¥® ROYAL SOCIETY

Materials
PP OF CHEMISTRY

Advances

View Article Online

View Journal | View Issue

Innovative strategies for nitrogen-incorporating
silicon oxycarbide-based preceramic polymer
synthesist

’ '.) Check for updates ‘

Cite this: Mater. Adv., 2024,
5, 2040

*3 A Merchan del Real,® J. Rubio,® M. A. Mazo (22 and

a

B. Pérez-Roman,
F. Rubio-Marcos

In this study, we introduce a pioneering methodology for crafting silicon oxycarbonitride materials (SIOCN) by
harnessing the intricate synergy between allyl-substituted hydrido polycarbosilane (AHPCS) and a novel
triazine-based dendron, serving as a nitrogen-containing polymeric precursor. The synthetic journey involves
meticulous hydrosilylation reactions between AHPCS's Si—-H moieties and the —CH=—CH, groups embedded
within the triazine dendritic architecture, followed by controlled pyrolysis under an argon atmosphere at tem-
peratures up to 900 °C. Through systematic variations in reaction durations and pyrolytic temperatures, we
uncover the prevalence of SiC4_,O, motifs within the material matrix, with oxygen content modulation
observed in samples under extended reaction times and heightened pyrolysis temperatures. Nitrogen-based
bonding's paramount importance within the N-containing polymeric precursor is also established, revealing a
preference for retaining N sp?~C over N sp*~C bonds due to intricate nitrogen—AHPCS interactions that yield
robust Si—N linkages. This inquiry not only advances our fundamental understanding but also charts a course
for tailoring silicon oxycarbonitride —SIOCN- material properties. Promisingly, these advancements position
such materials as prospective candidates for high-energy silicon oxycarbonitride-based supercapacitors,
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Introduction

Undoubtedly, the realm of carbosilane chemistry has witnessed
burgeoning interest as a means to procure precursor molecules,
fostering the development of advanced silicon carbide (SiC)
materials, and novel polymer-derived compounds with the
capacity to finely control ultimate ceramic chemistry and
nanostructure.” Preceding polymers undergo transformation
from their polymeric state into inorganic entities via elevated-
temperature heat treatment, enabling the creation of ceramic
materials with intricacies surpassing those attainable through
conventional ceramic powder processing methodologies.>”?

In the journey of polymer-derived ceramics (PDCs), the
architecture of the polymeric precursor has demonstrated a
pivotal role in steering both the microstructure of the resultant
material and its resilience at elevated temperatures.* The allure
of highly branched polymers, inclusive of hyperbranched
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bridging pioneering materials science with sustainable energy storage technology.

polymers and dendrons, has magnetized substantial research
endeavors, aiming to yield new ceramic materials endowed
with tailored properties.® These molecular constructs, boasting
substantial molecular weights, mitigate volatilization of low-
mass species and potential reactivity linked to the abundance
of reactive or functional groups.

In this context, various cross-linking methodologies have
been explored to fabricate novel preceramic precursors, thereby
targeting the attainment of ceramic materials marked by
optimal ceramic yields. Typically encompassing ring-opening
polymerization of metallocenes,®’” hydrosilylation reactions,®
dehydrocoupling,” dehalocoupling of chlorosilanes,”® and
other redistribution reactions, these synthetic routes culminate
in preceramic structures that, during the polymer-to-ceramic
conversion, undergo intricate processes involving covalent
bond reorganization and the liberation of organic species in
gaseous form. Herein, the molecular weight of the precursor,
its bonding strength, and degree of branching substantively
sway the ensuing ceramic yield.'"">

Yu et al.™ conducted a systematic examination of function-
ality distribution within preceramic polymers, revealing that
hyperbranched polymers containing outer-layer allyl units
underwent redistribution and decomposition reactions at lower
temperatures compared to those housing allyl functionalities in

© 2024 The Author(s). Published by the Royal Society of Chemistry
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both outer and inner layers. Notably, a mere hyperbranched
polymer construct does not suffice for high ceramic yield; apt
crosslinking is imperative to achieve ceramic material with
commendable yield."* Correspondingly, a heavily crosslinked
preceramic polymer exhibits superior ceramic yield compared
to its loosely bonded counterpart.'”

An avenue brimming with promise for enhancing PDCs
involves introducing distinct elements into the structure, yield-
ing ternary, quaternary ceramic systems, and nanostructured
ceramic materials. Among these, nitrogen and boron have
garnered substantial attention. Boron’s role in enhancing SiC
sintering and crystallization is long-established,"® while nitro-
gen incorporation yields amorphous silicon nitride and silicon
carbonitride ceramics (SiCN).'” Notably, the type of heteroa-
tom-Si bonds in the preceramic structure dictates its retentive-
ness during the polymer-to-ceramic transition. N-Si bonds
exhibit greater resilience than N-C bonds,'® potentially giving
rise to SizN,-type domains or N-doped carbon. Incorporating
N into a C-rich phase can be adeptly accomplished via pyrolysis
of melamine precursors or pyridine.'®?° Hydrosilylation and
click-chemistry reactions offer suitable strategies for producing
hyperbranched polymers containing diverse heteroatoms.>*
Linear or hyperbranched silanes, synthesized via Si-H-
containing molecules and alkenes or alkynes, facilitate tailored
preceramic polymer creation with predetermined composi-
tions, densities, and characteristics.

In this endeavour, we capitalize on click chemistry and
hydrosilylation reactions to synthesize a novel hyperbranched
preceramic precursor from vinylaniline and cyanuric acid.
Additionally, we introduce a novel dendron inspired by Vidya
et al,?® featuring a 1,3,5-triazine derivative incorporating
styrene rings through -NH bonding at positions 2, 4, and 6 of
the triazine core. This synthesized hyperbranched dendron
coalesces with a commercial silicon carbide polymer precursor,
forming a preceramic polymer construct that undergoes con-
trolled pyrolysis within the temperature range of 700 to 900 °C.
This orchestrated transformation seeks to yield a silicon oxy-
carbonitride (SiOCN)-based material embedding N within both
its glassy phase and Cge. Nanodomains, marking a pioneering
achievement where N is incorporated into the carbon phase
and the ceramic backbone of a preceramic dendritic structure.

Experimental details

Synthesis of the materials

Synthesis of N*N*N°tris(4-vinyl phenyl)-1,3,5-triazine-
2,4,6-triamine dendron (TRIAZ-3). The synthesis of TRIAZ-3,
was undertaken using cyanuric chloride (C3N5Cl;), anhydrous
toluene (99.8%) and potassium carbonate (K,CO3, 99%), all
sourced from Sigma Aldrich (USA), alongside 4-vinylaniline
(90%) from Fisher Scientific (USA). Thin layer chromatography
(TLC) employing F,s, aluminium plates and silica gel 60
(60-120 mesh) obtained from Merck (USA) was utilized, in
order to follow the reaction and the purification of final
product, respectively. The chemicals were utilized in their as-
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received state without additional purification. The synthetic
procedure commenced by combining K,CO; (174 mmol) in
250 mL of anhydrous toluene, followed by the introduction of
C3N;Cl; (54 mmol) at room temperature. Subsequently,
4-vinylaniline (190 mmol) was added, and the amalgamation
was subjected to reflux at 160 °C for 6 hours, culminating in the
formation of a precipitate. One of the most challenging aspects
of TRIAZ-3 synthesis is precisely controlling the reflux tempera-
ture to the addition of the vinyl aniline precursor in a single
portion. The goal is to attain the tri-substitution reaction of the
cyanuric chloride, keeping away from the undesired crosslink-
ing process typical from vinyl-based precursor. The removal of
the solvent was achieved via a rotary evaporator, succeeded by a
hot filtration procedure utilizing acetone to meticulously elim-
inate residual impurities from the resultant precipitate. The
ensuing solid was purified through column chromatography,
employing silica gel 60 as the adsorbent and ethyl acetate/
hexane (1:4) as the eluent. The final product materialized as an
off-white solid, with a commendable reaction yield of 80%.

