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A B S T R A C T   

Facile synthesis of multifunctional macromolecules endowed with low cost has always been a considerable 
challenge for chemists. Herein, a series of methyl macrocyclic oligomeric silsesquioxane sodium salt (Na-MOSS) 
were synthesized via the simplified one-pot method. FTIR, NMR, MALDI-TOF MS and XRD results suggested that 
Na-MOSS endowed with well-defined macrocyclic structure and highly crystalline. The directly obtained Na- 
MOSS powder crystals were proved to be submicrometer rod-like morphology. TGA results indicated that the 
initial decomposition temperature and residual weight at 800 ◦C of Na-MOSS were 427 ◦C and 89.6%, respec
tively. These results implied that Na-MOSS enjoyed superior thermal stability. Notably, we firstly discovered that 
the pyrolysis condensed products of Na-MOSS could react with N2. Thereafter, the synthesized Na-MOSS was 
introduced into epoxy resin (EP) to improve the fire safety and decrease smoke hazards. Based on the cone 
calorimeter test results, with the incorporation of 2 wt% Na-MOSS, the peak of smoke production rate (p-SPR) 
and total smoke production (TSP) of EP/2 wt% Na-MOSS were apparently decreased by 50% and 36% compared 
with EP. Additionally, the storage modulus, flexural strength and modulus values of EP/Na-MOSS were higher 
than EP. The incorporation of Na-MOSS can apparently reduce the dielectric constant and loss of composites. 
These results indicate that EP/Na-MOSS enjoy better flame retardant, dielectric and mechanical properties and is 
more suitable for practical applications. Overall, our findings provide a class of overwhelmingly promising 
multifunctional rod-like macrocyclic organic–inorganic hybrid materials. Such materials can alleviate fire haz
ards and improve mechanical performance of EP composites.   

1. Introduction 

Epoxy resin (EP) as a crucial representative of thermosetting plastics, 
being extensively applied in industrial production, due to its superior 
chemical resistance, strong adherence and low manufacturing cost 
[1–3]. However, the flammability and heavy black smoke generated 
during combustion are the extremely critical problems faced by the in
dustrial application of EP [4]. Therefore, considerable efforts have been 
devoted to develop efficient halogen-free flame retardants and smoke 
suppressants for EP [5–9]. Organic-inorganic hybrid silicon-containing 
compounds can be used as environmental-friendly flame retardants, 
due to their superior thermal stability and favorable compatibility with 
polymer substrate [10,11]. These compounds usually refer to polyhedral 

oligomeric silsesquioxane (POSS), incompletely condensed POSS (T7- 
POSS), linear ladder-structured polysilsesquioxanes (L-PSQs) and cyclic 
ladder-like polyphenylsilsesquioxanes (cyc-PSQs), et. al. 

The chemical structure of materials determines their macroscopic 
performances. Compared with linear compounds, although there is only 
one chemical bond difference in macrocyclic compounds [12]. Owing to 
the unique cyclic topology, macrocyclic compounds endow with some 
superior physical/chemical properties, such as small hydrodynamic 
volume [13], low viscosity [14] and high glass transition temperatures 
[15], which make they have promising application in the fields of su
pramolecular self-assembly, drugs, vitro display and heat-resistant 
polymers [16–22]. Typically, The concept of cyclic poly
silsesquioxanes was first proposed by Scott in 1946 [23] and 
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macrocyclic oligomeric silsesquioxanes (MOSS) were an intriguing class 
of organic–inorganic hybrid nanomaterials with a three-dimensional 
inorganic rigid cyclic structure composed of Si-O-Si [24–26]. Addi
tionally, MOSS as one member of polysilsesquioxanes family, and they 
were prepared via the hydrolysis and polycondensation of RSiCl3 or RSi 
(OR′)3) [27]. Similar to polyhedral oligomeric silsesquioxanes (POSS), 
the R substituent groups of MOSS could be designed to be non-reactive 
and reactive as needed [26,28]. 

