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Polymer-derived ceramics, such as silicon oxycarbide (SIOC) materials, offer broad tunability through
precursor chemistry, enabling the development of multifunctional materials. Controlling nitrogen
incorporation into SIOC systems remains a key challenge to tailor their structure and properties. Here,
we show that the design of dendritic molecules with triazine and amine functionalities, allows effective
nitrogen doping of SIOC materials. Polymerization with allyl-hydrido polycarbosilane at controlled
temperatures, followed by pyrolysis from 700 to 900 °C, leads to the integration of nitrogen both into
the free-carbon phase as pyridinic-N, graphitic-N, and pyrrolic-N species, and into the glassy network
through Si—N bonds. Materials polymerized at 50 °C exhibit enhanced nitrogen retention in the form of
graphitic-N and greater cross-linking. This work demonstrates a molecular-level strategy to control
nitrogen doping in SiOC ceramics, paving the way for the design of functional materials for advanced
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1. Introduction

In the ongoing effort for the synthesis of advanced ceramic
materials with superior properties, the polymer-derived ceramic
(PDC) route' is proving to be an effective method, enabling facile
strategies to obtain Si-based ternary and quaternary ceramics.
PDCs have gained significant interest due to their unique proper-
ties such as thermal stability, high elastic modulus, corrosion and
oxidation resistance, and chemical stability. In addition to their
functional properties and promising microstructures, PDCs have
been extensively studied for a wide range of potential applications,
including their use in supercapacitor electrodes,>® anodes
for lithium-ion batteries,*® pressure sensors,”® high-temperature
applications,”'® and scenarios requiring high oxidation and
corrosion resistance.'™"?

Silicon oxycarbides (SiOC) and silicon carbonitrides (SiCN)
are among the most extensively studied PDCs. They can be
produced from different polymeric precursors, undergoing a
controlled pyrolysis of organosilicon-based polymers. The ceramic
networks of SiOC and SiCN are constituted by varied tetrahedral
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applications such as catalysis, energy storage, and sensing, which will be tested in future works.

units, SiC,0, ,, and SiC,N, ,, respectively, along with a free
carbon phase (Cpec), O the so-called segregated carbon."® The
amount of Cy.e and its crystallinity and microstructure have been
shown to significantly influence the final properties of the PDCs.
A high content of segregated carbon can be detrimental for the
mechanical performance or high-temperature applications of
the PDC materials. Conversely, several authors have described
the benefits of the Cg.. phase in the structural and functional
properties of the PDCs, such as enhanced electrical'*'®> and
electrochemical performance,” and/or corrosion resistance.™
Additionally, numerous studies have highlighted the importance
of the molecular architecture of the starting polymeric precursor,
directly affecting the final ceramic structures and their evolution
through the polymer-to-ceramic transformation.'®™*® This unique
characteristic of PDCs allows the precise tailoring of the final
ceramic structures through the molecular design of the initial
starting precursor, allowing precise structural control. Conse-
quently, current research focuses on obtaining carbon-enriched
PDCs* and improving their functional properties by effectively
incorporating heteroatoms into both, the glassy matrix and the
Ceee phase. Different processing routes are being explored to
promote the doping of boron®"*? and/or nitrogen®*** heteroatoms.

N-doped SiOC has attracted particular attention due to its
ability to modulate the nature of bonding and the distribution
of nitrogen species within the Cg.. and the SiOC glassy phase.
This enables the design of tailored materials for specific
applications. N-doping can be strategically performed to

© 2025 The Author(s). Published by the Royal Society of Chemistry
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introduce heteroatoms in different bonding configurations,
such as pyridinic-N, graphitic-N, pyrrolic-N or N-oxide.”
Numerous studies have reported that high concentrations
of pyridinic nitrogen are well-suited for -electrocatalytic
applications,*®*” whereas those with highly concentrated gra-
phitic nitrogen are desirable for electronic and energy storage
devices.”® This tunability makes N-doped SiOC materials highly
desirable for cutting-edge technological applications.

In our previous work,”® a well-defined processing route to
synthesize N-doped SiOC was established from an allyl-hydrido
polycarbosilane (AHPCS) and a novel N-containing dendritic
molecule. The polymerization and the subsequent thermal
treatment of the AHPCS and the dendron resulted in the
formation of SiOCN structures, where N was presented both
in the SiOC network and in the carbonaceous phase. To go
further into this investigation, two new dendritic molecules
with superior complexity, elevated nitrogen concentrations and
distinct nitrogen functionalities, were designed to evaluate
their influence on the nitrogen doping and to achieve effective
structural control of these SiOC-based ceramic structures.

In this study, an effective route for the development of
N-doped SiOC materials is proposed through the tailored design
of N-containing dendritic molecules. The influence of the N
bonding in the starting dendritic structures is demonstrated, as
well as the control of the synthesis route for effective nitrogen
retention in the final materials. The optimization of the proces-
sing route was carried out by carefully investigating the three
sequential steps involved in the synthesis procedure: (a) design
and synthesis of novel N-containing dendritic molecules, (b)
cross-linking of the dendrons with a commercially available
AHPCS to promote the chemical modification of this polymer,
and the addition of the N atoms into the AHPCS structure, and
finally, (c) the polymer-to-ceramic transformation promoted by
pyrolysis treatment for obtaining N-doped SiOC materials.

2. Experimental section
2.1 Synthesis of dendritic molecules

Two novel dendritic molecules are designed and synthesized
with different active centers and varied vinyl groups, with the
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latter placed at the terminal positions of the dendrons, to
enhance the reactivity for further polymerization with the
commercial AHPCS. These newly synthesized dendrons are
named as PIP-2 (or D2) and TREN-3 (or D3), where “PIP”’ and
“TREN” represent the chemical structures selected for the
active centers (i.e. piperazine and tris-aminoethylamine, respec-
tively), and the number signifies the amount of chemical
substitutions involved in the synthesis of each dendritic mole-
cule. The synthesis procedures of PIP-2 and TREN-3 are out-
lined as follows, and the synthetic protocol and molecules
under investigation are depicted in Fig. 1.

To synthesize PIP-2 and TREN-3 dendrons, it is imperative to
create a new molecule to promote substitution reactions with the
corresponding active centers. Regarding the synthesis of the
TRIAZ-3 dendron presented in our previous work,* an intermedi-
ate product obtained after di-substitution was prepared and used
as a precursor for the synthesis of PIP-2 and TREN-3 dendrons.
This intermediate precursor molecule is named TRIAZ-2, accord-
ing to the name assignment described previously.

2.1.1 Synthesis of intermediate TRIAZ-2: 6-chloro-N>,N*-
bis(4-vinyl phenyl)-1,3,5-triazine-2,4-diamine. The synthesis of
TRIAZ-2 was performed using cyanuric chloride (C3N;Cl;) and
N,N-diisopropylethylamine (DIPEA), both obtained from Sigma-
Aldrich (USA), along with 4-vinylaniline (90%) from Fisher
Scientific (USA), and anhydrous toluene (99.8%). The reaction
progress was monitored by thin layer chromatography (TLC)
employing F,s, aluminium oxide plates. To ensure the purification
of the product, column chromatography was employed using silica
gel 60 (60-120 mesh) as the stationary phase (Merck, USA). It is
noteworthy that the chemicals were used as received without any
additional purification. The synthesis commenced with the dis-
solution of 16 g (0.086 mol) of C;N;Cl; and 35 mL (0.2 mol) of
DIPEA in 250 mL of anhydrous toluene. The mixture was stirred at
room temperature (RT) and purged with argon to establish an inert
atmosphere during the chemical reaction. Thereafter, 30.18 mL
(0.258 mol) of 4-vinylaniline was added dropwise, and the reaction
mixture was then heated under reflux for 8 h. The final residue was
purified by column chromatography with 1:4 ethyl acetate/hexane
as the eluent, yielding a white solid product (>85% yield).

