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Abstract: Polysilazanes functionalized with alkoxy groups were designed and synthesized as
single source precursors for fabrication of micro and mesoporous amorphous silica-based materials.
The pyrolytic behaviors during the polymer to ceramic conversion were studied by the simultaneous
thermogravimetry-mass spectrometry (TG-MS) analysis. The porosity of the resulting ceramics was
characterized by the N, adsorption/desorption isotherm measurements. The Fourier transform
infrared spectroscopy (FT-IR) and Raman spectroscopic analyses as well as elemental composition
analysis were performed on the polymer-derived amorphous silica-based materials, and the role of
the alkoxy group as a sacrificial template for the micro and mesopore formations was discussed from
a viewpoint to establish novel micro and mesoporous structure controlling technologies through the
polymer-derived ceramics (PDCs) route.

Keywords: perhydropolysilazane; alkyl alcohol; single source precursor; polymer-derived ceramics;
micro and mesoporous silica

1. Introduction

The organometallic precursor route has received increased attention as an attractive ceramic
processing method since it has inherent advantages over conventional powder processing methods
such as purity control, compositional homogeneity in the final ceramic product and lower processing
temperatures in the ceramics fabrication [1-3]. Moreover, this route provides alternatives towards the
synthesis of advanced silicon-based non-oxide ceramics such as silicon nitride (Si3N4)-based ceramics,
particularly starting from silicon-based polymers such as polysilazanes [4-6].

Recently, micro and mesoporous structure formations have been often discussed for the
polymer-derived amorphous silicon nitride [7,8], silicon carbide [9-14], silicon carbonitride
(Si—-C-N) [15], silicon oxycarbide (Si-O-C) [16-18] and quaternary Si-M-C-N (M = B [19,20], Ni [21]).
During the crosslinking and subsequent high-temperature pyrolysis under an inert atmosphere of
polymer precursors, by-product gases such as CHy, NH3 and H; were detected [5,22], and the
microporosity in the polymer-derived non-oxide amorphous ceramics could be assigned to the release
of the small gaseous species formed in-situ [8,22].

Iwamoto et al. [23] reported an approach in synthesizing micro and mesoporous amorphous silica
using organo-substituted polysilazane precursors, in which the organic moieties acted as a “sacrificial
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template” during polymer to ceramic conversion by heat treatment in air, thus allowing the micro and
mesoporous structure formation.

In our recent studies, commercially available perhydropolysilazanes (PHPS) was used as a starting
polymer. The PHPS contains many reactive Si-H and N-H groups which can react with chemical
modifiers to yield novel ternary or quaternary Si-based non-oxide ceramics [24-27]. In addition,
compared with polysiloxanes often used as a precursor for silica, PHPS can be easily oxidized at low
temperatures to yield pure silica in high ceramic yield due to the weight gain as shown in the following
equation [28-30].

[Sin — NH]n + n0O, - nSiO, + nNHj3 1 1)

In our previous studies, alkoxy groups were introduced to PHPS, and the resulting chemically
modified PHPS was converted to microporous amorphous silica by oxidative crosslinking at 270 °C
followed by heat treatment at 600 °C in air (route R1 in Figure 1) [31]. Microporous amorphous
silica was also synthesized through the two step conversion route, (i) room temperature oxidation
of the chemically modified PHPS to afford an air-stable alkoxy group-functionalized amorphous
silica-based inorganic-organic hybrid; and (ii) subsequent heat treatment at 600 °C in air (route
R2 in Figure 1) [32]. In continuation of our ongoing studies, we herein report the effect of the
heat treatment atmosphere on porous structure development of the polymer-derived amorphous
silica-based materials. The polymer/ceramics thermal conversion under an argon flow was performed
on the polymer precursors and the polymer-derived hybrid silica (route R3 and R4 in Figure 1).
The thermal conversion behaviors were in-situ analyzed by the simultaneous thermogravimetry-mass
spectrometry (TG-MS) analysis. The relationships between the heat treatment atmosphere, gaseous
species formed in-situ during the thermal conversion and the micro and mesoporosity in the resulting
amorphous silica-based materials are discussed and compared with our previous results [32] in
order to achieve a better understanding of the micro and mesoporous structure development in the
polymer-derived amorphous-silica based materials.
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Figure 1. Synthesis of micro- and mesoporous amorphous silica-based materials through polymer
derived ceramics (PDCs) routes investigated in this study.
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2. Results and Discussion