As a traditional porous material, zeolites plays an irreplaceable role 
in the fields of gas separation, energy storage and catalyst [29]. Notably, 
polysilsesquioxanes molecule is similar to the secondary building units 
of zeolites, and numerous reports have suggested that poly
silsesquioxanes can be regard as a typical nanoscale building block to 
construct porous multifunctional organic–inorganic nanomaterials 
[30–33]. Wu et al. adopted benzene and octavinylsilsesquioxane (OVS) 
to fabricate a hybrid porous material with adjustable porosity via 
Friedel-Crafts reaction [34]. Chen et al. reported that porous POSS- 
based polymer composites were prepared via the thermal hydro
silylation and polymerization of hydrogen-terminated silicon nano
crystals (ncSi:H) and vinyl-POSS [35]. Han and co-workers synthesized 
two kinds of MOSS with highly reactive groups and porous poly
silsesquioxanes networks [24]. 

Although the above-mentioned early attempts have explored excel
lent porous polysilsesquioxanes materials, the POSS/MOSS with highly 
reactive bonds must be synthesized in advance. Thus, this inevitably 
increased the cost and complexity of the fabrication of target materials. 
In particular, our group recent works reported that increasing the 
amount of LiOH⋅H2O/NaOH tended to obtain lithium- and sodium- 
containing hepta-phenyl polyhedral oligomeric silsesquioxane based on 
the hydrolysis condensation of phenyltriethoxysilane, and the target 
products showed pleasurable smoke toxicity suppression for EP [36,37]. 
Fe/Co– containing polyhedral oligomeric silsesquioxane complexes (Fe/ 
Co@POSS-COOH) with mesoporous structures also were successfully 
synthesized to decrease the emission of smoke of EP composites during 
combustion [38]. 

In addition, in recent years, with increasing attention to environ
mental protection issues, many halogen-free flame retardants were used 
to flame retard polymers, such as carbon nanotubes [39], layered double 
hydroxides [40], phosphorous flame retardant [41], montmorillonite 

[42]. These reports also confirmed that special metal elements have 
obvious smoke suppression effects on EP. Nonetheless, there are few 
reports focusing on the synthesis and application of alkali-metal- 
containing cyclic polysilsesquioxanes. Therefore, these compounds are 
required to be tremendously unexplored. 

Inspired by these desires, in the present research, we first synthesized 
a series of methyl macrocyclic oligomeric silsesquioxane sodium salt 
(Na-MOSS) through the hydrolysis condensation of methyltrimethox
ysilane (as illustrated in Scheme 1). The natural morphology and 
porosity of Na-MOSS powder was directly observed by scanning electron 
microscopy (SEM) and Brunauer-Emmett-Teller (BET). Meanwhile, Na- 
MOSS demonstrated excellent thermal stability. Na-MOSS was used as 
additives for EP, not only did enhance the mechanical properties of the 
resulted composites, but also effectively reduced the diffusion of heat, 
smoke and poisonous gas during combustion. Then, the detailed flame 
retardant and smoke suppression mechanism related to Na-MOSS were 
discussed as well. Indeed, the successfully synthesized Na-MOSS will 
open exciting opportunities for preparing smoke suppressant of high- 
performance EP composites. 

2. Experimental section 

2.1. Materials 

Methyltrimethoxysilane (MTMS) (>97%) was purchased from 
Aladdin (China). Ethanol, H2O and NaOH were supplied by Beijing 
Chemical Works. Diglycidyl ether of bisphenol A (DGEBA, E44) (the 
chemical structure was shown in Scheme 2b) was supplied by FeiCheng 
DeYuan Chemicals Co., Ltd. 4,4-diaminodiphenylsulphone (DDS, 
>98.0%) (the chemical structure was displayed in Scheme 2b) was 
purchased from Tianjin Guangfu Fine Chemical Research Institute. All 
solvents and reagents were used as obtained without any further 
purification. 

2.2. Molecular design and synthesis of Na-MOSS 

100 mL of ethanol, 6.8 g of MTMS and 2.0 g of NaOH were stepwise 
added in a dry 250 mL three-necked flask. The resulting mixture was 
heated to 65 ◦C under agitating and was stirring for 18 h, then 1.8 mL of 

Scheme 1. The synthetic strategy and chemical formulas of a series of Na-MOSS (Me = CH3).  
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distilled water was introduced and the solution was stirring for 4 h 
(white precipitate appeared about an hour later). Finally, the liquid was 
filtered off and the precipitate was washed with ethanol several times, 
then dried in a blast oven at 80 ◦C for 24 h to give a white solid powder. 
The synthetic route is shown in Scheme 1 and the characterization data 
of corresponding relative molecular mass is listed in Table S1. 