2.1.2 Synthesis of PIP-2 (D2): 6,6'-(piperazine-1,4-diyl)bis-
(V?,N*-bis(4-vinyl phenyl)-1,3,5-triazine-2,4-diamine. PIP-2 was

PIP-2 TRIAZ-2 TREN-3
H,C=GH D2 HC=CH, HaCochy D3 HoCHe
HoN o~~~ NH, i? ?
HN NH o N ’
NH HN N N NH, NH HN
N N=C W]/ Iy N
NOS=N N—C N DIPEA N N DIPEA ljl\ U Rt /,"d
HN>:N — N_<NH 1/ NN
H2C~‘C/©/ jl\H \O\C»,CHZ
H H
- HC=CH N7
H,C=CH 2 |
2! HN)\N)\NH
/CH2 HC GH
R= HN4©704 CH, CH,

Fig. 1 Synthetic pathway for the preparation of PIP-2 (D2) and TREN-3 (D3) dendrons from the intermediate molecule TRIAZ-2. Note that TRIAZ-2
molecule was used to promote the substitution reactions of the amine groups of both, piperazine and tris-amino-ethylamine in the presence of DIPEA.
Both reactions were conducted at the corresponding temperature and for the reaction times described in the text.
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synthesized by the dissolution of 4 mL (0.023 mol) of DIPEA
and 688 mg (0.008 mol) of piperazine (Sigma-Aldrich, USA) in
250 mL of anhydrous tetrahydrofuran (THF). The molecule
TRIAZ-2 (5.5 g, 0.016 mol) was then added into the solution,
previously dissolved in anhydrous THF. The reaction mixture
was stirred, bubbled with argon and sealed in a Parr’s vessel to
remove the oxygen content. The mixture was then heated at
80 °C for 12 h, and the progress of the reaction was monitored
by TLC. The anhydrous THF was then removed using a rotatory
evaporator and the final residue was purified by column
chromatography with 5:1 dichloromethane/methanol as the
eluent, thus obtaining a final white residue (> 85% yield).

2.1.3 Synthesis of TREN-3 (D3): N>-(2-(bis(2-((4,6-bis((4-
vinyl phenyl) amino)-1,3,5-triazine-2-yl)amino)ethyl)-N*N®-
bis(4-vinyl phenyl)-1,3,5-triazine-2,4,6-triamine. The synthesis
of TREN-3 was accomplished through the dissolution of
6.95 mL (0.04 mol) of DIPEA and 1.168 g (0.008 mol) of tris(2-
aminoethyl)amine (Sigma-Aldrich, USA) in 250 mL of anhy-
drous THF. Subsequently, 10 g (0.028 mol) of TRIAZ-2 was
dissolved in anhydrous THF and added into the aforemen-
tioned solution, and the resulting mixture was stirred, bubbled
with argon and sealed in a Parr’s vessel to remove the oxygen
content. The mixture was then heated at 80 °C for 14 h until
complete consumption of TRIAZ-2 was observed by TLC. Upon
completion of the reaction, the THF was removed using a
rotatory evaporator, and the final residue was obtained by
washing the solid with ethyl acetate and acetone, yielding a
yellowish solid (>90% yield).

2.2 Synthesis of N-doped silicon-based ceramic materials

A commercially available AHPCS (SMP-10%, Starfire Systems,
USA) was employed to obtain a silicon-based ceramic material,
while D2 and D3 contributed to the N-doping of the structure,
resulting in the formation of SiOCN structures. Materials were
prepared from a mixture of the AHPCS used as received and the
corresponding D2 and D3 dendrons at a ratio of 90:10 wt/wt,
respectively. The chemical reactions were conducted on a
Schlenk line using anhydrous THF as a solvent and in the
presence of 1 wt% of the Pt-based catalyst (platinum-1,3-
divinyl-1,1,3,3-tetramethyldisiloxane (3-3.5% Pt), abcr GmbH,
Germany). The mixtures were thoroughly stirred under an
argon atmosphere, and two distinct polymerization conditions
were examined for each precursor. Polymerization was con-
ducted at (i) RT for 48 h and (ii) at 50 °C, fixing the reaction
time according to the concentration of vinyl groups on each
dendritic molecule. Thus, the reaction at 50 °C lasted 48 h for
the D2 dendron, while it lasted 24 h when D3 was involved.
After the completion of the chemical reactions, the solvent was
removed under reduced pressure, yielding yellowish gummy
materials. To streamline the sample labelling, the materials
were categorized into four distinct series: D2RT, D3RT, D25C,
and D35C. The prefixes “D2” and “D3” denote the dendrons
employed for nitrogen doping, while “RT” indicates polymer-
ization conducted at room temperature, and “5C” refers to
materials synthesized through reactions carried out at 50 °C.
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After polymerization, materials were heated to 280 °C for 5 h
at a rate of 5 °C min~ "' to promote the crosslinking of the
AHPCS with the dendrons, thereby ensuring optimum bonding
between both structures. This was followed by pyrolysis at 700,
800 and 900 °C for 2 h. The obtained SiOCN samples were
named according to the criteria described previously, with 7, 8
or 9 at the end to denote the pyrolysis temperature employed
(700, 800 or 900 °C). The final materials were ground in an
agate mortar, following by sieving to obtain particles smaller
than 45 pum. This procedure was conducted prior to the
extensive characterization of the ceramic structures.

2.3 Characterization techniques

The characterization of the organic molecules (D2 and D3)
involved liquid-state nuclear magnetic resonance (NMR)
spectroscopy and mass spectrometry (MS), both of which were
used to elucidate the chemical structures of the synthesized
molecules and their respective molecular weights. The NMR
study was conducted on a Bruker Avance Neo (USA) instrument
by diluting the samples in dimethyl sulfoxide (DMSO) and
recording 'H (500 MHz), **C (125 MHz) and **C NMR distor-
tionless enhancement by polarization transfer 135° (DEPT-135)
analyses. Conventional notation was employed, where dd
means doublet of doublet and s-br means broad singlet. J is
defined as the coupling constant associated with the cis, trans
or geminal position of alkenyl hydrogens (Jc;s, Jirans and Jger,). In
addition, J is also defined as the coupling constant associated
with the ortho, meta and para positions of aromatic hydrogens
orthor Jmeta and Jparg). The MS analysis was conducted by
diluting the samples in methanol, and using an Agilent 6520
Accurate-Mass LC/MS Q-TOF (USA).

The starting precursors and the evolution of the obtained
polymeric structures were investigated through attenuated total
reflectance Fourier transform infrared spectroscopy (ATR-
FTIR). A PerkinElmer BX (USA) spectrophotometer, equipped
with an ATR device and a diamond crystal plate, was employed
for the analysis, averaging over at least 32 scans per sample.
Thermogravimetry and differential thermal analysis (TG-DTA)
were used to study the thermal behavior of the starting samples
and the different preceramic materials using an SDT Q600 TA
instrument (USA). The measurements were performed by
heating the samples under an argon flow of 100 cm® min™*
up to 1000 °C at a heating rate of 10 °C min~".