Synthesis of silicon oxycarbonitride. A commercially avail-
able allyl-hydridopolycarbosilane (AHPCS, SMP-10®, Starfire
Systems, USA) served as the precursor for the silicon carbide
(SiC) network, while the previously synthesized TRIAZ-3 den-
dron was employed as the nitrogen-containing constituent. The
preceramic material was prepared at room temperature by
blending the reactants in a 90:10 wt/wt ratio (AHPCS/TRIAZ-3)
with vigorous magnetic stirring in anhydrous THF. Additionally,
1 wt% of platinum-1,3-divinyl-1,1,3,3-tetramethyldisiloxane
(3-3.5% Pt), abcr GmbH (Germany) was incorporated to initiate
crosslinking. The entire reaction transpired under an argon
atmosphere using a Schlenk line. This intricate reaction pro-
gression was meticulously tracked through Fourier transform
infrared spectroscopy (FTIR) at distinct time intervals, ensuring
comprehensive polymerization was attained. Subsequently,
synthesized materials were obtained after 20 hours and 48
hours of reaction time. Both resultant products were subjected
to pyrolysis under a flowing argon atmosphere (150 cm® min ™)
at temperatures of 700, 800, and 900 °C for a duration of
2 hours and a prior dwell period at 280 °C for 5 hours were
produced to ensure the crosslinking. The synthesized samples
were appropriately designated, such as TZPC20-700, where
“TZ” and “PC” denote the triazine-based dendron and poly-
carbosilane, respectively. The initial number signifies the reac-
tion time, while the subsequent number indicates the pyrolysis
temperature. Following pyrolysis, the SiOCN samples were
subjected to milling in an agate mortar and sieved to attain
particle sizes below 60 um.

Characterization methods

The comprehensive characterization of TRIAZ-3 involved
liquid-state nuclear magnetic resonance (NMR) analysis using
a Bruker (USA) Advance Neo instrument in acetone-D6. This
encompassed one-dimensional 'H (500 MHz) and *C NMR
(125 MHz) and *C NMR Distortionless Enhancement by Polar-
ization Transfer 135° (DEPT-135) analyses. We have employed
the conventional notation where dd means doublet of doublet
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http://creativecommons.org/licenses/by-nc/3.0/
http://creativecommons.org/licenses/by-nc/3.0/
https://doi.org/10.1039/d3ma00898c

Open Access Article. Published on 18 January 2024. Downloaded on 4/19/2026 12:49:48 AM.

Thisarticleislicensed under a Creative Commons Attribution-NonCommercial 3.0 Unported Licence.

(cc)

Materials Advances

and s-br means broad singlet. /] means coupling constant
related to cis, trans or geminal position of alkenyl hydrogens
cisy Jerans and Jgen). In addition, also ortho, meta and para are
related to coupling constants of aromatic hydrogens (Jor¢10s Jimeta
and J,q,). Additionally, the molecular weight of TRIAZ-3 was
ascertained through Mass Spectrometry (MS), with the sample
being suitably diluted in acetone, and analyzed using an Agilent
(UsA) 6520 model-Accurate-Mass LC/MS Q-TOF.

SiOCN-based materials underwent thorough characteriza-
tion employing elemental analysis for quantifying carbon,
oxygen, hydrogen and nitrogen content. Leco (USA) instru-
ments were used to perform the measurements, employing
CS-200 and TC-500 and RC-412 analyzers for this purpose.
Notice that silicon content was calculated by difference. FTIR
characterization was executed using the KBr pellet technique for
solid samples, while the attenuated total reflectance mode (ATR)
was employed for liquid samples. Both analyses were performed
using a PerkinElmer (USA) model BX spectrophotometer, with IR
spectra being generated from an average of at least 32 scans.

To investigate the polymer-to-ceramic conversion process,
thermogravimetric (TG) analysis was conducted to examine the
thermal behavior of the synthesized polymeric precursors. This
analysis was performed using an SDT Q600 TA instrument
(USA). The experimental procedure involved heating the samples
from room temperature to 1000 °C while maintaining a constant
flow of argon. The heating rate was set at 10 °C min ™.

Furthermore, the materials underwent examination via
solid-state NMR technique. The magic-angle spinning (MAS)
method was utilized to explore the chemical environments of
>%Si and "C nuclei. The C NMR and *°Si spectra were
obtained through direct irradiation employing a Bruker (USA)
AV-400-WB 4 mm probe head, with a frequency of 100.61 MHz,
n/3 pulse length at 65 kHz, and a relaxation time of 20 seconds.

Surface analysis was conducted utilizing X-ray photoelectron
spectroscopy (XPS) on a SPECS GmbH (Germany) instrument
equipped with an ultra-high vacuum (UHV) system and PHOI-
BOS 150 9MCD as an energy analyzer. A non-monochromatic
Mg served as the energy source (200 W - 12 kV), with a
sampling area of 500 x 500 um”. The obtained curves were
calibrated based on peak positions adjusted to 284.6 eV (C 1s),
followed by baseline correction through a Shirley background.
Gaussian-shaped functions were employed to fit the curves,
thus enabling the estimation of surface analysis composition.
Data analysis was done employing CASA XPS software.

Raman spectra were acquired using a Renishaw (United
Kingdom) InVia spectrophotometer, employing an Ar" ion laser
with an excitation wavelength of 514 nm. Each spectrum was
recorded with 10 accumulations and a duration of 10 seconds,
with a minimum of 5 measurements conducted for each sample.

Results and discussion
Characterization of TRIAZ-3 and its cross-linking with AHPCS

The initial step in our exploration involves the meticulous
synthesis of TRIAZ-3, followed by a thorough investigation of

2042 | Mater. Adv,, 2024, 5, 2040-2056
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its properties through a combination of advanced analytical
techniques. Employing a systematic approach, we used NMR
(Section S1 and Fig. S1-S3, ESI}) and MS to unravel the
molecular intricacies of TRIAZ-3, leading to the acquisition of
the subsequent data:

In the realm of NMR, the potent 'H NMR spectroscopy,
furnished proton chemical shifts (0 (ppm)) of significance
assigned in Fig. S1 (ESIT) as follows: H-1 (5.74 (dd, Jians =
17.6 Hz and J,.,,, = 1.0 Hz, 3H)), H-2 (5.16 (dd, J;s = 10.9 Hz and
Jgem = 1.0 Hz, 3H)), H-3 (6.76 (dd, Jurans = 17.6 and Jen = 10.9 Hz,
3H)), H-4, H-7 (7.44 (dd, Jorno = 6.6 Hz and Jueeq = 2.0 Hz, 6H)),
H-5, H-6 (7.83 (dd, Jorno = 6.6 Hz and Jyue,e = 2.0 Hz, 6H)), and
H-8 (8.65 (s-br, 3H)). Furthermore, the intricate structural
landscape was further illuminated through *C NMR analyses
revealing carbon resonances (Jc (ppm)) assigned in Fig. S2
(ESI+) as follows: C-1 (111.3), C-2 (136.6), C-3 (131.9), C-4, C-8
(126.3), C-5, C-7 (120.3), C-6 (139.7), and C-9 (164.6). Finally,
13C NMR DEPT-135 spectra plays a crucial role in identifying
and characterizing the resonance signals showcased in Fig. S3
(ESTt). It provides a clear distinction between primary, second-
ary, and tertiary carbons within the TRIAZ-3 dendron. Notice,
CH; and CH-related resonances are presented in an upright
orientation, while CH, resonances appear inverted and qua-
ternary carbons do not appear. The assignation of carbon
resonances (0c (ppm)) is the following: C-1 (113.3, CH,), C-5,
C-7 (120.3, CH), C-4, C-8 (126.3, CH) and C-2 (136.6, CH).

In the realm of mass spectrometry, our calculated molecular
mass for C,,H,,Ng was established at 432 g mol '. This
theoretical framework was fortified through empirical observa-
tions, culminating in measured values of 433.21 [M + H]" and
455.20 [M + Na]". This comprehensive characterization endeavour
not only provides a profound understanding of TRIAZ-3’s intricate
structure but also sets the stage for unraveling its subsequent
interactions, applications, and transformative potentials.