2.1. Polymer Precursors and Alkoxy Group-Functionalized Amorphous Silica

The chemical structures of the polymer precursors and those of the alkoxy group-functionalized
inorganic-organic hybrid silica were assessed based on their FI-IR spectra. As shown in Figure 2a,
the as-received PHPS exhibited absorption bands at 3400 (vN-H), 2150 (vSi-H), 1180 (6N-H) and
840-1020 cm ™! (8Si-N-Si) [4,31-33]. The PHPSs modified with the alcohols (Figure 2b,c) presented
additional absorption bands at 2950-2850 (vC-H), 1450 (§CHj3) and 1090 cm~! (vSi-OR) [31,32,34].
As shown in Figure 2a, after the room temperature oxidation, the absorption bands corresponding to
the as-received PHPS completely disappeared and new absorption bands appeared at 3400 (5i-OH)
and 1090 cm ™! (Si—O-Si) [32,34]. In addition to these bands, the chemically modified PHPSs exhibited
C-H absorption bands in the vicinity of 2950 to 2850 cm~! (Figure 2b,c).
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Figure 2. FT-IR spectra for polymer precursors and the precursor-derived samples. Polymer precursor:
(a) P0; (b) P5 and (c) P10 (* indicating background, absorption due to CO,).

The chemical structure of the oxidized samples was further studied by the solid state 2°Si magic
angle spinning (MAS) NMR spectroscopy. As a typical result, the spectrum for the sample derived
from PHPS chemically modified with n-C1oH»1OH (P10) is shown in Figure 3. The characteristic
peaks due to the structural units of as-received PHPS at around —35 ppm (S5iHNj3/SiH;N5) and
—50 ppm (SiH3N) [35] completely disappeared, and the spectrum presented new broad peaks assigned
to the units which composed amorphous silica at —78, —89, —85 to —94 and —112 ppm assigned
to Q1(=Si0-5iX3), Q2 ((=5i0),SiX;), Q3 ((=5i0)35iX) and Q4 ((=S5i0)451)) (X = OH, OCyoHyy),
respectively. These results indicate that the as-received PHPS and the chemically modified PHPSs
were successfully converted to amorphous silica, and alkoxy group-functionalized inorganic-organic
hybrid silica, respectively.
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Figure 3. 22Si MAS NMR spectrum for alkoxy group-functionalized amorphous silica synthesized by
room temperature oxidation of P10 (PHPS chemically modified with n-C1yH»; OH).

2.2. Thermal Conversion to Amorphous Silica-Based Materials

The oxidative cross-linking at 270 °C and subsequent heat treatment at 600 °C in air of the
polymer precursors (route R1) yielded carbon-free amorphous silica (Table 1, route R1, 600 °C).
The alkoxy group-functionalized inorganic-organic hybrid silica could be also converted to carbon-free
amorphous silica by the 600 °C-heat treatment in air (Table 1, route R2, 600 °C), and the C-H
absorption bands completely disappeared in their FT-IR spectra (R2 in Figure 2b,c). On the other
hand, the 600 °C-heat treatment in argon (Ar) resulted in the detection of C—H absorption bands (R3
in Figure 2b,c). The amount of carbon remained in the P5 and P10-derived samples were 6.2 and
9.5 wt %, respectively (Table 1, route R3, 600 °C).