The composition of N-doped SiOC materials was analysed
using quantitative elemental analysis of carbon, nitrogen and
oxygen concentrations. Analyses were performed using Leco
(USA) CS-200 and RC-412 analyzers, while silicon content was
calculated by difference. Structural investigations were con-
ducted by FTIR in a PerkinElmer BX spectrophotometer (USA)
using KBr pellets prepared with the powders, averaging over at
least 32 scans per sample. The solid-state NMR technique was
conducted to study the structural units of SIOCN materials
using a Bruker (USA) AV-400-WB device with a 4 mm probe
head. *°Si was studied by magic-angle spinning (MAS) and '*C
nuclei by high-power decoupling magic-angle spinning
(HPDEC-MAS). These experiments were performed by direct

© 2025 The Author(s). Published by the Royal Society of Chemistry
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irradiation with a frequency of 100.61 MHz, n/3 pulse length at
65 kHz, and a relaxation time of 20 seconds. The carbonaceous
phase was investigated by Raman spectroscopy using a
Renishaw inVia spectrophotometer (UK) with an Ar' ion laser
with an excitation wavelength of 514 nm. Spectra were recorded
with an accumulation time of 10 s and an accumulated signal
from 10 scans.

X-ray photoelectron spectroscopy (XPS) was used to examine
the surface composition of the prepared materials, employing a
SPECS GmbH (Germany) apparatus, equipped with an ultra-
high vacuum system and an energy analyser (PHOIBOS 150
9MCD). Non-monochromatic Mg radiation was employed as
the energy source (200 W and 12 kV), with a sampling area of
500 x 500 pm?. All the spectra were calibrated based on the
peak position of C 1s (284.6 eV), and a Shirley background
correction was applied by using the CASA XPS software. Finally,
microstructural characterization was performed by field emis-
sion scanning electron microscopy (FE-SEM) investigations
using a Hitachi S-4700 (Japan) microscope. Except for gold
sputtering of the powders, no other preparation for the FE-
SEM examination was performed.

3. Results and discussion
3.1 Characterization of dendritic structures

A thorough characterization of D2 and D3 dendrons was
conducted to verify their intended chemical structures. This
study also encompassed the exploration of their structural and
microstructural features and morphology. The investigations

1 um
| |

1 pum
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of these novel dendrons commenced with their structural
determination using NMR and MS techniques to ascertain
the molecular structures. The results of these analyses are
displayed in the SI, displaying the NMR spectra of both
dendrons (see Fig. S1-S6, Section S1, SI), including 'H, '*C
and '*C DEPT-135 spectra.

The "H NMR spectrum of the D2 dendron is shown in Fig. S1
(SD), and the following information is provided. dy (ppm): H1
(3.9 (sbr, 8H)), H2 (5.16 (d, J.; = 10.99 Hz, 4H)), H3 ((5.74 (d,
Jurans = 17.68 Hz, 4H)), H4 (6.70 (dd, Jirans = 17.60 Hz and J; =
10.93 Hz, 4H)), H5 (7.42 (d, Jorno = 8.31 Hz, 8H)), H6 (7.78 (d,
Jortho = 8.15 Hz, 8H)) and H7 (9.3 (sbr, 4H)). The *C NMR
elucidates the following carbon resonances d¢ (ppm) (Fig. S2,
SI): C1 (43.19), C2 (112.48), C3 (120.30), C4 (126.81), C5
(131.28), C6 (136.86), C7 (140.39), C8 (164.48) and C9
(165.12). The *C NMR DEPT-135 (Fig. S3, SI) 6c (ppm) data
corroborate the following assignments: C1 (43.19, CH,), C2
(112.48, CH,), C3 (120.30, CH), C4 (126.81, CH) and C6
(136.86, CH). Within the domain of the MS and through the
measurement of the mass-to-charge ratio of the ions, the
molecular mass was verified, finding 357.18 m/z [M + 2H]**
and 713.356 [M + H]", and it was ascertained that D2 structure
corresponds to C4,H4oNy, and 712.35 g mol ™.

D3 dendron was characterized by the following "H NMR &y
(ppm) values, as illustrated in Fig. S4 (SI): H1 (2.82 (d, J
7.33 Hz, 6H), H2 (3.51 (d, J = 8.70 Hz, 6H)), H3 (5.12 (d, Js =
10.93 Hz, 6H)), H4 (5.69 (d, Jirans = 17.63 Hz, 6H)), H5 (6.67 (dd,
Jurans = 17.60 Hz and J;; = 10.93 Hz, 6H)), H6 (7.36 (d, Jorno =
8.35 Hz, 12H)), H7 (7.80 (d, Joro = 8.26 Hz, 12H)), H8 (9.09 (sbr,
3H)), and H9 (9.18 (sbr, 6H)). *C NMR (Fig. S5, SI) §¢ (ppm): C1

10 um
|

Fig. 2 Microstructural examination of the different N-containing dendritic molecules. Micrographs obtained by FE-SEM at different magnification levels.

(a), (b) TRIAZ-2 molecule; (c), (d) D2 and (e), (f) D3 dendrons.

© 2025 The Author(s). Published by the Royal Society of Chemistry
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(39.25), C2 (54.27), C3 (112.21), C4 (120.15), C5 (126.67), C6
(131.06), C7 (136.89), C8 (140.67), C9 (164.56) and C10 (166.21).
The '*C NMR DEPT-135 (Fig. $6, SI) d¢ (ppm) data corroborate
the following assignments: C1 (39.25, CH,), C2 (54.27, CH,), C3
(112.21, CH,), C4 (120.15, CH), C5 (126.67, CH) and C7 (136.85,
CH), MS: calculated for Cg3HgzN1o: 1085 g mol ™, found: 543.78
m/z [M + 2H]*" and 1086.56 [M + H]".

FE-SEM was utilized to examine the morphology of the as-
prepared dendritic molecules, thereby unveiling the distinctly diver-
gent microstructures of both, the TRIAZ-2 precursor and the synthe-
sized D2 and D3 dendrons. The obtained micrographs are shown in
Fig. 2. The TRIAZ2 molecule manifests as flowerlike platelet
aggregates (Fig. 2a), exhibiting variations in size. Upon closer
inspection (Fig. 2b) of some of the “leaves” within the microstruc-
tures, uniform thicknesses with dimensions of less than a micron
are observed. In contrast, the D2 dendron manifests as a rectangular
platelet shape with similar thicknesses below 500 nm (Fig. 2c and d),
while D3’s microstructure is based on irregular polygonal particles
with greater thicknesses, up to 10 pm (Fig. 2e and f). The micro-
structural design of the dendritic structures was accomplished by
varying both, the structural complexity and the molecular weight,
thereby resulting in distinct microstructures of each novel molecule,
as illustrated in Fig. 2. Furthermore, nitrogen atoms were strategi-
cally positioned at diverse chemical sites, encompassing N-sp>
hybridization within the triazine compounds, and N-sp® hybridiza-
tion within the piperazine and the amine-based active center.

In this investigation, a particular emphasis is placed on the
role of the different N configurations, elucidating the influence
of the initial architecture of the dendron molecules towards the
nitrogen doping of Si(O)C-based materials. Additionally, the
influence of the processing conditions on promoting diverse
nitrogen bonding configurations throughout the SIOCN proces-
sing route was also examined.

3.2 Characterization of the chemically modified preceramic
polymeric precursor

3.2.1 Crosslinking between AHPCS and N-containing den-
drons. Following the synthesis of the novel dendritic structures,
polymerization reactions were conducted to promote the
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bonding between dendrons and the commercial AHPCS
employing the reaction parameters described previously. In
this section, materials were examined by IR spectroscopy in
two distinct states: firstly, upon completion of the chemical
reaction, and subsequently, following the cross-linking process
performed at the start of the pyrolysis treatments, which entails
the heating of the samples at 280 °C for 5 h.