Having successfully synthesized TRIAZ-3, our investigation
now shifts towards a fundamental exploration: understanding
the intricate mechanism underpinning the cross-linking pro-
cess between TRIAZ-3 and AHPCS, employing FTIR-ATR tech-
nique. In Fig. 1a, we present a comprehensive overview,
showcasing the FTIR-ATR spectra of both precursor materials,
AHPCS and TRIAZ-3, along with the profiles of the resultant
preceramic polymers obtained at distinct reaction times,
denoted as TZPC20 and TZPC48. In the AHPCS spectra, distinct
high-intensity bands emerge prominently: one centered at
934 cm™ ', indicative of the bending vibration of Si-H groups,
and another at 2120 cm™', corresponding to the stretching
vibration of Si-H bonds.** The allyl groups within the spectrum
exhibit their own distinct footprints, with absorption bands at
1631 cm ™! and 3076 cm™?, attributed to the C—C and C-H
stretching vibrations, respectively. Additionally, the landscape
of Si-C stretching vibrations manifests itself in absorption
bands around 750 cm ' and 832 cm™'. Delving deeper into
the backbone of the polymer, the Si—-CH,-Si groups bring forth
two bands at 1036 cm™ " and 1354 cm™ ', aligning with stretch-
ing and deformation vibrations, respectively.>® A telltale sign of
Si-CH; groups is discernible at 1253 cm ™ *.278

© 2024 The Author(s). Published by the Royal Society of Chemistry
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Fig. 1

Investigating the impact of reaction time on cross-linking mechanism between TRIAZ-3 and AHPCS. (a) Presenting FTIR-ATR spectra that portray

the distinct profiles of the ongoing as-synthesized preceramic polymers (TZPC20 and TZPC48), AHPCS, and the TRIAZ-3 dendron. (b) Providing a
magnified view into the IR region spanning from 1800 to 600 cm™? (region delineated in grey on panel a), revealing intricate molecular interactions and
evolving vibrational resonances as a function of reaction time. The orange-shaded box highlights the establishment of Si-CH,-CH,-C bonds

(via hydrosilylation reaction) on the TZPC48 preceramic polymers.

Shifting our gaze to the TRIAZ-3 spectrum, its complexity is
undeniable. Yet, it unveils distinct vibrational signatures: the
tri-substituted triazine rings exhibit a breathing mode reso-
nance at 835 cm . Notably, the vibrations associated with C-N
bonds (at 1218 cm ', 1303 cm ™, and 1401 cm ') and C=N
bonds (at 1487 cm™ ' and 1624 cm™ ') emerge, further enriching
our understanding of this intricate structure.’*?° Delving
deeper, the aromatic C-H and in-plane bending modes of
the amine-styrene rings reveal their presence in the 1000-
1300 cm™ ' range, with an overarching breathing mode attrib-
uted to the 895 cm ™" band. A dual representation of N-H bond
vibrations materializes through peaks centered at 1565 cm ™'
and 3405 cm ™', representing bending and stretching vibrations
respectively. Meanwhile, the stretching vibration of conjugated
C=C vinyl groups finds resonance around 1621 cm .
In addition, we also found the stretching vibrations of C—=C
aryl groups that usually appears as doublets depending on
symmetric factors and can be assigned to 1593 and 1582 cm ™"
peaks.*" Finally, C-H stretching in ~-CH=CH, vibrations appear
at 3085 cm™ .

© 2024 The Author(s). Published by the Royal Society of Chemistry

In Fig. 1b, we gain enhanced visibility into the spectra of the
reaction products (TZPC20 and TZPC48) within the range of
1800-600 cm ™. Additionally, an initial theoretical structure of
the synthesized polymeric precursors is proposed in Scheme 1
of the interaction between AHPCS and TRIAZ-3. The FTIR-ATR
spectra, as showcased in Fig. 1b, reveal noteworthy alterations.
Specifically, a reduction in intensity is observed at approxi-
mately 1621 and 1631 cm ™, corresponding to the C=C bonds
of vinyl and allyl groups, respectively, which are inherent to
both AHPCS and TRIAZ-3 precursors. Concurrently, a dimin-
ishment of the Si-H band at 2120 cm™*, exclusive to AHPCS,
signifies the interaction between Si-H and the -CH=—CH, and
—-CH,-CH=—CH, moieties within the precursors. This reactivity
leads to an elevation in the population of -CH,- groups and the
emergence of some —-CH; groups. This evolution is confirmed
by the heightened intensity of several bands, encompassing the
band at 1036 cm™ ' indicative of Si-CH,-Si bonds (via hydro-
silylation reaction), and the band at 1257 cm™' linked to
Si-CH; groups. Strikingly, within both TZPC20 and TZPC48
spectra, the presence of C-N and C=N stretching vibration

Mater. Adv,, 2024, 5, 2040-2056 | 2043
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Scheme 1 Theoretical configuration of the reaction product following hydrosilylation reactions at room temperature between vinyl functional groups

of TRIAZ-3 and Si—H of AHPCS, and self-crosslinking of AHPCS.

bands persists, implying the retention of triazine rings post-
reaction. Notably, the emergence of a novel band closed to
790 cm™ " within TZPC48 signifies the establishment of Si-CH,-
CH,-C bonds (via hydrosilylation reaction), see the orange-
shaded box of the Fig. 1b. The broadening of the 832 cm™"
band associated with Si-C bonds suggests the nascent for-
mation of a three-dimensional architecture within the as-
synthesized polymeric precursors.

In summation, the intricate interplay between the TRIAZ-3
dendron and AHPCS unfolds via hydrosilylation reactions
(as depicted in Scheme 1). In this mechanistic endeavor, Si-H
bonds within AHPCS engage in a responsive interaction with
the vinyl groups (-CH=—CH,) of TRIAZ-3, giving rise to a
dynamic network of covalent linkages and molecular rearran-
gements. This phenomenon captures the cross-linking process
between both starting material (TRIAZ-3 and AHPCS), under-
scored by the evolving vibrational signatures observed through
FTIR-ATR analysis (Fig. 1).

TG and DTG analysis for polymer-to-ceramic conversion

With the intricate interplay between the TRIAZ-3 dendron and
AHPCS having been established, the subsequent step embarked
upon was the evaluation of the impact of pyrolysis on the
resulting reaction products. For this purpose, TG analysis was
employed (Fig. 2). In a succinct overview, the initial stages of
AHPCS crosslinking begin with a weight loss occurring at
180 °C (marked as 1 in Fig. 2), attributed to the removal of
H, and the release of minor molecular species, stemming from
thermal crosslinking reactions involving dehydrocoupling and
hydrosilylation. Subsequently, at 450 °C, a further weight loss
ensues, correlating to the disintegration of the organic side
groups (signalled as 2 in Fig. 2). This process entails the emis-
sion of gaseous byproducts such as CH, and H,, among others.*>

2044 | Mater. Adv, 2024, 5, 2040-2056

On the other hand, the TRIAZ-3 dendron demonstrates a distinct
decomposition profile, characterized by a single-step weight loss
peak occurring sharply at 470 °C (marked as 4 in Fig. 2), alongside
an additional decomposition close to 120 °C associated with
traces of solvent (marked as process 3 in Fig. 2).