Table 1. Chemical composition of polymer-derived amorphous silica-based materials synthesized in

this study.
Polymer Conversion Flow Temp./°C Composition/wt % Empirical Ratio
Route Gas Si C o N H

R1 air 600 68.1 0.0 30.2 0.7 0.0 Si1.0C0.0000.78No.02Ho.00
R2 air 600 59.1 0.0 39.3 0.6 0.0 Sil_oC0,0001_17N0,02H0'00
R3 Ar 600 54.5 0.0 424 1.9 0.2 Si1.0C0.0001.37No.07Ho 10

P0 R4 Ar 600 65.8 0.9 438 26.9 0.6 Si1.0C0.0300.13No.82Ho 25
R3 Ar 1000 58.1 0.0 40.2 0.5 0.2 Si1.0C0.0001.21No.02Ho 10
R4 Ar 1000 63.4 0.9 5.0 29.1 0.6 Si1.0C0_03Oo_14N0_92H0'26
R1 air 600 64.7 0.0 34.2 0.1 0.0 Si1'0C0'0000'93N0'003H0'00

P5 R2 air 600 60.7 0.0 38.2 0.1 0.0 811_0C0A0001_10NO_OO3H0_00
R3 Ar 600 556 62 362 06 0.4  Si;0Co2601.13No.02Ho20
R3 Ar 1000 52.7 4.1 41.8 0.3 0.1 Si1.0C0.1801.39N0p.01Ho.05
R1 air 600 64.7 0.0 34.3 0.0 0.0 SiloC0_0000_93No_00H0'00
R2 air 600 63.1 0.0 359 0.0 0.0 Sil.OCO.OOOI.OONO.OOHO.OO
R3 Ar 600 51.9 9.5 36.6 0.1 0.9  Siy0C.4301.24Np.004Ho 48

P10 R4 Ar 600 577 67 302 30 14  Si;0Cp270092No.10Hoes
R2 air 1000 63.6 0.0 354 0.0 0.0 Sil.OCOAOOOOA%NO.OOHO.OO
R3 Ar 1000 494 6.1 423 0.0 1.2 Si1 0C0.2901.50N0.00Ho.68

R4 Ar 1000 596 84 149 144 17  Si;(Co3300.44No4sHo 7o
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2.3. TG-MS Analysis

To study the effect of atmosphere on the pyrolytic behaviors more extensively, TG-MS analysis
was performed on the selected samples. The results were summarized and shown in Figures 4 and 5.
The PHPS-derived amorphous silica synthesized by the room temperature oxidation showed a slight
weight loss at 150 to 400 °C (Figure 4(Aa)). The MS spectrum measured at 200 °C was composed of m/z
ratios at 106, 91, 77, 63, 51 and 39, which was identical to that reported for xylene (Figure 4(Ab)) [36,37].
Since the molecular ion (m/z = 106) and the tropylium ion (m/z = 91) were detected at 400 °C and
below (Figure 4(Ac)), the observed weight loss is mainly due to the residual xylene [32]. When the
PHPS was directly heat-treated under the inert atmosphere, the weight loss up to 400 °C increased
to approximately 20 wt % (Figure 4(Ba)). A typical MS spectrum measured at 200 to 250 °C is
shown in Figure 4(Bb). The m/z ratios at 76 and 30 were assigned to SiH,-NH-SiH3" and SiH,*,
respectively. The smaller species, m/z ratios at 28 and 17 were assigned to Np* and NH3*, respectively.
These fragment ions could be formed in-situ by the thermal decomposition of the silazane rings.
The evolutions of these gaseous species were found to be completed at around 400 °C (Figure 4(Bc)).
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Figure 4. Thermal behavior of (A) PHPS (P0)-derived amorphous silica under oxidative atmosphere
(route R2); and (B) as-received PHPS under an inert atmosphere (route R4). (a) TG-DTA; (b) monitoring
of gaseous species by mass spectrometry at 200 °C and (c) continuous in-situ monitoring of gaseous
species by mass spectrometry.

As shown in Figure 5(Aa), under the oxidative atmosphere (route R2), the P10-derived hybrid
silica having n-Cy9H»1O groups exhibited a weight loss of approximately 50% at 150 to 600 °C, and the
differential thermal analysis (DTA) resulted in the detection of a dominant exothermic peak centered at
320 °C. The MS spectrum measured at 320 °C is shown in Figure 5(Ab). The sequential peaks 14 mass
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units apart at m/z = 71, 57 and 43 can be assigned to the fragment ions derived from hydrocarbons
formed in situ by the typical o-cleavage in the n-C19H»; O group, followed by the sequential C—-C bond
cleavage to release methylene units [36,38]. The m/z ratios at m/z = 70 (CsH1¢®*) and 55 (C4,H7*) could
be derived from traces of unreacted n-C1oHy1OH [36,39]. The smaller species, m/z ratios at 44 and 18
were assigned to CO," and H,O", respectively. By monitoring the fragment ions with m/z ratios at
85,71, 57 and 43, it was confirmed that the decomposition of 1n-C1oHj1O group mainly occurred at
250 to 500 °C (Figure 5(Ac)). Simultaneously, combustion of the hydrocarbon species started at around