Fig. 3 shows the FTIR spectra of unmodified D2 and D3
dendrons, and as-received AHPCS. Characteristic AHPCS bands
are reported elsewhere.”® Si-H groups (934 and 2120 cm ™)
participate in hydrosilylation with dendron vinyl groups and in
self-cross-linking via allyl groups (1631 and 3076 cm '), while
Si-CH,-Si (1036 cm ™) and Si~C (750 and 832 cm™ ') bonds>"*°
remain unaffected (Fig. 3a). The spectra of D2 and D3 display
multiple absorption bands at low to medium wavenumbers,
with several common features. N-H linkages in D2 are identi-
fied by bands at 1567, 3270, and 3404 cm™ ", corresponding to
bending, symmetric, and asymmetric stretching modes,
respectively®'* (Fig. 3a and b). Aromatic rings are detected
by a C-H stretching band at 3083 cm ', while vinyl groups
show C-H vibrations in the range 2800-3100 cm™' and a
conjugated C=C vibration at 1631 cm™". The breathing mode
of triazine rings is observed at 836 cm™ ', labelled as *t in
Fig. 3b, along with C-N (1219, 1305, 1401, and 1487 cm ') and
C—N (1487 and 1624 cm ") stretching vibrations.***

Distinctive features differentiate the dendrons. In D2, the
breathing mode of the piperazine ring appears at 1005 cm ™,
denoted as *p in Fig. 3b, with additional CH, rocking and
twisting vibrations at 1084 and 1263 cm ™, respectively.***’ In
D3, besides the N-H bond between triazine and aromatic units, a
new N-H band emerges at 1568 cm ™', attributed to the bonding
between the triazine and tris-aminoethylamine active center.*®

Then, the spectra of materials derived from the D2 dendron
(D2RT and D25C) are presented in Fig. 4, both after the
completion of the chemical reactions and subsequent to the
cross-linking treatment, while the spectra of AHPCS, D3RT and
D35C samples are displayed in Fig. S7 (Section S2, SI). Bonding
between AHPCS and triazine dendrons occurs mainly through
hydrosilylation between Si-H and vinyl groups,” with Si-N
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Fig. 3 Structural information of the starting precursors through FTIR spectroscopy. IR spectra of AHPCS and the as-synthesized D2 and D3 dendrons in
different spectral ranges: (a) 3600-600 and (b) 1800-600 cm™2. This plot illustrates the initial molecular structures of the starting precursors, discerning

the representative chemical groups of the novel dendrons.
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of the cross-linking stage performed at 280 °C for 5 h. (Note that cross-linked materials are shown by short dotted lines.)

bonds forming after dendron fragmentation upon heating. In
Fig. 4 and Fig. S7 (SI), characteristic vibrations of both AHPCS
and dendrons are present, although dendron signals are
weaker due to their low concentration. The preservation of
C-N, C=N, and N-H vibrations indicates that the dendrons
maintain their chemical integrity after polymerization. A new
band appears around 800 cm ™', labelled as D (Fig. 4a and Fig.
S7a, SI), along with a decrease in the Si-H bands (2120 cm™"),
confirming the formation of Si-CH,-CH,-C bonds.>® The D
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band shows greater intensity in D25C and D35C, suggesting
that polymerization at 50 °C enhances the bonding between
AHPCS and dendrons (see Fig. 4a and Fig. S7c of the SI).
Cross-linking (dotted lines in the spectra) follows two
mechanisms: (i) free-radical-induced cross-linking via allyl
group cleavage® and (ii) hydrosilylation and dehydrocoupling
reactions between allyl and Si-H groups.*® These processes are
evidenced by the disappearance of allyl-related bands (1630 and
3080 cm™ "), a reduction in Si-H bands (929 and 2120 em™ ),
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g .
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Fig. 5 Study of the influence of dendron introduction into the polymer-to-ceramic transformation. (a) TG analysis of materials prepared from D2 and D3
dendrons with varying synthesis parameters (dendritic structures are shown with short dotted lines). (b) DTA curves of the starting precursors (AHPCS and
dendrons (D2 and D3)) (top plot), and the prepared materials (bottom plot) highlighting the shift of the characteristic peaks.
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and an increase in -CH,~ bands (2914 cm™') (Fig. 4b and
Fig. $7b, S1).>**"*> The D band at ~800 cm ™" intensifies after
cross-linking, with unexpectedly higher intensity in D2RT
(Fig. 4a), which was analyzed later via thermal analysis (Fig. 5).

Compared to AHPCS (Fig. S7a and b), dendron-containing
materials exhibit stronger reductions in Si-H bands and
enhanced formation of CH, groups (2914 and 1036 cm '),
suggesting a higher cross-linking degree. In addition, a new peak
appears at ~945 em™ ', referring to N (Fig. 4a and Fig. S7c SI),
while the N-H band at 3404 cm ™" disappears. This suggests Si-N
bond formation through the fragmentation of D2 and D3 den-
drons during cross-linking and subsequent reaction with Si-H
bonds. While dendron degradation was previously observed after
pyrolysis,*® the present results show that partial dendron degra-
dation has already started during cross-linking at temperatures
below 280 °C, facilitating the incorporation of N within the
preceramic matrix.

3.2.2 Polymer-to-ceramic conversion. Upon completion of
the polymerization reactions conducted at RT and 50 °C, the
thermal behavior of the prepared materials was investigated by
TG-DTA measurements. As explained previously, two reaction
pathways compete during the initial stage of thermal treat-
ment: the crosslinking of the AHPCS with itself and the poly-
merization with each respective dendritic molecule. As
illustrated in Fig. 5a and b, the TG-DTA analysis of the initial
materials (AHPCS, D2 and D3) and the resulting reaction
products (D2RT, D3RT, D25C and D35C) was conducted.

The TG curve of AHPCS shows three weight losses between
50-300 °C, 300-600 °C, and 600-1000 °C (Fig. 5a). The first
stage corresponds to cross-linking reactions, with an exother-
mic peak at 236 °C (denoted as peak A in Fig. 5b), associated
with the removal of low molecular weight oligomers. Above
300 °C, H, release occurs, related to dehydrocoupling and
redistribution reactions of Si-H/Si—C bonds. In addition, above
600 °C, ceramization reactions take place, leading to the
formation of an amorphous Si(O)C network, in agreement with
the XRD patterns displayed in Fig. S8 (Section S3, SI).**

The TG curves of the D2 and D3 dendrons show weight
losses at 480 °C and 460 °C, respectively, with associated
endothermic peaks (Fig. 5a). Solvent release is detected up to
120 °C, originating from trapped solvents during synthesis or
purification. D2 displays an additional weight loss at 261 °C,
attributed to partial dendron fragmentation.

In polymerized materials (Fig. 5b), peak A shifts to lower
temperatures compared to AHPCS, indicating that dendron
incorporation facilitates cross-linking, in agreement with
ATR-FTIR results (Fig. 4 and Fig. S7, SI). D25C, D3RT, and
D35C show peak A around 185 °C, while D2RT shifts further to
~150 °C. This greater shift in D2RT correlates with the higher
intensity of FTIR bands at 800, 950, and 1036 cm ™" (Fig. 4),
indicating enhanced cross-linking after the 280 °C treatment.
This behavior also reflects the thermal profile of D2, suggesting
partial degradation during prolonged polymerization at 50 °C,
whereas polymerization at RT preserves the dendritic structure.
These results demonstrate that dendron incorporation
increases the cross-linking degree of AHPCS, facilitating the
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cross-linking reactions. Similar catalytic effects have been
reported by Wilhelm et al.*® using nickel acetylacetonate, and
by Ionescu et al.** using tetrakis(dimethylamido)hafnium(iv)
(TDMAH), both accelerating hydrosilylation and dehydrocou-
pling reactions.