Delving into the synthesized materials, TZPC20 and TZPC48
manifest an elevated ceramic yield, achieving values of 75 and
79% respectively, as compared with the 60% achieved by the
AHPCS. TZPC20 and TZPC48 exhibit ceramic yields of around
75 and 79% compared with the 60% achieved by the AHPCS.
This enhancement is attributed to the augmented crosslinked
structure that evolves during the reaction conducted at room
temperature, a trend that is in agreement with the findings
from FTIR-ATR spectroscopic analyses (Fig. 1 and Scheme 1).
Within the lower temperature range of the thermogram (below
200 °C), AHPCS displays a more pronounced weight loss
compared to TZPC20 and TZPC48. This divergence can be
attributed to the reduced availability of Si-H groups for self-
crosslinking within the as-synthesized materials, owing to the
consumption of these bonds during hydrosilylation reactions
with TRIAZ-3 dendron. Notably, this reaction transpires at a
lower temperature, approximately 165 °C (signalled as 5 in
Fig. 2). Subsequent weight loss peaks, observed at 450 °C for
AHPCS, shift to 454 °C for TZPC20 and 456 °C for TZPC48,
respectively. This weight loss phase is ascribed to the vaporiza-
tion of molecular oligomers engendered by the crosslinking
interactions involving Si-H within the allyl and vinyl groups of
AHPCS and TRIAZ-3, respectively. The derivative thermograms
(DTG) (Fig. 2) for TZPC20 and TZPC48 samples also reveal an
additional shoulder at around 500 °C, directly attributed to the
decomposition of the TRIAZ-3 dendron (signalled as 6 in Fig. 2).
Significantly, only within the TZPC20 and TZPC48 samples is a
novel decomposition peak observed, absent in both AHPCS and

© 2024 The Author(s). Published by the Royal Society of Chemistry
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Fig.2 TG and DTG analysis for polymer-to-ceramic conversion. TG
curves illustrating the thermal behavior of the precursors AHPCS and
TRIAZ-3, as well as the as-synthesized materials TZPC20 and TZPC48.
Additionally, DTG have been incorporated into each panel, offering
insights into the decomposition profiles of these materials and highlighting
distinct thermal degradation stages. Notably, the region delineated in
orange corresponds to a novel decomposition peak, attributed to the
presence of the crosslinked AHPCS/TRIAZ-3 structure.

TRIAZ-3. This peak emerges between 600 °C and 690 °C,
potentially linked to the crosslinked AHPCS/TRIAZ-3 structure
(process marked as 7 in the region delineated in orange of the
Fig. 2). Motivated by this observation, these materials were
subjected to pyrolysis at higher temperatures (700, 800, and
900 °C), a stage at which the aforementioned reactions are
presumed to have concluded.

Table 1
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Effect of pyrolysis temperature on elemental composition of
ceramified materials

Once the temperatures for pyrolysis were determined, the
subsequent investigation delved into assessing the impact of
these temperatures on the composition of the resulting materi-
als. The elemental analysis of the ceramic materials pyrolyzed
between 700-900 °C, is detailed in Table 1, along with the
corresponding empirical formulas derived from this analysis.
As anticipated, the highest carbon (C) content is observed in
samples obtained through extended reaction times and higher
pyrolysis temperatures, reaching a maximum of 35% for speci-
mens pyrolyzed at 900 °C. Conversely, the concentration of
oxygen (O) experienced a marginal decrease as both synthesis
parameters were elevated. Given that neither of the precursor
materials inherently contains oxygen within their structures, it
is postulated that its presence could be attributed to factors
such as the solvent utilized during polymeric precursor pre-
paration, the crosslinking and pyrolysis processes, wherein
more extensively condensed structures exhibit reduced oxygen
incorporation, or even potential contamination during hand-
ling. The presence of oxygen in these samples aligns with
observations reported in various studies and has been ascribed
to heightened reactivity with moisture subsequent to pyrolysis
within the 700-900 °C range.** Similar results have been
demonstrated by Schitco et al,** and Kaur et al.,*® wherein
oxygen concentrations of up to 10% (wt) were found for SMP-
10™ polycarbosilane pyrolyzed under argon atmosphere.?®**

Exploring evolution of structure through comprehensive FTIR
analysis

The intricate interplay between the TRIAZ-3 dendron and
AHPCS, as deciphered via hydrosilylation reactions, has set
the stage for the exploration of the impact of pyrolysis tem-
peratures on the composition of the resulting ceramic materi-
als. In pursuit of this understanding, we turn our attention to
the structural characterization of the synthesized products.
In Fig. 3a, the FTIR spectra of the materials subjected to
pyrolysis at 700, 800, and 900 °C are presented. A distinguish-
ing feature across these spectra resides in the prominence of
two broad and high-intensity bands around 1000 cm ' and
790 cm ™. The former is attributed to Si—-CH,-Si bonds, while
the latter corresponds to Si-C bonds within the SiC, units.>*”
These bands exhibit substantial overlap, with their broad

Impact of pyrolysis temperature on elemental composition of ceramic materials. Detailed chemical composition and corresponding empirical

formula of the synthesized materials. (Note: silicon (Si) content has been calculated by difference)

Weight%

Sample Si o C N H Empirical formula
TZPC20-700 53.23 12.68 + 0.22 31.80 + 0.22 1.32 + 0.06 0.91 + 0.05 $i0¢.41C1.30No.05Ho 47
TZPC48-700 53.71 10.75 + 0.58 33.53 + 0.13 1.65 + 0.12 0.36 + 0.05 $i0p.35C1.45N0.06Ho.19
TZPC20-800 54.89 10.19 + 0.26 33.38 + 0.50 1.53 =+ 0.09 0.01 + 0.01 $i0¢.32C1.41N0.05Ho 007
TZPC48-800 52.66 11.27 + 0.40 34.40 + 0.50 1.66 + 0.07 0.01 + 0.01 $i0¢.37C1.52No.06Ho.005
TZPC20-900 54.18 9.19 £ 0.35 35.00 = 0.19 1.62 + 0.07 — $i00.29C1.50N0.06
TZPC48-900 53.22 10.92 4 0.39 34.10 %+ 0.10 1.46 + 0.16 — $i00.35C1.40No.05

© 2024 The Author(s). Published by the Royal Society of Chemistry
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modes associated with Si—-O-C bonds (gray), Si—-C-bonds (blue), Si—O-Si bonds (purple), and Si—N bonds (orange).

35,38-40 poo i

widths consistent with similar material systems.
nation of the spectra in Fig. 3a reveals that the band around
1000 cm ™" experiences a decrease in intensity and evolves into
a wide shoulder when subjected to treatment at 900 °C. This
shift confirms the removal of hydrogen from Si-CH,-Si bonds,
as corroborated by Table 1. With most of the hydrogen
extracted at 900 °C, the shoulder shifts to 990 cm™!, corres-
ponding to Si-C bonds that exist in a non-organized or amor-
phous structure, indicative of SiC, units. Conversely, the band
centered at 790 cm ™' remains consistent in both position and
width across all pyrolysis temperatures. This persistence under-
scores its association with a three-dimensional SiC, network
characteristic of the precursor of B-SiC.*"*>

Each spectrum also features a faint band at 800 cm™', which
is overlapped with the 790 cm™" peak and attributed to the
formation of Si-O-Si bonds. Aligned with this observation,
a subtle new shoulder appears near 460 cm™ ', attributed to
the bending vibration of O-Si-O bonds, consistent with the
oxygen content obtained from elemental analysis (Table 1).*%%*
The presence of oxygen, as discussed earlier (Table 1), likely
arises from moisture adsorption and reaction, leading to
the generation of Si-OH groups.**** Furthermore, spectra of
materials pyrolyzed at 700 °C exhibit two low-intensity bands
around 1260 and 1350 cm ™%, linked to Si-CH,-Si and Si-CHj;
bonds, respectively.*>*® These bands diminish as pyrolysis

2046 | Mater. Adv., 2024, 5, 2040-2056

temperature exceeds 800 °C, a consequence of hydrogen removal
due to the ceramicization of AHPCS-based materials.*”

For an in-depth analysis of these FTIR spectra, Gaussian
bands were employed through a deconvolution process. The
spectra of AHPCS pyrolyzed at various temperatures were
initially deconvoluted, and the resultant Gaussian bands were
used as a preliminary approximation for the TZPC20 and
TZPC48 samples. Additional bands were included if required
to achieve optimal agreement between experimental and
deconvoluted spectra. An illustrative example of this process
can be found in Sections S2 and Fig. S4 (ESIt). In Fig. 3b and c,
two instances of deconvoluted FTIR curves are provided, corres-
ponding to the materials labelled as TZPC20-700 and TZPC48-
900 representing the lower and upper extremes in terms of
reaction times and pyrolysis temperatures. The positions, Full
Width at Half Maximum (FWHM), and areas of the different
bands are documented in Section S2 and Table S1 (ESIT). From
this comprehensive data, it becomes evident that AHPCS exhi-
bits two principal bands at 790 and 990 cm™’, along with a
medium band centered at 605 cm . Additionally, small bands
around 920, 1045, and 1070 cm ™' are noted, accompanied by
two even smaller bands at 470 and 800 cm . The latter two
bands slightly intensify in the sample pyrolyzed at 900 °C,
associated with Si-O bonds (bending deformation ¢(O-Si-O)
at 475 cm™ " and Si-O-Si stretching in SiO, units at 800 cm ™).