250 °C, and the evolution of CO; and H,O continued to approximately 650 °C (Figure 5(Ad)).
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Figure 5. Thermal behavior of n-CjgHp;O group-functionalized hybrid silica under (A) oxidative
atmosphere (route R2); (B) inert atmosphere (route R3) and (C) that of PHPS functionalized with
n-C1oHp1 O groups (P10) under inert atmosphere (route R4). (a) TG-DTA; (b) monitoring of gaseous

species by mass spectrometry at 320 °C; (c¢,d) continuous in situ monitoring of gaseous species by

mass spectrometry.

Under the inert atmosphere (route R3) (Figure 5(Ba)), the weight loss up to 600 °C of the
P10-derived hybrid silica was decreased to 20%. The MS spectrum measured at 320 °C was composed
of the above mentioned species derived from n-Cj9H;O groups and those with the m/z ratios of
41 (C3Hs*), 29 (C;H5™) and 15 (CH3*) (Figure 5(Bb)). The gaseous species formed in situ were
detected mainly at 100 to 600 °C (Figure 5(Bc)). When the P10 was directly heat-treated under
an inert atmosphere (route R4), the weight loss up to 600 °C was rather suppressed and measured
to be 38%. The thermal decomposition behavior of the P10 was similar to that characterized for the
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n-C1pHp1 O-functionalized hybrid silica, and it was found that the relative volume fraction of the in situ
formed C3H;" (m/z = 43) remarkably increased (Figure 5C).

2.4. Ny Adsorption/Desorption Isotherm and Porosities Evaluated for the Polymer-Derived Amorphous
Silica-Based Materials

The textural properties of the polymer-derived amorphous silica-based materials were studied
by Nj physisorption at —196 °C. The adsorption/desorption isotherms are presented in Figure 6.
Each sample exhibited an N, uptake above p/p, = 0.9, which was thought to be related to the porosity
generated by agglomeration of the powdered sample [31].
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Figure 6. N, sorption isotherms of polymer-derived samples.

Regardless of the thermal conversion condition investigated in this study, the PHPS (P0)-derived
amorphous silica generated a type III isotherm according to the International Union of Pure and
Applied Chemistry (IUPAC) classification method [40,41] (Figure 6a), and the P0-derived samples
were characterized as non-porous (Figure 7a). Consequently, it was clarified that the evolution below
400 °C of the relatively large gaseous species (shown in Figure 4) did not contribute to the porous
structure formation.
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Figure 7. Pore size distribution of the polymer-derived samples synthesized by heat treatment at

600 °C for 1 h.
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The isotherm of the P5-derived sample synthesized through the route R1 exhibited a type I
without distinct hysteresis loops. The slight N, uptake at the relative pressure lower than p/p, = 0.2
was related to the micropore filling (Figure 6b), and the micropore sizes evaluated by using N, as
probe molecule were in the range of 0.43 to 1.2 nm [31] (Figure 7b).

The isotherm of the P10-derived sample synthesized through the route R1 also presented a similar
type (Figure 6c). The N, uptake below p/p, = 0.2 was apparently increased by increasing the carbon
number in the alkoxy group from 5 to 10, and the resulting micropore size distribution plot peaked at
0.43 nm and extended to approximately 1.6 nm in size [31] (Figure 7c).

On the other hand, when the heat treatment of the P5-derived hybrid silica was performed under
flowing Ar, the N, uptake below p/p, = 0.2 apparently decreased (R3 in Figure 6b). The micropore sizes
evaluated for the resulting P5-derived sample were below 1.0 nm, and thus almost unchanged, while
the micropore volume decreased (R3 in Figure 7b). In addition to the similar microporosity change (R3
in Figures 6c and 7c, the P10-derived sample exhibited an increase in the volume of mesopores having
a size range of approximately 2 to 20 nm (R3 in Figure 7c).