2.3. Preparation of EP and EP/Na-MOSS 

DGEBA (E-44) and Na-MOSS (chemical structure model is listed in 
Scheme 2a) powder were blended in a dry three-necked flask at 140 ◦C 
for 2 h. Thereafter, DDS as curing agent was added into the mixture and 
stirring for 40 min to dissolve it sufficiently. Finally, the samples were 

Scheme 2. Na-MOSS chemical structure model (a i), schematic diagram of atomic stacking (a ii) and natural morphology (a iii) of submicron rod-like structure Na- 
MOSS; the curing process of EP and EP/Na-MOSS (b). 

Fig. 1. FTIR, 1H and 13C NMR spectra of MTMS and Na-MOSS.  
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obtained through curing the mixture at 180 ◦C for 4 h. EP was prepared 
without incorporating Na-MOSS. Additionally, the curing process of EP/ 
Na-MOSS is displayed in Scheme 2b, and the corresponding components 
are listed in Table S2. 

2.4. Characterizations 

The characterizations utilized in this work are displayed in the 
Supplementary Information. 

3. Results and discussion 

3.1. Molecular structure characterization of Na-MOSS 

The FTIR, 1H and 13C NMR spectra of MTMS and Na-MOSS are dis
played in Fig. 1. The characteristic peaks of O-CH3 (MTMS) appear at 
1190 and 2840 cm− 1, which are clearly disappeared in the FTIR spectra 
of Na-Me-POSS. Similarly, the resonance signal peaks at 3.53 and 50.34 
ppm assign to the H and C atoms in O-CH3, which are totally disappeared 
in the 1H and 13C NMR spectra of Na-MOSS. These results indicate that 
the hydrolysis reaction of MTMS is complete. Additionally, compared to 
the single sharp peak at 1078 cm− 1 (Si-O in MTMS), owing to the 
complex and various chemical conditions of the Si-O-Si bonds, the 
diverse broadened/sharp adsorption peaks appear at 1175–1000 cm− 1 

in Na-MOSS [37,43–45]. In particular, a sharp peak at 928 cm− 1 belong 
to the stretching vibration of Si-O-Na, and a small characteristic peak at 
880 cm− 1 correspond to the Si-OH structure [44,46,47]. Meanwhile, the 
multiple resonance signals of –CH3 can been observed in the 1H and 13C 
NMR spectra of Na-MOSS, suggesting that the chemical environments of 
–CH3 in Na-MOSS aren’t identical. Furthermore, multiple signals at δ =
1.08–0.96 ppm are assigned to Si-OH [48]. Therefore, it is evident that 
Na is successfully grafted onto the Si-O bonds based on the chemical 
reaction among NaOH, H2O and MTMS. 

Subsequently, as can been observed in Fig. 2a, 29Si NMR and 
MALDI-TOF-MS are adopted to further determine the chemical structure 

of Na-MOSS. In comparation with the 29Si NMR spectra of MTMS, the 
signals of Si atoms of Na-MOSS present distinct changes. Specially, the 
peak at − 41.06 ppm is assigned to the signals of Si atoms in the CH3-Si- 
ONa fragments. Other three peaks are located at − 49.06, − 49.58 and 
− 50.85 ppm, which attributed to the resonances of Si atoms in the CH3- 
Si-OH fragments [48–50]. 

In addition, the convincing evidence of the structural information of 
macrocyclic Na-MOSS can be further provided by MALDI-TOF-MS. As 
illustrated in Fig. 2b, it is obvious that the difference of the two main 
molecular ion peaks is about 76, attributing to the repeated structural 
unit “MeSiHO2”. Additionally, it was reported that the hollow cavity of 
cyclic compounds could retain small molecules [51], and the solvent 
was used in MALDI-TOF-MS test was H2O endowed with the relative 
molecular mass of 18. The value is consistent with the difference of two 
adjacent peaks (such as 934.9 and 952.9). As listed in Table S1, every 
molecular ion peak is well assigned through calculation. Typically, 
taking T10 as an example, as illustrated in the upper right corner of 
Fig. 2b, every peak has three main split peaks. The difference between 
the previous and next peak is about 1. Therefore, the average relative 
molecular mass (experimental value) of T10 and T10 + H2O are 935.9 
and 953.9, which extremely close to the theoretical calculated value of 
936 (T10) and 954 (T10 + H2O). Meanwhile, Fig. 2c displays the ball and 
stick model of T10 and T10 + H2O molecule of the macrocyclic Na-MOSS. 
Based on the above-mentioned comprehensive analysis, it is confirmed 
that a series of macrocyclic Na-MOSS are successfully synthesized. 