© 2024 The Author(s). Published by the Royal Society of Chemistry
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The 920 cm™! band is attributed to Si-OH bonds,***° a con-
sequence of oxide layer formation against moisture. Bands at
1045 and 1070 cm !, indicative of Si-O bonds, align with silica
materials;*® however, their lower frequencies suggest the
presence of Si-O-C and/or Si-O-N bonds.”'> While these
bands are prevalent across the synthesized materials, a new
band at approximately 940 cm ™' emerges and increases in
intensity due to the presence of TRIAZ-3. Literature suggests
this band can be unambiguously assigned to the stretching of
Si-N bonds,******”* indicating the reaction between Si-H
groups of AHPCS and NH-C sp” groups of TRIAZ-3—signifying
dendritic molecule rupture during thermal treatment.

In Fig. 3b and ¢, bands attributed to SiOC and SiON species
are prominently displayed. For the TZPC20-700 sample, two
bands at 1040 and 1095 cm ™" indicate the formation of oxygen-
rich structural units, whereas TZPC48-900 displays a single and
less intense band at a similar frequency, signifying lower
oxygen content. The data in Section S2 and Table S1 (ESIt)
highlight a decline in the intensity of bands at 1045 and
1070 cm™ " with increasing pyrolysis temperature, while those
at 605 and 940 cm ™' intensify. This trend indicates the con-
tinuous formation of Si-C and Si-N bonds at the expense of
Si-CH,-Si and Si-O bonds. Additionally, the 990 cm ™" band
persists and is attributed to the presence of Si-C bonds,
possibly in a linear structure at the studied pyrolysis tempera-
tures. The Si-OH vibration band exhibits a slight increase with
higher pyrolysis temperatures, indicating enhanced reaction
with moisture.®®

NMR insight into structural transformations: *°Si-MAS NMR
and '*C-MAS NMR analysis

After conducting an extensive FTIR analysis on the ceramic
products, the investigation progresses to a verification of the
gathered data through NMR spectroscopy. Both *°Si-MAS NMR
and **C-MAS NMR techniques have been employed to provide a
more comprehensive understanding of the evolving molecular
arrangements. In Fig. 4a, the *°Si-MAS NMR spectra for all
pyrolyzed samples are presented, revealing a characteristic
broad band that signifies the amorphous nature of the result-
ing structures. Notably, the asymmetric shapes of these curves,
especially apparent in the TZPC20-treated samples, strongly
suggest a mixture of various silicon tetrahedral units.
To elucidate these units’ presence, the spectra underwent fitting
through multiple Gaussian bands, employing the approach
proposed by Schitco et al®* where the chemical shift values
related to Si (ds;) were attributed to specific SiX, groups (X = C,
N, O). Furthermore, the main band at dg; = —8 ppm, assigned by
Schitco et al.** to >°SiC, tetrahedron, served as the starting point
for the deconvolution. Subsequent fitting of the asymmetrical
experimental *°Si-MAS NMR profiles with additional Gaussian
curves led to the addition of new bands at 6 ppm and —27 ppm.
These newly introduced bands are attributed to SiC,0, and
SiC,,N, groups, where m + n + p = 4,>*® respectively. Notably,
these new bands correlate both with the chemical composition
analyzed for the materials (Table 1) and with the presence of Si-C,
Si-O, and Si-N bonds observed via FTIR spectroscopy (Fig. 3).

© 2024 The Author(s). Published by the Royal Society of Chemistry
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Table 2 Theoretical chemical shifts (ds) and calculated percentage (%) of
different Si species of the pyrolyzed materials. The table presents the
chemical shifts (d5) and the corresponding percentage (%) of various
silicon species. These values were derived from the deconvolution of the
295i-MAS NMR spectra of the pyrolyzed materials. The calculation of
percentages has been performed while maintaining the positions of the
bands constant

TZPC20 TZPC48

Calculated percentage (%) of different Si species

Si species Jg (ppm) 700 800 900 700 800 900
SiC;0 6 + 1.0 19.8 17.0 12.8 18.5 14.9 8.4
SiC, —7 £ 0.8 57.9 64.3 76.9 53.4 59.3 77.0
SiC;N —27.2 £ 2.0 22.3 18.7 10.3 28.1 25.8 14.6

Meanwhile, the presence of SiC,,N,, groups indicates the breaking
of some NH-C sp® of TRIAZ-3, reacting with the Si-H groups of
AHPCS to form SiC;N groups, as it was elucidated by FTIR
technique (Fig. 3).°”*® Moreover, the absence of a band at Jg; =
—48 ppm indicates the expected lack of Si;N, groups, given the
pyrolysis temperature employed for the production of the pyro-
lyzed materials.>*>*

The evolution of Gaussian band areas from the deconvo-
luted spectra is presented in Table 2. These data suggest a
higher concentration of SiC, units with elevated pyrolysis
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temperatures. Conversely, SiC;O and SiC;N groups decrease
with rising pyrolysis temperatures (due to the formation of
more SiC, units). Even with this decrease in both structural
units, the data from Table 2 indicate that TZPC48 samples
contain more SiC;N units at the expense of SiC;O units,
consistent with the oxygen content observed in the chemical
analysis (Table 1). Based on these simulated data, the samples
primarily consist of SiC, groups (53-77%), SiC;O groups
(8-19%), and SiC3;N groups (10-28%). These findings strongly
suggest a reaction between AHPCS and TRIAZ-3 molecules, with
Si-H bonds of AHPCS reacting with -CH=CH, and NH-C sp”
groups of TRIAZ-3, leading to the formation of Si-C and Si-N
bonds, confirming the FTIR spectra results. Moreover, the
presence of SiC;N and SiC3;0 groups, as well as SiC,,0, and
SiC,,N,, units, further highlights the intricate interplay between
these compounds and the structural evolution observed.

Turning to the *C-MAS NMR analysis, Fig. 4b showcases the
obtained curves. In general, these spectra exhibit two promi-
nent bands centered around 135 ppm and 10 ppm, respectively.
The former corresponds to the amorphous Cg.. phase or sp>
hybridized carbon, while the latter is attributed to C sites
bonded primarily to Si-based and/or N-based networks,
forming diverse SiC,O, and SiC,N, structural units via sp’
hybridization.***® A closer inspection of the ">*C MAS NMR
spectra reveals a shift to a more positive Jg in the band
assigned to C sp” environments for materials prepared with
the shortest reaction time. This shift is associated with C
environments with one or more nitrogen nearest neighbors.*
Notably, small and narrow peaks can be observed over the main
bands, particularly pronounced in the TZPC20-700 sample.
These peaks at 150 ppm, 120 ppm, 27 ppm, and 19 ppm
(indicated by an asterisk in Fig. 4b) correspond to nitrogen-
containing three-ring aromatic groups with amino terminations®-**
aliphatic carbon segments,®® and Si-CH,-Si units,** respectively.
While these spectra have not been subjected to deconvolution
due to the challenges outlined by Schitco et al,** it is evident
that these aforementioned small peaks tend to decrease or
vanish with increasing pyrolysis temperature. Moreover, the
presence of a band at 135 ppm, showing an upfield asymmetry
similar to that found in nitrogen-doped reduced graphene oxide,
confirms the presence of C=N bonds in nitrogen-containing
functionalities.®® This finding further substantiates the existence
of triazine aromatic rings within these materials.