The heat treatment under an Ar flow of the P10 also resulted in the micro and mesoporosity
changes similar to those observed for the P10-derived hybrid silica (R4 in Figures 6¢c and 7c. However,
regardless of the atmospheric condition, the porosity in the P5 and P10-derived samples was lost
during further heat treatment from 600 to 1000 °C (Figure 6d).

Figure 8a presents the relations between the number of the carbon in the alkoxy group introduced
to PHPS, the conversion route and the resulting micropore volume of the heat-treated samples. In our
previous studies on the alkoxy group-functionalized PHPS [31] and hybrid silica [32], the alkoxy
group with C3 hydrocarbon did not contribute to the porous structure development [31], while
those having a carbon chain longer than or equal to C5 hydrocarbon were found to be effective as
a sacrificial template for generating microporosity under the thermal conversion in air [32]. Moreover,
the micropore volume increased with increasing the total volume of the released gaseous species
having a kinetic diameter below 0.45 nm. As a result, the micropore volume of the P10-derived sample
reached 0.17 cm3/g (R2 in Figure 8a), and this value was compatible with that of the amorphous silica
fabricated without room temperature oxidation (route R1 in Figure 8a, 0.173 cm?/g). It should also be
noted that the specific surface area (SSA) of this sample was 321.2 m?/g, and almost the same as that
achieved by the sample fabricated through the route R1 (328 m?/g) [32].
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Figure 8. Porosity of polymer-derived amorphous silica-based materials. (a) micropore volume of the
synthesized samples and (b) mesopore volume of P10-derived samples.

Under the present thermal conversion in Ar, the gaseous species formed in situ were C4-C1
hydrocarbons and CO with a kinetic diameter below 0.45 nm [42], which contributed to the
microporosity formation in the P5 and P10-derived samples. However, the total volume of the
released gaseous species essentially decreased due to the lack of CO, evolution, which led to a decrease
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in the micropore volume and a considerable amount of carbon remaining in the resulting amorphous
silica-based material. Moreover, it was found that the decrease in the micropore volume became much
more pronounced when the thermal conversion of P10 was performed after the room temperature
oxidation (R3 at the number of carbon = 10 in Figure 8a). Simultaneously, the mesopore volume in
this sample turned out to be much higher (0.055 cm?/g) than those in other samples (approximately
0.01-0.02 cm®/g) (Figure 8b). One possible reason for the decrease in the micropore volume associated
with the increase in mesopore volume may be attributed to the pore growth from micro- to mesopore
size range within the amorphous silica matrix immediately densified at the early stage of the heat
treatment approximately below 400 °C.

Figure 9 presents the Raman spectra for the P10-derived amorphous silica synthesized by heat
treatment in air (route R2), and their assignments are listed in Table 2. The spectra for the 600 °C
heat-treated sample exhibited broad bands related to the O-Si-O and Si-O-5i asymmetrical vibrations
at 800 and 978 cm ™!, respectively [43]. The weak broad bands above 1000 cm~! were thought to be
attributed to the SiO4 asymmetrical vibration [44-46]. On the other hand, the lower wavenumber
bands below 700 cm ™! were attributed to the Si-O-Si symmetric vibrations originated from structural
defects such as 3-, 4- and 6-membered Si—O-5i rings within the amorphous silica matrix [47—49].

Polymer precursor: P10

R2: 1000°C in air

R2: 600°C in air

200 400 600 800 1000 1200
Raman shift / cm-?

Figure 9. Raman spectra for P10-derived amorphous silica synthesized by heat treatment in air (route R2).

Table 2. Assignment for the Raman spectra shown in Figure 9.

v, (8i—-0-Si)/cm ! }\Iun.\ber.of Notes Reference
SiOy4 in Rings

381 (vg) 6 Observe in x-Carnegieite Matson et al. [48]

463 (vs) 6 Observe in moganite Kingma and Hemley [49]

465 (vs) 6 Observe in o-quartz Kingma and Hemley [49]

498 (vs) 4+6 Observe in Leucite Matson et al. [48]

606 (vg) 3 - Uchino et al. [48]
0-Si-O vibration (asymmetric .