3.2. Morphology and porosity analysis 

The obtained Na-MOSS powder was directly coated on the conduc
tive paste, the micromorphology and elemental composition of Na- 
MOSS were characterized by SEM and EDS. Submicrometer-sized rod- 
structured (with the diameter of ~270 nm) morphologies are observed 
by low-magnification SEM images (scale bars are 5 and 2 μm). High- 
magnification SEM images (Fig. 3c and d) suggest that the 
submicrometer-sized rod-like architectures are rely on the ordered self- 

Fig. 2. 29Si NMR (a) and MALDI-TOF-MS (b) spectra of Na-MOSS; the ball and stick model (c) of T10 and T10 + H2O molecule.  
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assembly of Na-MOSS nanorods with the size of about 20 nm. Further
more, the uniform element distribution of Si, O and Na further verifies 
the submicrometer-sized rod-like assemblies is formed by Na-MOSS. 
Particularly, as illustrated Fig. 3d and g (inset), it is noteworthy that 
there are many slit-shaped pores distributing around the tightly packed 
Na-MOSS nanorods. The surface area and pore size distribution of Na- 
MOSS powder were studied by Brunauer-Emmett-Teller (BET) analyt
ical method [52,53]. The specific surface area based on the BET multi- 
point method is up to 118.6 m2/g. Fig. 3f displays the characteristic 
type IV isotherms curve, which endows with a precisely H3-type 

hysteresis loop appeared at high relative pressures (P/P0 > 0.8). This 
typical feature reveals that Na-MOSS is a kind of mesoporous materials. 
Typically, the H3-type hysteresis loop suggests the appearance of large 
slit-shaped pores [54]. Furthermore, the calculated pore size distribu
tion is based on the desorption branch of the Barrett-Joyner-Halenda 
(BJH) analysis [55]. As illustrated in Fig. 3g, only mesopore structures 
with the pore size of 2.3, 3.4, and 17.7 nm appeared in the formed Na- 
MOSS powder. The pore size of 17.7 nm is well consistent with the size 
of slit-shaped pores in SEM images (Fig. 3d and g (inset)). Additionally, 
the 2.3 and 3.4 nm of mesopores may closely associated with the 

Fig. 3. SEM (a, b, c and d) and elemental mapping (e) images; nitrogen adsorption–desorption isotherms (f), pore size distributions (g) and XRD pattern (h) of Na- 
MOSS powder. 

Fig. 4. The sample preparation and schematic diagram to present the morphology of Na-MOSS under different conditions.  
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polysilsesquioxanes natural structure [56,57]. Significantly, as dis
played in X-ray diffraction (XRD) pattern (Fig. 3h), multiple sharp and 
strong diffraction peaks appear at 7.7, 15.5, 24.0, and 27.3◦, which are 
assigned to the d-spacing values of 11.5, 5.7, 3.7, 3.3 Å, respectively. 
Meanwhile, these intense diffraction peaks indicate that the obtained 
Na-MOSS powder is highly crystalline. 

In general, since the powder crystals of low-dimensional nano
materials are exceedingly easy to agglomerate together, their true 
morphologies are bound to be affected and cannot be clearly observed. 
Therefore, the morphologies of low-dimensional nanomaterials are 
usually studied by the liquid exfoliation of powder crystals [58,59]. We 
also investigated the morphology of Na-MOSS in two different solvents. 
The specific sample preparation was as follows (Fig. 4): the Na-MOSS 
powder (0.5 mg) was incorporated into ethanol/acetone (15 mL), and 
the solution was placed in 50 ◦C water bath and sonication for 15 min. A 
small droplet of ethanol/acetone solution of Na-MOSS was dropped onto 
the carbon coated copper grids. The samples were supplied by evapo
rating their ethanol/acetone solution. 