XPS analysis: revealing surface dynamics of pyrolyzed materials

In this section, we delve into the exploration of the surface
properties of the pyrolyzed materials through XPS analysis. This
technique offers valuable insights into the electronic core levels
(C 1s, O 1s, N 15, Si 2s, and Si 2p) as well as the Auger bands of
the various elements within the pyrolyzed materials (refer to
Section S3 and Fig. S5, ESIT). Presented in Table 3 is the surface
analysis composition, determined by atomic percentage
derived from the survey spectra. While there are subtle differ-
ences compared to the chemical composition in Table 1, these
discrepancies are attributed to a slight surface oxidation. This
oxidation phenomenon might stem from the presence of
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Table 3 Surface elemental composition calculated (%) from the survey of
the XPS spectra

Samples Wwt% C Wt% Si wt% O wt% N
TZPC20-700 31.6 49.2 18.0 1.2
TZPC48-700 26.8 46.4 25.4 1.4
TZPC20-800 29.8 49.8 19.2 1.2
TZPC48-800 25.8 46.6 26.4 1.2
TZPC20-900 24.1 47.0 27.5 1.4
TZPC48-900 26.5 50.7 21.4 1.4

adventitious carbon or the materials’ heightened reactivity with
moisture, resulting in the formation of Si-OH groups subse-
quent to pyrolysis at 700-900 °C—a phenomenon discussed
extensively in prior studies.>®** It is important to note that the
chemical composition calculations in Table 1 include H con-
tent, an aspect omitted from XPS calculations. The most
important information extracted from these data is the con-
firmation of the presence of N in all samples.

Given these data, it is reasonable to assume that the
composition remains relatively uniform between the bulk and
the surface, suggesting that the bonding types identified within
these analyses are representative of the entire material. Decon-
voluted Gaussian bands corresponding to XPS spectra of the as-
synthesized dendron TRIAZ-3 and the AHPCS treated at 900 °C
are displayed in Section S3 and Fig. S6, S7 (ESIt), respectively.
The XPS spectra of both reactants serve as a foundation for the
deconvolution of the TZPC20 and TZPC48 materials. In the XPS
N 1s spectrum (Fig. S6, ESIT), two contributions at 398.31 eV
and 401.05 eV are observed for the TRIAZ-3 dendron, linked
to N—C bonds of triazine aromatic rings and -NH- bonding in
C sp® with alkenyl and triazine motifs (NH-C sp®), respec-
tively.®®®® These contributions demonstrate similar intensities,
aligned with the dendron’s molecular structure depicted in
Scheme 1. However, in the pyrolyzed materials shown in
Fig. 5a, which also retain these two contributions, the intensity
of the 401.05 eV peak is notably lower than in TRIAZ-3 spec-
trum. This result implies the disappearance of a portion of the
NH-C sp> bonds during the pyrolysis treatment. Employing
the CASA® software, we analysed these contributions using the
same peaks (position and FWHM) in both TRIAZ-3 and pyro-
lyzed samples. This analysis leads to the introduction of a new
peak at 399.8 eV to accurately fit the spectra. This additional
peak can be attributed to N-Si sp* bonds, as supported by FTIR
(Fig. 3) and *°Si MAS NMR (Fig. 4a) spectra. Table 4 captures the
areas of these three peaks for TRIAZ-3 and the pyrolyzed
samples, demonstrating an increase in N-Si sp® bonds
(399.8 eV) with rising treatment temperatures, consistent with
findings from Nguyen et al>* This rise coincides with a
decrease in NH-C sp” bonds at 401.05 eV, while N—C within
triazine at 398.31 eV bonds remain intact in comparison with
the starting TRIAZ-3. This suggests that NH-C sp® bonds within
the TRIAZ-3 dendron react with the Si-H of the AHPCS to form
Si-N bonds, preserving N—C bonds of the triazine aromatic
rings. Notably, the peak area of NH-C sp” bonds accounts for
about 25% of the N—C bonds within the triazine aromatic ring,
in contrast to the 50-50% contribution observed in TRIAZ-3.

© 2024 The Author(s). Published by the Royal Society of Chemistry
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Fig. 5 Revealing surface dynamics of pyrolyzed materials by XPS spectra.
(@) N 1s XPS, (b) C 1s XPS, (c) Si 2p XPS, (d) O 1s XPS. The as-synthesized
materials prepared for 20 hours are distinguished by the color green, while
those obtained over a 48-hour duration are depicted in blue. Additionally,
each panel includes individual fittings for the different signal components,
which are represented by concise black lines positioned at the base of
each graph.

Table 4 Binding energies (BE (eV)) and relative concentration of
N-containing bond units (%) in TRIAZ-3 and SIOCN Samples. These values
have been derived through the deconvolution analysis of the N 1s XPS
spectra of the various materials. Notably, the determination of the relative
concentration of N-containing bond units has been calculated while
ensuring the positions of the peaks remain consistent throughout the
analysis

Relative concentration of the N-containing bond unit (%)

TRIAZ-3 TZPC20 TZPC48
Bond
units BE (eV) 700 °C 800 °C 900 °C 700 °C 800 °C 900 °C
N—C 398.31 49.3 70.2 69.7 70.3 76.7 70.9 71.3
N-Si Sp3 399.86 — 5.3 5.7 5.5 3.0 2.4 5.2
NI—ZI—C 401.05 50.7 24.5 24.6 24.2 20.3 26.7 23.5
Sp

© 2024 The Author(s). Published by the Royal Society of Chemistry
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This discrepancy suggests that approximately 50% of the N-H
bonds undergo fragmentation during thermal treatment, lead-
ing to the formation of two distinct fragments capable of
reacting with the Si-H of the AHPCS. A conceptual illustration
of the potential breakdown of TRIAZ-3 is proposed in the
Scheme 2, where N-H may remain attached to either the
triazine core or to the aromatic ring of the aniline. The provided
scheme depicts the fracture of TRIAZ-3 detected during the
pyrolysis treatment. However, it does not capture the complex-
ity of the reactions involved in this process, primarily due to the
challenge of illustrating the intricate 3D structure obtained
after thermal treatment. The reactions occurring during pyro-
lysis include bonding rearrangements, crosslinking processes,
and the removal of H, allyl and vinyl groups in the final
structure.

Transitioning to the XPS C 1s spectra (Fig. 5b), the high-
resolution profiles reveal a dominant and asymmetric peak at
284.9 eV. Deconvolution of this peak yields four distinct con-
tributions at 283.9 eV, 285.1 eV, 286.5 eV, and 288.8 eV,
assigned to C-Si sp®, C—=C sp?, C=N, and C-O sp® bonds,
respectively.”®®”®® In contrast, the XPS spectrum of TRIAZ-3
dendron (Section S3 and Fig. S6, ESIt) presents only three
peaks at 284.6 eV, 285.9 eV, and 287.8 eV, associated with
C=C sp?, C=C vinyl, and C=N bonds, respectively. The
absence of the C—=C vinyl signal in the XPS spectra of pyrolyzed
samples suggests that these groups have reacted with Si-H
bonds of the AHPCS (undergoing hydrosilylation reaction),
leaving behind C=C sp” and C=N bonds in the material. This
corroborates the N 1s XPS spectra findings mentioned earlier.
Table 5 highlights the concentration of various peaks within
the C 1s XPS spectra of the treated samples. These data indicate
the sustained concentration of C=N sp> bonds within TRIAZ-3
at varying temperatures. Once again, the oxidation phenom-
enon amplifies with increased pyrolysis temperature, resulting
in more C-O bonds in TZPC20-900 and TZPC48-900 samples.
Additionally, the decline in C-Si sp® bonds, possibly attributed
to the formation of new Si-N bonds (as evidenced by the N 1s
spectra), contributes to the rise in C=C sp® bonds, as evident
in Table 5.