800 (vas) - stretching moé’e) Li et al. [43]
Si—O-Si bond due to defect by

978 (vas) - surface silanol group Lietal. [43]

1000-1200 (Vas)

(asymmetric stretching mode)

Asymmetric stretching
SiQy4 vibrations

Apopei et al. [44]
Makreski et al. [45]
Ventura ef al. [46]

On the other hand, after the high-temperature heat treatment up to 1000 °C, the spectrum
presented one distinct band at 465 cm ™! due to the six-membered Si-O-Si ring [49]. Since the intensity
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of the characteristic bands related to the Si-O-Si and O-5i-O vibrations remarkably decreased, the
1000 °C heat-treated sample was thought to be composed of a highly rigid silica network.

It has been suggested that PHPS contains 2-, 3- and 4-membered Si-N-Si ring clusters as
microporous units [5,22]. Upon oxidation at room temperature, the ring clusters were readily oxidized
to form Si-O-5i linkages, which could serve as nucleation sites for subsequent growth of micropores.
Finally, after the 1000 °C-heat treatment, the six-membered Si-O-5i rings remained to form the intrinsic
microporosity in amorphous silica. The estimated diameter of the six-membered ring is approximately
0.3 nm [50,51], which is too small for the N, probe molecule to access (0.364 nm) [42]. Consequently,
the resulting 1000 °C heat-treated sample was characterized as non-porous. On the other hand, the
walls of micro- and mesopores formed by the thermal decomposition of the alkoxy groups are thought
to be composed of disordered silica having considerable amount of dangling bonds, and the thermal
stability of the polymer-derived micro- and mesoporous amorphous silica-based materials synthesized
in this study is estimated to be around 600 °C.

3. Experimental Procedures

3.1. Precursor Synthesis

Commercially available perhydropolysilazane (PHPS, Type NN110, 20% xylene solution, AZ
Electronic Materials, Tokyo, Japan) was used as the starting polymer. n-Pentanol (n-CsH;;OH) and
n-decanol (1n-C19H1OH) were used for the chemical modification of the PHPS. According to the
published procedures [32], the reaction between the as-received PHPS and each alcohol was carried
out under a dry Ar atmosphere using Schlenk techniques. A PHPS (Si basis)/ROH molar ratio of 4:1
was applied in all cases. In each synthesis, the alcohol was added dropwise to a xylene solution of
as-received PHPS with magnetic stirring at room temperature, followed by the addition of toluene
to decrease the PHPS concentration from 20 to 1 wt %. After the addition was complete, the mixture
was refluxed for 1 h under an Ar flow and cooled to room temperature. The xylene and toluene were
removed from the reaction mixture under vacuum to afford the alcohol adduct as a viscous liquid.

3.2. Conversion of Polymer Precursor to Amorphous Silica-Based Materials

In this study, the polymer precursor was converted to amorphous silica-based material through
the following four different routes shown in Figure 1.

R1: Oxidative crosslinking and subsequent heat treatment in air [31]

Polymer precursor was cured by heating at 270 °C in air to promote oxidative crosslinking with
a heating rate of 100 °C/h and dwell time of 1 h in an alumina tube furnace. After cooling down to
room temperature, the crosslinked polymer was obtained as white solid. The crosslinked polymer
precursor was ground to a fine powder using a mortar and pestle, then heat-treated in an alumina
tube furnace under an air flow by heating from room temperature to 600 °C in 6 h, maintaining the
temperature at 600 °C for an additional 1 h, and finally cooling down to room temperature to give
amorphous silica as white powders.

R2: Room temperature oxidation followed by heat treatment in air [32]

Polymer precursor was converted to amorphous silica-based hybrid by exposing the polymer precursor
to vapour from aqueous ammonia (NHjs) according to the procedure reported by Kubo et al. [28,29]. In this
process, 15 mL of aqueous NHj3 was placed in a 200 mL beaker with a slightly open lid and the polymer
precursor (ca. 600 mg) was suspended over the aqueous NHj until the silica-based hybrid formed
as white powder. The resulting amorphous silica-based hybrid was ground to a fine powder using
a mortar and pestle, then heat-treated in an alumina tube furnace under an air flow up to 600 °C for
a period of time of 6 h. Then the temperature was maintained at 600 °C for an additional hour, and
finally cooled down to room temperature to afford amorphous silica as white powders.
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R3: Room temperature oxidation followed by heat treatment in Ar

The powdered sample of polymer-derived amorphous silica-based hybrid was heat-treated in
an alumina tube furnace under an Ar flow up to 600 °C at a heating rate of 10 °C/min. Then the temperature
was maintained at 600 °C for an additional hour, and finally cooled down to room temperature.