At higher temperatures, the peak around 427 °C (denoted as
peak B in Fig. 5b) associated with redistribution reactions,
shifts to higher values upon dendron incorporation. D2RT
and D25C exhibit peak B at ~458 °C, while in D3RT and
D35C it shifts it to ~480 °C, reflecting the higher structural
complexity of the D3 dendron, which hinders redistribution
processes. This shift indicates increased network complexity
and difficulty in bond rearrangement during polymer-to-
ceramic transformation. Finally, a new peak appears around
740 °C (highlighted region in Fig. 5b), attributed to the release
of residual species following the initial stages of ceramization.

3.3 Characterization of the ceramic material

3.3.1 Microstructural analysis of the pyrolyzed materials.
The materials were examined using FE-SEM to explore the
different microstructural features developed through the
polymer-to-ceramic transformation, as well as the effects
induced by the introduction of the dendritic molecules. The
microstructures of 2RT7, 25C9 (Fig. 6a and b) and 3RT7, 35C9
(Fig. 6¢c and d) are shown, representing the extremes of the
processing conditions (i.e. crosslinking at RT followed by
pyrolysis at 700 °C, and polymerization at 50 °C followed by
thermal treatment at 900 °C).

The different micrographs shown in Fig. 6 display irregular-
shaped particles of similar sizes in materials prepared with
either D2 or D3 dendrons. These particles feature sharp edges,
which become more prominent as the pyrolysis temperatures
increase, indicating a further progress from the polymer to the
ceramic state. Moreover, comparing the materials prepared
with each dendritic molecule, distinct features are clearly
observed in D2 and D3 dendron-derived samples. The latter
exhibit planar particles devoid of visible porous or surface
defects, while materials prepared using the D2 dendron display
highly defective and inhomogeneous surface particles. These
microstructural defects/inhomogeneities are likely associated
with the introduction of this dendritic molecule, as they are
clearly visible in materials prepared under extreme synthesis
condition: 2RT7 and 25C9 materials (Fig. 6a and b). This
phenomenon can be tentatively associated with the dual ther-
mal profile of the D2 dendron, which has been shown to induce
significant fracture of the dendritic structure, resulting in sur-
face defects/inhomogeneities in the final materials.

3.3.2 Study of the elemental composition. After polymer-
ization of AHPCS with D2 and D3 dendrons, materials were
pyrolyzed, yielding ceramic structures with distinct composi-
tions analyzed by elemental analysis (Table 1). The materials
pyrolyzed at higher temperatures show an increased C content
and a decreased O concentration. The maximum C contents are
observed in D25C9 and D35C9 samples, reaching 33.6 wt% and
34.35 wt%, respectively. The reduction in O content at elevated

© 2025 The Author(s). Published by the Royal Society of Chemistry
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Fig. 6 Surface morphology analysis of the pyrolyzed materials. FE-SEM
micrographs of the materials prepared using D2 and D3 dendrons under
different synthesis conditions (crosslinking at RT with subsequent pyrolysis
at 700 °C, and polymerization at 50 °C followed by thermal treatment at
900 °C): (a) 2RT7, (b) 25C9, (c) 3RT7 and (d) 35C9 materials.

temperatures is attributed to the lower oxygen uptake during
bond rearrangement and ceramization reactions.*
Comparatively, materials obtained after chemical reactions
at RT or 50 °C display a variation in the O percentage (%O).
D25C and D35C samples show lower %O values, indicating that
higher polymerization degrees, promoted by temperature, hin-
der oxygen capture. This behavior is consistent with ATR-FTIR
and TG-DTA analyses (see Fig. 4, 5 and Fig. S7, SI), which show
an enhanced cross-linking structure preventing oxygen incor-
poration. Regarding nitrogen content, establishing a clear
relationship with synthesis parameters is challenging. In addi-
tion, no significant differences are detected between D2- and

View Article Online
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D3-derived materials in terms of final nitrogen concentration,
which are in the range of 1.4-2 wt%, aligning with the similar
nitrogen heteroatom content of the initial dendrons. In a
previous study® using a simpler molecular dendron, limited
nitrogen incorporation was reached. Thus, the present results
suggest that the novel D2 and D3 dendritic structures enable
more efficient nitrogen doping into the ceramic network,
enhancing the overall integration of nitrogen species during
the polymer-to-ceramic transformation.

3.3.3 Structural analysis using the FTIR technique. Follow-
ing elemental analysis, the FTIR technique was employed to
elucidate the molecular structures of the pyrolyzed materials,
and to assess the influence of the dendritic molecules and
thermal treatment.

Fig. 7a shows the FTIR spectra of the prepared samples. Two
prominent bands are detected in all spectra, centred at approxi-
mately 790 cm™" and 1000 cm ™', corresponding to the vibra-
tions of Si-C and Si-CH,-Si bonds, respectively.>® An evolution
of the band located at 1000 em™" is observed with increasing
temperature, with a progressive reduction in intensity relative
to the band at 790 cm ™", indicating the elimination of Si-CH,~
Si units and the concomitant formation of SiC, units,** thus
promoting the three-dimensional network typical of SiC
precursors.”

To further investigate the structural features, a Gaussian
deconvolution of the FTIR spectra between 1300 and 400 cm ™"
was performed. Fig. 7b presents the fitted spectra for D3RT7
and D25C9 samples, with the deconvolution data summarized
in Table S1 (Section S2, SI). Besides the fundamental Si-C
vibrations and the medium-intensity band at ~620 cm™ ',
attributed to the AHPCS precursor,> a new band emerges at
~940 cm™ ! in all samples, referred to as the Si-N bond
formation signature, previously identified in the crosslinked
materials (Fig. 4a and Fig. S7c, SI). The intensity of this Si-N
band shows a slight increase in materials treated at 900 °C
(Table S1, SI), suggesting enhanced formation of Si-N linkages
at elevated temperatures, likely due to the greater integration of
dendritic structures with AHPCS. Additional signals character-
istic of Si-O bonds are observed: low-intensity bands around

Table 1 Compositional analysis of SIOCN prepared by different temperature treatments. The data were obtained from the elemental analysis of
materials prepared by polymerization reactions (RT and 50 °C) and temperature pyrolysis (700, 800 and 900 °C). The concentration of each element was
used for the calculation of the empirical formula (note: silicon was calculated by difference)

Weight %
Sample Si (0) C N Empirical formula
D2RT7 55.46 14.60 + 0.20 27.85 + 0.05 1.73 + 0.22 Si00.46C 1.17No.06
D2RTS 57.88 9.48 + 0.13 30.75 =+ 0.05 1.62 £ 0.25 Si00.20C1 23No.06
D2RT9 58.23 8.81 + 0.02 31.35 + 0.15 1.68 + 0.07 S104.57C1.26No.06
D25C7 56.78 11.22 + 0.18 30.45 =+ 0.05 1.35 £ 0.07 Si05.35C1.25N0.05
D25C8 58.53 8.65 & 0.03 31.00 £ 0.10 1.87 £ 0.02 Si00.26C1.25No.06
D25C9 57.79 7.16 + 0.04 33.60 + 0.30 2.00 + 0.20 $104.52C1.37No.07
D3RT7 53.27 14.95 £+ 0.25 29.35 + 0.25 1.77 £ 0.18 Si0y.49C1.27No.07
D3RTS 56.95 10.50 + 0.10 30.80 + 0.20 1.95 + 0.04 Si04.32C1.27No.07
D3RT9 56.96 8.57 + 0.08 32.40 + 0.10 1.71 + 0.17 S104.56C1.33No.06
D35C7 58.44 11.65 + 0.25 28.60 =+ 0.20 1.35 £+ 0.14 Si05.35C1.14No.05
D35C8 56.23 12.45 + 0.15 29.70 + 0.20 1.87 + 0.02 S104.39C1.24No.07
D35C9 55.39 8.75 + 0.15 34.35 £ 0.15 1.70 £ 0.02 $105.25C1.45N0.06

© 2025 The Author(s). Published by the Royal Society of Chemistry
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Fig. 7 Structural evolution elucidated by IR spectroscopy of materials treated at 700—900 °C. (a) FTIR curves of the pyrolyzed materials as a function
of pyrolysis temperature and discerning materials prepared at RT and 50 °C. (b) Deconvolution of D25C9 and D3RT7 samples in the spectral range of

1300-400 cm™™.

