – – 110 200

 5 300 30 – – 110 200

 6 120 30  10 30 110 200

 7 120 30  30 30 110 200

 8 120 30  60 30 110 200

 9 120 30 120 30 110 200

10 – –  30 30 110 200
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Cx ¼ Ix
Sx

=
Xn

i

Ii
Si

Equation 1

where Ii is the area of a photoelectron peak and Si is the rel-
ative sensitivity factor of the peak. Cx is the fraction of ele-
ment x, Ix is the peak area of element x, Sx is the relative sen-
sitivity parameter, Σ is the sum of all elements, and n is the
number of elements.

TEM and EFTEM were performed in a Philips 300ST‑FEG
TEM at an acceleration voltage of 300 kV. For the measure-
ments, 0.1 g of silica was dispersed in ethanol by ultrasoni-
cation to prepare a suspension. Then a droplet (0.2 µL) of this
suspension was put on a Holey carbon film on a TEM grid,
and ethanol was evaporated. A GATAN Ultrascan 1000
(2 k × 2 k CCD) camera was used for imaging.

In order to estimate themodification homogeneitywithin
the silica clusters by mimicking the breakdown in the mixer,
1 g of treated silica was ground manually with an agate pes-
tle and mortar until the treated silica clusters turned into a
fine powder. XPS and TEM were used to characterize the
samples in order to compare the surface coverage of the
MLD-treated silica sample before and after crushing.
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