R4: Heat treatment in Ar

Polymer precursor was heat-treated in an alumina tube furnace under Ar flow up to 600 °C for
a period of time of 1 h (heating rate of 10 °C/min). Then the temperature was maintained at 600 °C for
an additional 1 h, and finally cooled down to room temperature.

As shown in Figure 1, 1000 °C-heat treatment was also performed for the polymer/ceramics
conversion (R2, R3 and R4).

3.3. Characterization

FT-IR spectra of the polymers and the polymer-derived amorphous silica-based materials were
recorded using KBr pellets over the range of 4000 to 400 cm ™! (FT/IR-4200 IF, Jasco, Tokyo, Japan).
Solid-state 2°Si magic angle spinning (MAS) nuclear magnetic resonance (NMR) spectra of the
amorphous silica-based hybrids were measured at 79.45 MHz, 6.0 us of 90° pulse length, 120 s
of decay time between pulses, and spinning rate of 3500 Hz (Unity 400 plus, Varian, Palo Alto, CA,
USA). Raman spectra of the amorphous silica-based materials were measured using 532 or 785 nm solid
laser (Renishaw, Wotton-under-Edge, UK). The laser power of 5% was applied for the measurements.

The thermal behaviors up to 1000 °C were studied by simultaneous TG and MS analyses (Model
TG/DTA6300, Hitachi High Technologies Ltd., Tokyo, Japan/Model JMS-Q1050GC, JEOL, Tokyo,
Japan). The measurements were performed under flowing mixed gas of helium (He) and oxygen (O;)
(He:O = 4:1, 100 mL/min) or He with a heating rate of 20 °C/min. To avoid the presence of dominant
fragment peaks at around m/z = 32 (O,*) related to the presence of Oy, the m/z ratios in the range of 20
to 35 were excluded from the MS spectra recorded under the flowing mixed gas of He and O,.

Elemental analyses were performed on the heat-treated samples for oxygen, nitrogen and hydrogen
(inert-gas fusion method, Model EMGA-930, HORIBA, Ltd., Kyoto, Japan), and carbon (non-dispersive
infrared method, Model CS744, LECO Co., St Joseph, MI, USA). The silicon content in the samples was
calculated as the difference of the sum of the measured C, N, O and H content to 100 wt % [35].

The pore size distribution for the heat-treated samples was determined using a nitrogen (N3)
sorption technique with the relative pressure of the N, gas ranging from 0 to 0.99 (Belsorp Max, BEL
Japan Inc., Osaka, Japan). The micropores (pore < 2.0 nm) and mesopores (2.0 nm < pore < 50 nm) of
the polymer-derived amorphous silica-based materials were characterized by the SF [52] and BJH [53]
methods, respectively.

4. Conclusions

In this study, micro and mesoporous amorphous silica-based materials were successfully synthesized
from single source precursors, PHPS functionalized with alkoxy groups (OR, R = n-CsH;q, n-C1oHpy).

The textural properties evaluated for the polymer-derived amorphous silica-based materials
suggested the potential of the polymer precursors employed in this study to develop a novel
microporous structure controlling technology by manipulating the carbon chain in the alkoxy groups
introduced to PHPS. It is also interesting to note that the PDC routes investigated in this study
show some potential to synthesize mesoporous amorphous silica-based materials by the two-step
conversion process, the room temperature oxidation followed by the thermal treatment under an inert
atmosphere. These porous structure control technologies are expected to be useful to synthesize
amorphous silica-based materials for energy application such as a highly efficient catalyst support
and a gas separation membrane having a hyper-organized porous structure both in the micro- and
mesopore size ranges.
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