465 cm ' and 800 cm ', associated with the bending and
symmetric stretching vibrations of Si-O, respectively, indicative
of SiO, units. Moreover, bands positioned around 1100 and
1160 cm ™" are identified, corresponding to Si-O-Si asymmetric
stretching vibrations."*

In the D2RT7 sample, a distinct band appears around
525 cm™ ' (Fig. 7a), attributed to Si-O-Si bending vibrations,
along with a higher intensity band at ~1110 cm ™", assigned to
Si-O-Si asymmetric stretching.*® These observations suggest
enhanced oxidation reactivity, consistent with the highest oxygen
content found by elemental analysis (Table 1). This indicates that
polymerization at RT followed by thermal treatment at 700 °C
favors the formation of silica-like phases. By contrast, D25C and
D35C materials exhibit heightened intensities at 1164, 1095, 800,
and 465 cm ™', indicating an increased formation of Si-O bonds.
This behavior can be attributed to the presence of silica phases or
oxygen-enriched SiC,0, , structural units. The phenomenon is
particularly pronounced in the D25C9 material (see Fig. 7b).
Considering the low oxygen contents detected (Table 1), the
enhanced band intensities are tentatively assigned to the for-
mation of SiC,0,_, phases rather than pure silica domains.

8122 | Mater. Adv., 2025, 6, 8114-8130

3.3.4 Insights into the N doping in SiOCN materials via
XPS analysis. XPS analysis was employed to investigate the
surface composition and electronic states (C 1s, O 1s, N 1s,
and Si 2p) of the pyrolyzed materials, with a focus on the
bonding configurations of N atoms. Table 2 summarizes the
survey elemental composition (wWt%) of the SIOCN samples,
showing slight variations relative to the bulk elemental analysis
(see also Table 1). This phenomenon is reported previously”’
and attributed to minor surface oxidation of the SiOC-based
materials. Thus, the nitrogen concentrations obtained by XPS,
ranging from 1.6 to 2.2 wt%, align closely with the bulk values,
confirming a high degree of consistency between surface and
bulk measurements.

The bonding environments are elucidated through pseudo-
Gaussian deconvolution of the high-resolution spectra. Assum-
ing proportionality between the area under each component
and the abundance of the corresponding chemical bond, XPS
allows assessment of the relative concentrations of the different
N species. The N 1s high-resolution spectra of the initial D2 and
D3 dendrons (Fig. S9, Section S4, SI) reveal two contributions
centred at 398.3 eV and 399.7 eV, attributed to C—N bonds

© 2025 The Author(s). Published by the Royal Society of Chemistry
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Table 2 Surface elemental composition obtained from the XPS survey
spectra of the various SIOCN materials

Surface elemental composition (wt%)

Sample Si (0} C N  Sample Si (o) C N

D2RT7 52,5 17.5 279 2.2 D3RT7 525 17.8 27.8 1.9
D2RT8 51.8 20.6 25.7 2.0 D3RT8 519 20.1 26.4 1.6
D2RT9 51.7 21.3 25.0 2.0 D3RT9 52.0 21.2 25.0 1.8
D25C7 514 19.7 26.7 2.2 D35C7 51.8 19.6 26.9 1.7
D25C8 51.1 21.7 25.2 2.0 D35C8 51.1 21.2 257 2.0
D25C9 51.6 21.5 25.0 1.9 D35C9 50.7 22.7 24.8 1.8

within triazine rings (pyridinic-N) and C-NH-C sp® bonds
(amine-N), respectively.*’

The N 1s XPS spectra of the SiOCN materials are displayed in
Fig. 8, where four distinct contributions are identified at
around 397.0, 398.3, 399.5, and 401.0 eV. The band placed at
397.0 eV is attributed to N-Si bonds, evidencing the reaction
between AHPCS and the dendritic structures, in agreement
with the FTIR results (Fig. 7). Notably, in samples pyrolyzed
at 900 °C, the main N 1s peak shifts towards lower binding
energies, indicating a greater incorporation of N into the
ceramic network via N-Si bonds at higher temperatures
(Table 3). This suggests that elevated pyrolysis temperatures
favor dendron fragmentation and N-Si bond formation. The
materials polymerized at RT exhibit higher N-Si concentra-
tions, particularly for the D2 dendron, pointing to enhanced
dendron fragmentation in less cross-linked structures com-
pared to those obtained at 50 °C. This observation is consistent
with the stronger FTIR Si-N signature detected in the pyrolyzed
materials (see Table S1, SI).

The contribution at 398.3 eV is denoted as pyridinic-N,*®
confirming the retention of triazine rings from the initial den-
dritic structures. The dominant intensity of this peak suggests
that nitrogen heteroatoms predominantly adopt pyridinic config-
urations, located at vacancies or edges of carbon domains.*’ The
contributions located at 399.5 eV and 401.0 eV are assigned to
pyrrolic-N and graphitic-N species, respectively.’>>" The formation
of pyrrolic-N is attributed to cross-linking and bond rearrange-
ment processes during the polymer-to-ceramic transformation,
involving H loss and dendron rupture, particularly from the
cleavage of amine-N bonds.”®* The resulting fragments can
undergo intramolecular cyclization with alkene (C—C) groups,
leading to pyrrolic nitrogen structures.”> The presence of
graphitic-N is tentatively ascribed to the bonding of triazine rings
with Cge. phase, facilitating the incorporation of nitrogen atoms
into the hexagonal carbon framework.

It is evident that D25C and D35C materials exhibit an
increased intensity of the band positioned around 401 eV,
indicative of the formation of a higher amount of graphitic-N
arising from the bonding of AHPCS with the dendritic mole-
cules at 50 °C. This phenomenon is particularly pronounced in
D35C samples, where the relative concentration of graphitic-N
reaches up to 39%. This enhanced graphitic-N formation could
be tentatively associated with the higher amine-N content in the
initial D3 dendron, suggesting that amine groups contribute to
the reactivity of the dendritic structures by virtue of their ability

© 2025 The Author(s). Published by the Royal Society of Chemistry
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Fig. 8 High-resolution N 1s XPS spectra of the pyrolyzed materials and
their corresponding pseudo-Gaussian deconvolution. This plot highlights
the varied nitrogen configurations introduced into the pyrolyzed materials,
namely pyridinic-N, graphitic-N and pyrrolic-N, which coexist with N-Si
bonds established in the glassy phase.

to donate electron pairs, thereby promoting various chemical
reactions.”>>* The high-resolution C 1s spectra of the SiOCN
materials, illustrated in Fig. 9a, were subjected to pseudo-
Gaussian deconvolution, yielding five distinct peaks. The
detailed deconvolutions of materials prepared from D2 and D3
dendrons are provided in Tables S2 and S3 (Section S4, SI).
Unlike our previous study,>® where four peaks were identified
with a single contribution for carbon-carbon bonds centered at
285.1 eV (C=C sp?), in this study, the C=C sp* and C-C sp®
contributions were distinguished, with the latter attributed to
defective carbon structures.>® Consequently, the C 1s spectra
feature five components centered at 283.5, 284.6, 285.6, 287.3,
and 288.8 eV, corresponding to C-Si, C=C (sp>), C-C (sp?), C-N,
and C-O/==0 bonds, respectively.’>*” The presence of a repre-
sentative C-N related band across all samples further evidences
nitrogen incorporation into the Cge. phase, in agreement with
the N 1s XPS spectra (Fig. 8). Larger relative concentrations of
C-N bonds are observed for D25C and D35C materials (Tables S2
and S3, SI), confirming a slightly increased nitrogen incorpora-
tion under polymerization at 50 °C, consistent with the trend
observed in the N 1s spectra. A ratio between the relative
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Table 3 Relative concentrations (%) of the different N functionalities (pyridinic-N, pyrrolic-N, graphitic-N and N-Si bonds) presented in the pyrolyzed

materials, discerned from the high-resolution N 1s spectra

Relative concentration of N functionalities (%)