The Si 2p core level is explored in XPS spectra of TZPC20 and
TZPC48 pyrolyzed materials at varying temperatures (Fig. 5c).
Analysis of the Si 2p spectra reveals an increasing asymmetry
towards higher binding energies, indicating evolving bonding
interactions between Si and other atoms. This asymmetry
amplifies with escalating treatment temperatures, highlighting
the ongoing reactions between AHPCS and TRIAZ-3. The spec-
tra of TZPC20 and TZPC48 are further deconvoluted into five
bands, building upon the insights gleaned from AHPCS pyr-
olyzed samples. The assighment of these bands is consistent
with "*C-MAS NMR and *?Si-MAS NMR findings (Fig. 4), as well
as prior literature reports.>®’® Table 6 encapsulates the out-
comes of this deconvolution process. The principal peak at
101.60 eV corresponds to Si-C bonds, while peaks at 103.26 eV
and 105.20 eV correspond to Si-O bonds of SiC;0 and SiO,
structural units, respectively. Notably, in TZPC20 and TZPC48
materials, two novel bands emerge at 100.80 and 102.68 eV,

Mater. Adv., 2024, 5, 2040-2056 | 2049
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Scheme 2 Proposed mechanism for the fragmentation of the dendritic molecule TRIAZ-3. The schematic representation above illustrates the proposed
mechanism for the fracture of the dendritic molecule TRIAZ-3, neglecting the complex reactions entailed in the heat treatment of the preceramic
material. This fracture primarily occurs through the cleavage of the —NH- bonding, which exists between the vinylaniline and the active center of the
molecule. This cleavage results in the emergence of two distinct reactive fragments. The portion where only the aniline ring and vinyl group remain is
designated as fragment 1, while the fragment containing the triazine active center is denoted as fragment 2. It is important to note that the XPS spectrum
of the TRIAZ-3 dendron without fragmentation is provided in Section S3 and Fig. S6 (ESI+).

Table 5 BE (eV) and relative concentration of C-containing bond units (%)
in TRIAZ-3 and SIOCN samples. These values have been derived through
the deconvolution analysis of the C 1s XPS spectra of the various materials

Relative concentration of the C-containing bond unit (%)

C-Sisp® C—=Csp®> C—=Nsp> C=Cyvinyl C-O sp’
Samples 283.9eV 285.1eV  286.5eV  287.7 eV 288.8 eV
TRIAZ-3 — 78.8 10.7 10.5 —
TZPC20-700 53.9 32.4 11.6 — 2.1
TZPC48-700 55.7 28.4 13.1 — 2.8
TZPC20-800 47.2 37.3 12.7 — 2.8
TZPC48-800 49.1 34.1 12.8 — 4.0
TZPC20-900 41.1 42.2 12.7 — 4.0
TZPC48-900 41.9 42.9 11.6 — 3.6

attributed to Si-C bonds in SiO(C)*® and Si-N in SiN(C)""”?
bonds, respectively. These additions are attributed to inter-
actions between AHPCS, TRIAZ-3, and oxygen contamination.
Refer to Scheme 3 depicting the chemical reaction between

2050 | Mater. Adv, 2024, 5, 2040-2056

Table 6 Binding energies (BE (eV)) and relative concentration of Si-
containing bond units (%) in SIOCN Samples. These values have been
derived through the deconvolution analysis of the Si 2p XPS spectra of the
various materials

Relative concentration of the Si-containing bond unit (%)

Si-C SiN(C) SiC;0 Si0,
Samples 100.80 eV 101.60 eV 102.68 eV 103.26 eV 105.20 eV
TZPC20-700 13.4 58.6 3.6 22.4 2.0
TZPC48-700 4.9 60.4 4.4 22.3 8.0
TZPC20-800 17.9 51.1 4.2 22.9 3.9
TZPC48-800 10.0 58.5 3.5 23.1 4.9
TZPC20-900 9.9 51.5 9.1 19.3 10.2
TZPC48-900 5.1 52.7 4.8 28.9 8.5

Si-H of the AHPCS and NH-C sp> bonds of TRIAZ-3. Parallel to
Scheme 2, this figure simplistically portrays the reaction
mechanism involving the bonding of AHPCS and TRIAZ-3
fragments. However, they overlook the various phenomena

© 2024 The Author(s). Published by the Royal Society of Chemistry
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Scheme 3 Theoretical structure of the starting material. The schematic representation illustrates the theoretical structure of the starting material
obtained following the fracture of the dendron TRIAZ-3. This fracture results in the establishment of new Si—C bonds and Si-NH-C bonds through the
reaction of AHPCS with fragments 1 and 2, respectively. It is essential to note that this fragmentation of the dendron occurs during the pyrolysis process,
and concurrently, hydrogen loss occurs at temperatures exceeding 450 °C (Fig. 2). This depiction provides a theoretical framework to visualize the
structural transformations that transpire during the synthesis of SIOCN materials, elucidating the critical role played by the fracture of the dendritic
molecule and subsequent bonding reactions in shaping the final material composition.

involved during pyrolysis treatment, previously explained along
the manuscript. Following the rupture of TRIAZ-3 along -NH-
linkages, AHPCS engages with both dendritic structure frag-
ments, establishing new Si-C linkages via fragment 1, which
subsequently leads to Cg.. phases. Moreover, new Si-NH-C
linkages (fragment 2) form, with H atoms lost as pyrolysis
temperature increases, while new linkages with Si or C atoms
emerge during redistribution reactions. Notably, the band
representing Si(O)C bonds (103.26 eV) shifts towards higher
binding energies with rising temperature pyrolysis, indicating a
higher prevalence of O atoms due to the oxidation phenom-
enon, corroborating the findings in Table 3.

Finally, the high-resolution O 1s spectra are presented in
Fig. 5d. The dominant peak at approximately 533.00 eV is
deconvoluted into two bands, with the main peak situated at
532.80 eV attributed to O-Si bonds from the structural network
of the SiOC. A smaller band at 534.80 eV likely arises from O—C
bonds**”? resulting from surface oxidation. The data in Table 7
demonstrate the presence of these components in both TRIAZ-3
and AHPCS treated at varying temperatures. Interestingly, O—C

Table 7 BE (eV) and relative concentration of O-containing bond units (%)
in TRIAZ-3, AHPCS and SIOCN samples. These values have been derived
through the deconvolution analysis of the O 1s XPS spectra of the various
materials

Relative concentration of the O-containing bond unit (%)

TRIAZ-3 AHPCS TZPC20 TZPC48

BE (eV) 700 800 900 700 800 900 700 800 900
O-Si 532.80 94.82 84.6 84.9 75.1 94.7 90.6 79.3 91.8 85.6 79.1
O—C 534.80 5.18 15.4 15.1 249 5.3 9.4 20.7 8.2 14.4 20.9

© 2024 The Author(s). Published by the Royal Society of Chemistry

bonds increase relative to O-Si with escalating treatment
temperatures in both samples TZPC20 and TZPC48. Despite
this, elemental analysis (Table 1) indicates consistent oxygen
concentration across samples. This suggests the possible oxida-
tion of C—=O0O bonds to C-OH or the formation of new Si-OH
groups. These findings underscore the preference for surface
oxidation in C atoms rather than Si atoms,®® further illuminat-
ing the intricate surface dynamics of the pyrolyzed materials.

Raman analysis: investigating the state of Cg.. phases in
pyrolyzed materials

To further delve into the characterization of the pyrolyzed
materials, Raman spectroscopy was employed to elucidate the
state of the Cge. phase, which was previously detected through
13C-MAS NMR and XPS analyses (Fig. 4b and 5b). Moreover, the
presence of Cg.. phase was also discerned through X-ray
diffraction (XRD), included in Section S4 and Fig. S8 (ESIY).
This comprehensive approach aimed to provide a deeper
understanding of the carbonaceous phases present in the
samples. The experimental and deconvoluted Raman spectra
of the pyrolyzed materials are presented in Fig. 6a and b,
respectively. The Raman spectra exhibit characteristic peaks,
notably the D and G peaks at approximately 1350 cm™ ' and
1590 cm ', respectively. Particularly, the TZPC20-700 sample
displayed a distinctive feature - an intense peak centered
around 2909 cm ™" (marked with an asterisk in Fig. 6a) corres-
ponding to the symmetric stretching vibration of C-H bonds.”
This peak suggests the presence of remaining groups that did
not undergo full mineralization during the pyrolysis process,”
revealing that conversion from inorganic polymer to ceramic
structure remain incomplete within the shortest reaction time

Mater. Adv,, 2024, 5, 2040-2056 | 2051


http://creativecommons.org/licenses/by-nc/3.0/
http://creativecommons.org/licenses/by-nc/3.0/
https://doi.org/10.1039/d3ma00898c

Thisarticleislicensed under a Creative Commons Attribution-NonCommercial 3.0 Unported Licence.