Specially, as can been observed in Fig. 5a, b and c, a large number of 
submicrometer-sized rods cover the entire field of vision, however, their 
diameters (at 110–200 nm) are apparently smaller than the rods formed 
by directly coating the Na-MOSS powder on the conductive adhesive. 
Notably, the surface of the rods is not smooth. Furthermore, the corre
sponding elemental maps give further proof that the generated sub
micrometer rods are Na-MOSS. The self-assembled morphologies of Na- 
MOSS in acetone solution assisted by sonication are observed in Fig. 5g, 
h and i, suggesting that the rough submicrometer rods with diameters of 

150–250 nm. Meanwhile, the submicrometer rods are comprised of 
numerous nanoflakes and nanoroads. Compared with the morphology in 
ethanol dispersion, it is clearly that this morphology is closer to its 
original. In short, the types of solvent have an apparent effect on the 
formed morphological features of the resulting crystals. 

3.3. Thermal properties of Na-MOSS 

TG-FTIR technique was adopted to further analyze the thermal 
properties of Na-MOSS. As we all known, substances will be degraded 
during heating and accompanied by weight loss [60]. Surprisingly, as 
presented in Fig. 6a, the weight of Na-MOSS gradually increases with 
rising temperature (from ~ 550 ◦C) is first found in this system. Simi
larly, ranging in the temperature from 550 to 800 ◦C under air atmo
sphere (Fig. 6c), although the weight is slightly increased, it is not 
obvious. Therefore, the reasonable deduction for this phenomenon is 
that the pyrolysis products of Na-MOSS will react with N2 in a relatively 
high-concentration nitrogen atmosphere. Additionally, the initial 
decomposition temperature (defined as the weight loss is 5%) and the 
residual weight at 800 ◦C of Na-MOSS (N2 atmosphere) are 427 ◦C and 
89.6% (Table S3), respectively. Therefore, Na-MOSS has an outstanding 
prospect for application in the field of flame retardant. Additionally, the 
degradation process of Na-MOSS is extremely sluggish in the range of 
100–450 ◦C, so that there are hardly any visible infrared peaks of py
rolysis gases appearing in the three-dimensional (3D) TG-FTIR spectra. 
The most weight loss rate is occurred during the temperature range of 
450–550 ◦C. Combining 3D TG-FTIR spectra (Fig. 6b and d) with FTIR 

Fig. 5. SEM (a, b, c, g, h and i), TEM (d, e and f) images and the corresponding elemental maps of Na-MOSS in ethanol (a, b, c, d, e and f)/acetone (g, h and i) solution 
assisted by sonication. 
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Fig. 6. TGA curves (a, c) and 3D TG-FTIR spectra (b, d) of Na-MOSS under N2/air atmosphere.  

Fig. 7. The digital photos (a(inset)), dynamic FTIR, wide-scan and high-resolution Si 2p XPS spectra of condensed phase products.  
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spectra (Fig. S1) of pyrolytic volatile components at the maximum 
weight loss rate, the generated gaseous products are hydrocarbons 
(compounds containing C–H bonds) [61,62]. Additionally, the evolved 
volatiles of Na-MOSS under air atmosphere involve some other gas 
products, such a CO and CO2. 

In order to find the reason for the increase in weight within the 
temperature range of 550–800 ◦C, Fig. 7 display the FTIR, wide-scan and 
Si 2p high-resolution XPS spectra of the condensed phase products 
generated during the thermal degradation of Na-MOSS. Compared to the 
FTIR and Si 2p spectra of Na-MOSS at 0 ◦C, the peak at 880 cm− 1 

(Fig. 7a) or 104.4 eV (Fig. 7c) is assigned to Si-OH which disappeared 
completely at 450 ◦C. Meanwhile, the characteristic absorption peak of 
C–H located at 1455 cm− 1 also disappeared totally. 

Based on the above results, it can be inferred that this stage is 
ascribed to the elimination of H2O after the cross-linking of the Si-OH 
bonds in Na-MOSS molecule. It may also be the pyrolysis of some 
alkyl groups in the Na-MOSS molecule [63]. When the temperature rises 
to 550 ◦C, the peaks located at 2961 (–CH3) and 1268 cm− 1 (C-Si) are 
disappeared completely. Meanwhile, the characteristic peak of Si-O-Si 
(1175–1000 cm− 1) broadens and shifts to lower wavenumbers. Similar 
results are observed in high-resolution Si2p XPS spectra. Additionally, 
the atomic concentration of Na and C significantly increase from 7.26%, 
39.76% to 11.7%, 51.35%, respectively. While the atomic concentration 
of Si apparently decreases from 14.3% to 4.57%. Therefore, these results 
indicate that the thermal degradation process (450–550 ◦C) mainly 
involve the breakdown of the Si-O-Si cage, loss of –CH3 groups, and 
cross-linking reactions. Specially, for the FTIR spectra of condensed 
phase products at 800 ◦C, a new peak appears at 1652 cm− 1, which 
belong to the stretching vibration of C-N bonds. Meanwhile, the wide- 
scan XPS spectra give further proof that nitrogen is doped in the char 
residue after calcination at 800 ◦C. 