Sample Pyridinic-N Pyrrolic-N Graphitic-N N-Si Sample Pyridinic-N Pyrrolic-N Graphitic-N N-Si
D2RT7 67.2 10.5 9.5 12.9 D3RT7 60.7 18.6 15.0 5.7
D2RT8 59.1 14.7 16.4 14.7 D3RTS8 77.1 5.8 13.7 3.4
D2RT9 52.5 17.1 11.0 19.7 D3RT9 70.0 12.1 15.2 2.7
D25C7 60.7 9.7 26.4 3.2 D35C7 65.6 14.5 18.7 1.2
D25C8 66.4 12.8 17.5 3.3 D35C8 47.3 8.0 39.1 5.0
D25C9 72.1 10.8 14.1 2.9 D35C9 51.2 7.3 35.1 6.4

concentrations of C-C sp® and C=C sp” is established (C sp*/C
sp®), in order to illustrate the increased order degree with
temperature pyrolysis (Table S2, SI). Additionally, a progressive
increase in the formation of C-Si bonds is detected with higher
pyrolysis temperatures, as reflected by the enhanced intensity of
the peak at 283.5 eV in materials treated from 700 to 900 °C
(Tables S2 and S3, SI). This trend suggests increased formation
of Si-C linkages associated with the polymer-to-ceramic trans-
formation promoted at elevated temperatures.

The high-resolution Si 2p XPS spectra and their corres-
ponding pseudo-Gaussian fittings are shown in Fig. 9b and
summarized in Table S4 (Section S4, SI), revealing four distinct

D2RT mmD25C ®mD3RT mEmD35C
a b

CPS (arb.units)

C1s

292 290 288 286 284 282 280 108 106 104 102 100 98

Binding energy (eV)

Fig. 9 Surface analysis by means of XPS: (a) C 1s and (b) Si 2p XPS spectra
of the different sets of pyrolyzed materials between 700 and 900 °C, and
their corresponding fitting by pseudo-Gaussian deconvolution.

8124 | Mater. Adv,, 2025, 6, 8114-8130

contributions located at approximately 101.2, 102.2, 103.2, and
104.7 eV. These are assigned to the Si-C bonds in SiC,O,_x
units (SiC,), the Si-N and Si-O bonds in SiC,0,_, units, and the
Si-O bonds in SiO, units, respectively. Among them, the band
at 101.2 eV appears as the most intense across all materials,
indicative of a dominant presence of Si-C bonds within the
SiC,O,4_ structural framework. A progressive shift of this peak
towards lower binding energies with increasing pyrolysis tem-
perature suggests a greater transformation towards SiC, struc-
tures, as previously reported,®® and is in line with the formation
of new Si-C linkages between AHPCS and dendrons within
Si0(C) structures.”® The band at around 102.2 €V corresponds
to the Si-N bonds formed between AHPCS and the dendritic
structures, corroborating the observations from FTIR analysis
(Fig. 7). Moreover, an asymmetry towards higher binding
energies is observed in materials polymerized at 50 °C, parti-
cularly in D35C samples, becoming more pronounced with
increasing pyrolysis temperature. This asymmetry is attributed
to a slight increase in the intensity of the Si-O peak within the
SiC,0O,_, units, reaching maximum prominence in the D35C9
material. The deconvolution results for materials prepared
from the D3 dendron, presented in Table S4 (Section S4, SI),
highlight more pronounced changes in the spectra (Fig. 9b),
suggesting a slightly enhanced detection of SiC,O,_, units at
the surface, in agreement with the higher surface oxygen
content revealed in Table 2.

3.3.5 Study of the structural units by means of *?Si and **C
NMR. Following the evaluation of the fundamental bonding
environments within the SiIOCN materials, >°Si and *C MAS
NMR analyses were carried out to explore silicon coordination
and carbon speciation. The corresponding spectra are shown in
Fig. 10a and b. As reported in our previous study,”® the °Si
NMR spectra of the N-doped samples exhibit a prominent peak
centered around —6 ppm, displaying a downfield shift of
approximately 4 ppm as the pyrolysis temperature increases
from 700 to 900 °C. Notably, the polymerization temperature
also influences the NMR response: samples polymerized at
50 °C show a clear shift compared to those polymerized at
room temperature, particularly at lower pyrolysis temperatures
(700 °C) (Fig. 10a). The broadness of the NMR signals points to
the coexistence of several silicon-based structural environ-
ments. Through Gaussian deconvolution, three main contribu-
tions were identified, located at around 10, —8, and —20 ppm
(Table S5, Section S5, SI). The first two bands correspond to
SiC;0 and SiC, units, respectively, with the SiC, signal being

© 2025 The Author(s). Published by the Royal Society of Chemistry
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the most intense and slightly increasing in relative proportion
at higher pyrolysis temperatures, consistent with the increased
formation of more fully carbide units. A third contribution
around —22 ppm is observed and tentatively attributed to
SiC,N, units, although these species are not typically expected
under these pyrolysis conditions.*® The asymmetry of the main
peak, extending toward more negative chemical shifts, suggests
the presence of Si-N containing species (SiC,N,_, units), as
previously indicated by the FTIR (Fig. 7) and XPS results (Fig. 8
and 9). In particular, Bahloul et al.*® assigned chemical shifts at
—10, —19, and —34 ppm to SiC;N, SiC,N,, and SiCNj; units,
respectively, allowing us to tentatively associate the observed
band near —20 ppm with the SiC,N, environment. Interest-
ingly, the materials synthesized from the D3 dendron at 50 °C
exhibit higher fractions of these Si-N containing units

© 2025 The Author(s). Published by the Royal Society of Chemistry

compared to their counterparts polymerized at RT (Table S5,
Section S5, SI), suggesting a greater incorporation of nitrogen
into the Si-C framework under these conditions. No significant
signals were detected at —110 or —50 ppm, corresponding to
SiO, or SiN, units,’® respectively. This indicates that the oxygen
content reported in Table 1 is primarily integrated as SiC,O4_,
units, with additional C-O bonds likely arising from minor
surface oxidation, as supported by XPS (Fig. 9a). Likewise, the
lack of SiN, signals (Fig. 10a) further supports the conclusion
that nitrogen incorporation occurs mainly through the for-
mation of SiCN units, contributing to the development of a
partially N-doped glassy network.