Open Access Article. Published on 18 January 2024. Downloaded on 4/19/2026 12:49:48 AM.

(cc)

Materials Advances

a

==TZPC20 ==TZPC48

900 °C

overtones

Raman Intensity (arb.units)

800 °C

700 °C

600 1200 1800 2400 3000
Raman shift (cm™)

—TZP'C4'83 (900°C)

Raman Intensity (arb.units)

1200 1500 1800

Raman shift (cm™)

Fig. 6 Exploring the nature of Cg.e phases in pyrolyzed materials through
Raman spectroscopy. (a) Raman spectra series of TZPC20 and TZPC48
materials subjected to varying temperatures. The yellow shaded region
corresponds to characteristic modes associated with the carbonaceous
phases present in the samples, while the pink highlighted region corre-
sponds to overtones of different vibration modes. (b) Deconvolution
analysis of the TZPC48-900 spectrum, focusing on the spectral range
between 1000-2000 cm™t. The Raman vibration modes associated with
the D band are represented in yellow, while the G band mode is high-
lighted in orange.

and the lowest temperature pyrolysis. This phenomenon
indicates that synthesis of 20 hours duration and heat treat-
ments at 700 °C are insufficient to complete the mineralization
process. The D band, located around 1350 cm ™, signifies the
breathing mode of disordered sp*hybridized rings within
the carbon structures.”®”” The G band, appearing around
1590 ecm™',’®7° is linked to the electron-phonon coupling
interaction and reflects the E,, symmetry mode. The deconvo-
lution analysis discerns additional bands, including the D*

2052 | Mater. Adv, 2024, 5, 2040-2056
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(also known as T) band at around 1150 cm™ " attributed to sp”
and sp® carbon atoms at the carbon network’s edges (Fig. 6b).
This band is indicative of impurities or symmetry breakage due
to nitrogen incorporation,®® corresponding to the rupture of
the TRIAZ-3 (Scheme 2).

Additionally, the D” band is detected, associated with amor-
phous carbon,””’®" yet its attribution remains debated.”®*>
These bands collectively provide insights into the composition
and structure of the carbonaceous materials. The second-order
Raman spectra reveal overtones of different vibration modes,
such as the 2D (also known as G’) and D + G bands, further
characterizing the samples. The 2D band’s intensity and shape
indicate the stacking layers of graphite. Although the 2D band
is less defined due to defects in the segregated carbon phase,
the D and G bands become more well-defined with increased
reaction time and pyrolysis temperature.®

By employing the equation proposed by A. C. Ferrari,”” for
disordered and amorphous carbons, the obtained fitting data
were used to determine the lateral crystallite size (L,) of the free
carbon nanoclusters. The Ip/I; ratio increases with higher
pyrolysis temperatures, denoting an augmentation of defects
in the carbon sheets. Interestingly, samples subjected to longer
reaction times show a red shift in the D band with increasing
pyrolysis temperature, attributed to disorder-induced lattice
defects. The G band, sensitive to nitrogen doping, experiences
an upshift due to increased nitrogen content. In our materials,
the Raman G band shifts from 1567 to 1582 cm™ " as a result of
nitrogen doping.®' The change in the position of the G band
corresponds to the transition from disordered carbon to nano-
crystalline carbon,”” while the shift in the D band position
signifies alterations in the number of ordered threefold aro-
matic rings. The obtained L, values, approximately 1.3-1.6 nm,
increase with higher pyrolysis temperatures, especially evident
in samples with longer reaction times. Notably, the sample
obtained at the lowest pyrolysis temperature and shorter reac-
tion time did not exhibit D and G bands in the spectra, hence
no L, data is presented for this sample in Table 8.

In brief, our study has successfully demonstrated the feasi-
bility of incorporating nitrogen into polymeric precursors,
leading to the formation of N-doped Si(O)C materials. Crucially,
our findings emphasize the pivotal role of reaction time and
pyrolysis temperature in tailoring the properties of SiOCN
materials. Specifically, these parameters influence the extent
of doping in the glassy phase and the concentration of SINC;
within the material. Longer reaction times tend to preserve the
triazine rings and result in a more defective carbon structure,
primarily due to the incorporation of nitrogen heteroatoms into
the carbonaceous phase. This investigation unveils a novel
synthesis pathway for N-doped SiOC structures through an
in situ synthesis method, underscoring the significance of
precise control over the synthesis parameters of polymer-
derived ceramics (PDCs). The outcomes of this research hold
great promise for the development of innovative functional
materials with potential applications in diverse fields, includ-
ing electrochemical devices such as the production of nitrogen-
doped carbide-derived carbons (CDCs). As we continue to

© 2024 The Author(s). Published by the Royal Society of Chemistry
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Table 8 Data derived from the deconvolution of the D and G bands in the Raman spectra of TZPC20 and TZPC48 materials. The presented data

includes the band positions (cm™3)

deconvolution of the Raman spectra of each of the studied samples

, full width at half maximum (FWHM, (cm™), and the L, values (nm). The values were obtained through the

TZPC20 TZPC48

Treatment

temperature (°C) D* D D’ G Ip/lg L, D* D D’ G Ip/lg L,

700 Position — — — — — — 1156 1343 1486 1567 1.07 1.39
FWHM — — — — — 207 181 142 116

800 Position 1218 1326 1456 1567 1.02 1.36 1159 1320 1469 1569 1.11 1.42
FWHM 117 130 138 110 181 168 112 101

900 Position 1194 1325 1450 1568 1.11 1.42 1181 1324 1498 1582 1.34 1.56
FWHM 161 144 116 121 116 155 35 80

explore the possibilities offered by this synthesis strategy,
it becomes evident that our work contributes to the ongoing
pursuit of tailored materials designed to address evolving
technological and environmental challenges.

Conclusions

In this study, we have successfully designed and synthesized a
novel N-containing dendritic structure to produce N-doped
SiOC materials. The synthesis involved well-defined steps of
hydrosilylation reactions between a polymer-derived carbide
and the newly designed dendron, followed by controlled pyro-
lysis. Notably, we not only established the synthesis pathway
but also proposed a comprehensive reaction mechanism under-
lying SiOCN formation. By chemically modifying a commer-
cially available allyl-hydrido polycarbosilane with the dendritic
structure, we incorporated nitrogen into the SiOCN material
while preserving the integrity of the triazine aromatic rings.
During pyrolysis, a fraction of NH-C sp® linkages fractured,
indicating greater retention of N sp®>-C over N sp®>-C. The
rupture of N sp>-C bonds facilitated Si-N bond formation,
resulting in SiNC;, predominantly SiC,, along with SiC;O,
SiO4, and a segregated carbon phase (Cgee) coexisting with
triazine rings. This investigation confirms the effective incor-
poration of nitrogen into SiOC’s carbon phase and ceramic
backbone. Our work’s broader impact lies in advancing high-
energy supercapacitor, stablishing a new route for the synthesis
of N-doped SiOC material for the future production of CDC
with N heteroatoms, bridging materials science with sustain-
able energy storage technology. By tailoring materials at a
molecular level, we enhance supercapacitor electrochemical
performance. As the demand for efficient energy storage grows,
our study paves the way for high-performance supercapacitors
applicable across diverse fields. This holistic approach fosters
sustainable progress in materials science and energy technol-
ogy, driving us towards a more energy-efficient and environ-
mentally conscious future.
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