3.4. Fire safety of EP/Na-MOSS composites 

As we all know, the main fire hazards are focused on the heat release, 
smoke production and poisonous volatiles emission. Cone calorimeter 

test was adopted to evaluate the flame retardant effect after incorpo
rating Na-MOSS (1 and 2 wt%) into EP matrix. From the perspective of 
heat release and the emission of toxic gas CO, as displayed Fig. 8 and 
Table S4. Compared to EP, the peak of heat release rate (p-HRR) and 
peak of CO production rate (p-COP) of EP/2 wt% Na-MOSS are reduced 
by 14.3% and 25.0%, respectively. Meanwhile, Na-MOSS could make 
the value of p-HRR and p-COP of epoxy resin decrease slightly as 
gradually increasing the component of Na-MOSS. Notably, when the 
additional amount of Na-MOSS is only 1 wt%, the peak of smoke pro
duction rate (p-SPR) of EP/1 wt% Na-MOSS is apparently decreased to 
0.27 m2/s compared with EP (p-SPR value is 0.44 m2/s), and the 
reduction is 38.6%. Further increasing the addition amount to 2 wt%, 
the value of p-SPR for EP/2 wt% Na-MOSS dramatically reduce by 50%. 
the total smoke production (TSP) value of EP/2 wt% Na-MOSS also 
reduce by 36% compared with pure EP (TSP value is 36.8 m2). In other 
words, Na-MOSS endows the formed EP composites with excellent 
smoke suppression effects at an exceedingly low addition. These results 
are highly consistent well with our previous work that sodium- 
containing POSS possess superior smoke retarding properties [36]. 
Additionally, as listed in Table S4, the LOI values of EP/1 wt% Na-MOSS 
and EP/2 wt% Na-MOSS are increased to 23.4% and 24.0%, slightly 
higher than that of pure EP (23.0%). 

In general, the flame retardant and smoke suppression performance 
of polymer composites are closely related to the char residue generated 
during combustion. As shown in Fig. 8e, f and g, there is only a small 
amount of residual char remaining for EP after combustion, while the 
visible and apparent enhancement in the char residues of EP/1 wt% Na- 
MOSS and EP/2 wt% Na-MOSS. Additionally, EP produce a lot of black 
smoke during combustion can be attributed to its polyaromatic struc
ture. The incorporation of Na-MOSS into EP promotes the cross-linked 
charring during combustion, so that more of these polyaromatic char 
residues are remained in the condensed phase. The formed compact char 
layers are not easy to be taken away by the generated volatiles, thus 
drastically reducing the smoke production. Therefore, the introduction 
of Na-MOSS into EP is exceedingly beneficial to reduce the diffusion of 
heat, CO and smoke during combustion, thereby mitigating the hazards 

Fig. 8. HRR curves (a), COP curves (b), SPR curves (d) and TSP curves (d) of EP and EP/Na-MOSS composites; digital photos of char residues after cone calorimeter 
tests: EP (e), EP/1 wt% Na-MOSS (f) and EP/2 wt% Na-MOSS (g). 

X. Ye et al.                                                                                                                                                                                                                                       



Chemical Engineering Journal 425 (2021) 130566

9

of fire accident. 