As shown in Fig. 10b, the ">C-NMR spectra of the prepared
materials reveal two broad signals centered around ~15 ppm
and 135 ppm, corresponding to sp*>-hybridized carbon (carbon

Mater. Adv., 2025, 6, 8114-8130 | 8125
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bonded to silicon in SiCO or SiCN units) and sp>-hybridized
Crree, respectively. The broadness of both bands reflects the low
crystallinity degree of the SiIOCN materials, indicating a highly
disordered structure for both the carbon-rich phase and the
carbon bonded to silicon. The overlapping nature of these
signals points to the coexistence of multiple types of carbon
bonds within the materials. A closer look at Fig. 10b shows a
clear evolution of the asymmetry of the peak located between 0
and 50 ppm, particularly noticeable when comparing samples
pyrolyzed at 700 °C to those treated at higher temperatures.
This effect is particularly pronounced in the D2RT and D3RT
series. Typically, the Si-C (sp*) bonds in SiOC structures appear
at chemical shifts below ~30 ppm, while the N-C (sp°®)
bonds in SiCN moieties tend to shift upfield, appearing above
30 ppm.”® Within this context, the increased signal intensity
around 21 ppm is assigned to SiC, species, whereas the
pronounced asymmetry observed in samples polymerized at
50 °C suggests a higher presence of SiCN units. This finding
aligns well with the increased detection of SiC,N, environments
previously identified by *°Si-NMR (see Fig. 10a). In the range
from 100 to 200 ppm, the spectra capture resonances from
sp’>-hybridized carbon atoms, with the disordered Cg.. phase
typically appearing as a broad signal between 120 and 140
ppm.*° The width of this band further highlights the amor-
phous character of the carbonaceous domains. Moreover, the
noticeable asymmetry of the sp> region suggests the incorpora-
tion of nitrogen-substituted aromatic structures—such as
pyridine-like, graphitic-N, or pyrrolic-like units—as supported
by the XPS findings (Fig. 8). These N functionalities exhibit
downfield shifts in ¢ relative to Cgee, displaying signals in the
range of 150-190 ppm,*" which provides direct evidence for
nitrogen doping within the carbonaceous network.

3.3.6 Carbonaceous phase analysis by Raman spectroscopy.
The Raman spectra of the pyrolyzed materials are presented in
Fig. 11a and b, excluding the samples treated at 700 °C due to
strong fluorescence effects. All analyzed materials display two
main bands, characteristic of carbon-based systems: the D and G
bands, located at around 1350 and 1570 cm™ ', respectively.

D2RT W D25C

View Article Online

Paper

The D band is linked to lattice disorder and corresponds to the
Az vibration mode, reflecting structural defects in graphitic
carbon. In contrast, the G band arises from the E,; phonon mode
of sp® carbon atoms and serves as an indicator of the graphitic
order and crystallinity of the carbon phases.®”®® The Raman
spectra reveal a significant overlap between the D and G bands,
a typical feature influenced by the pyrolysis temperature during
the polymer-to-ceramic transformation."® However, a noticeable
reduction in this overlap is observed in materials treated at
900 °C, particularly those derived from the D2 dendron. Clear
differences in the relative intensities of the bands between the
materials treated at 800 and 900 °C, point towards a decrease in
the degree of order of the carbon phase at higher temperatures.

To better quantify the disorder, the I/l ratio was deter-
mined through Gaussian deconvolution (see Table S6 in Sec-
tion S6 of the SI), and the lateral size (L,) of the carbon clusters
was calculated using the correlation proposed by Ferrari et al.®*
A slight increase in the Ip/Ig ratio is observed with increasing
pyrolysis temperature, especially in materials prepared by
polymerization at 50 °C, reflecting the growth of the disordered
Crree phase, typically expected at this low pyrolysis temperature,
where the phase separation has not commenced yet. Its for-
mation occurs within the Si(O)C network and high local strains
are generated over the graphene layers increasing the disorder as
the pyrolysis temperature increases.®® The L, values remain
relatively consistent across the samples, with a slight increase
observed for D2-derived materials and as the pyrolysis tempera-
ture increases, ranging from 1.4 to 1.6 nm. As reported in our
previous study,® the deconvolution was refined by including two
additional bands centered around 1190 and 1460 cm ™!, referred
to as D* and D", respectively (Fig. 11c). The D* band is associated
with impurities disrupting the graphite layer stacking, while D”
is related to amorphous carbon species involving both sp” and
sp® hybridizations.”® Importantly, the D* band is considered a
signature of nitrogen doping,®® reinforcing the nitrogen incor-
poration into the SiOC structures detected by XPS (Fig. 8).
Regarding the second-order Raman region, signals corres-
ponding to the overtone of the D band (G’ at ~2700 cm ™)

D3RT mm D35C

(o2
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Raman intensity (arb.units)
Raman intensity (arb.units)
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Fig. 11 Analysis of the carbonaceous phase by Raman spectroscopy. Raman spectra of the prepared materials by the incorporation of (a) D2 (blue), and
(b) D3 (green) dendrons at 800 °C and 900 °C. Note that materials treated at 700 °C are not included due to the fluorescence phenomenon. (c)
Characteristic deconvolution performed over the Raman spectrum of D35C9.

8126 | Mater. Adv, 2025, 6, 8114-8130

© 2025 The Author(s). Published by the Royal Society of Chemistry


http://creativecommons.org/licenses/by-nc/3.0/
http://creativecommons.org/licenses/by-nc/3.0/
https://doi.org/10.1039/d5ma00503e

Open Access Article. Published on 27 September 2025. Downloaded on 3/11/2026 4:55:24 AM.

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

(cc)

Paper

404 402 400 398 396 394
Binding energy (eV)

Nitrogen doping

Graphitic-N ------- ...
|- Pyrrolic-N === s

Tailored microstructures

View Article Online

Materials Advances

E)
H]

mperature

Electrocatalysis

L)AL /%
SN e 4
=
=
= Gas sensing
o w
L % F e 3
= A-
o e
R

Energy storage

Advanced applications

Fig. 12 Potential of dendritic structures for engineered ceramic processing. This figure highlights the potential of novel dendron molecules for nitrogen
doping in ceramic materials, opening new possibilities for advanced applications. (a) N-doped SiOC structures with nitrogen incorporated in both the
glassy phase and the Cee phase. (b) Microstructural design of ceramic materials to control surface defect concentration. (c) Influence of temperature on
nitrogen doping. (d) Potential advanced functional applications of the prepared materials.

and the D + G combination band (~2920 cm™ "), typically
indicative of highly graphitic materials,®”°® are not clearly dis-
tinguished due to the high signal-to-noise ratio.

In summary, our results underline the potential of dendritic
architectures and controlled thermal treatments to tailor the
microstructure and properties of nitrogen-doped SiOC materials.
Dendron-based strategies promote effective nitrogen incorpora-
tion into both the glassy and Cge. phases fundamentally as
pyridinic-N and graphitic-N (Fig. 12a), which are highly demanded
for cutting-edge applications. The modulation of N functionalities
is achieved both by the rational design of the dendritic structures
based on N-C sp” and N-C sp®,®® and by adjusting the synthesis
parameters during processing. While the D2 dendron favors
increased surface roughness and defect density, the D3 dendron
promotes less-defective frameworks (Fig. 12b). Polymerization
at 50 °C significantly enhances cross-linking, leading to better
structural integration and higher retention of nitrogen, particu-
larly as graphitic-N species (Fig. 12c). These findings pave the way
for future applications in catalysis, energy storage, and sensing
technologies (Fig. 12d), emphasizing the value of exploring
dendritic design and synthesis optimization to develop next-
generation functional ceramics.

4. Conclusions

We establish an effective strategy for developing nitrogen-doped
SiOC-based ceramics by controlling molecular architectures
through dendritic design. The synthesis of novel branched
molecules enables tailored defect engineering, producing either
highly defective materials with the D2 dendron or less defective
structures with the D3 dendron. By adjusting the synthesis
temperature, nitrogen incorporation can be directed both into
the carbonaceous phase—enhancing graphitic-N through poly-
merization at 50 °C—and into the glassy network via Si-N bond
formation during pyrolysis. This approach provides a powerful
route to engineer ceramic materials with controlled nitrogen

© 2025 The Author(s). Published by the Royal Society of Chemistry

functionalities, offering new opportunities for applications in
electronics, catalysis, gas sensing, and energy storage.
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