3.5. Condensed phase products analysis 

In order to further discover the intrinsic reason for the remarkable 
enhancement of smoke suppression performance of EP/2 wt% Na- 
MOSS. XRD, FTIR, Raman and XPS were utilized to characterize the 
chemical structure of char residues collected from cone calorimeter 
tests. Two wide diffraction peaks located at 23◦ and 43◦ both appear in 
the XRD patterns (Fig. 9a) of char residues of EP and EP/2 wt% Na- 
MOSS, which are assigned to the characteristic peaks of graphite car
bon [64]. Moreover, EP and EP/2 wt% Na-MOSS present an obvious 
difference. Some additional sharp and intensive diffraction peaks are 
detected only for EP/2 wt% Na-MOSS and the positions of these 
diffraction peaks are different from Na-MOSS powder. Therefore, it can 
be inferred that Na-MOSS can acted as catalyst to promote the formation 
of highly crystalline and orderly char residue during combustion of EP 
matrix. Roman spectra (Fig. 9b) were further adopted to investigate the 
graphitization degree of the char residues of EP and EP/2 wt% Na- 
MOSS. Two typical peaks located at 1350 and 1596 cm− 1 are ascribed 
to the D-band and G-band, respectively. The graphitization degree is 
calculated by the integrated area ratio of D-band and G-band, so-called 
ID/IG. Specially, a lower value of ID/IG is equal to a higher graphitization 
degree. The ID/IG value of EP/2 wt% Na-MOSS is 1.33, apparently lower 
than that of EP (1.62). This result indicates that the char residue of EP/2 
wt% Na-MOSS possessed more graphite phase carbon than EP. 

Two weak and broad absorption peaks at 1586 and 731 cm− 1 can 
been seen in the FTIR spectra of char residues of EP and EP/2 wt% Na- 
MOSS, which are assigned to the polyaromatic structure [65]. This gives 
further proof that the yield of graphite carbon after burning EP or EP/2 
wt% Na-MOSS. Additionally, for the FTIR spectra of EP/2 wt% Na- 
MOSS, a wide and strong characteristic peak located at 860–1280 
cm− 1 is correspond to the stretching vibration of Si-O-Na (928 cm− 1), Si- 
O (1078 cm− 1) and C-Si (1268 cm− 1) groups. Particularly, a small weak 
peak appeared at 1456 cm− 1 belong to the stretching vibration of 
Na2CO3. The high-resolution Si 2p, C 1 s and O 1 s XPS spectra of char 
residues of EP/2 wt% Na-MOSS are illustrated in Fig. 9d, e and f, which 
further confirm the formation of Si-O-Si, Si-O-Na, C-Si, Na2CO3 and 

polyaromatic structure after burning EP/2 wt% Na-MOSS. 

3.6. Flame retardant and smoke suppression mechanism 

Generally, when the polymer composites with POSS are ignited, the 
organic polymer matrix on the heat radiating surface will be rapidly 
burned out. Then a gray-white heat-insulating char layer rich in SiO2 is 
quickly produced on the surface of the substrate. Meanwhile, the 
generated SiO2 will also serve as tiny solid particles to further increase 
the diffusion of smoke. In contrast, based on the above-detailed analysis, 
it is obviously observed that a black dense and strong char layer can be 
quickly formed after burning EP/Na-MOSS. Fig. 10 exhibits the possible 
flame retardant and smoke suppression mechanism. In the initial stage 
of combustion, the pyrolysis products of EP matrix and submicrometer- 
sized rod-structured Na-MOSS react with each other. Particularly, Na- 
MOSS is extremely alkaline, and CO2 will be generated after burning 
organic polymer chains, thus a small amount of Na2CO3 is produced. 
Moreover, due to the catalytic charring of Na2CO3, accelerating the 
cross-linked charring of aromatic structures. As a result, black highly 
graphitized and crystalline char layers endowed with Si-O-Si, Si-O-Na, 
C-Si and polyaromatic structures are generated. Such attractive highly 
ordered thermally stable compact char layers are contribute to restrain 
the diffusion of smoke. Meanwhile, the high-quality char layers effec
tively inhibit heat and mass transfer and reduce the emission of the toxic 
volatiles. Finally, the submicrometer-sized rod-structured Na-MOSS 
used as promising smoke suppressant for EP can obtain excellent cata
lytic carbonization properties and improve fire safety. 

3.7. Mechanical performance 

In general, the incorporation of fillers will have a significant impact 
on the mechanical properties of polymer composites. DMA was applied 
to characterize the dynamic mechanical performance of EP, EP/1 wt% 
Na-MOSS and EP/2 wt% Na-MOSS. As seen in Fig. 11a, the glass tran
sition temperatures (Tg = the peak temperature in tan δ curve) of EP/1 
wt% Na-MOSS and EP/2 wt% Na-MOSS are dramatically increased from 
183.8 ◦C of EP to 192.1 and 194.7 ◦C, respectively. Additionally, the 
storage modulus values of EP/1 wt% Na-MOSS and EP/2 wt% Na-MOSS 

Fig. 9. XRD patterns (a), FTIR (b) and Raman (c) spectra of char residues of EP and EP/Na-MOSS; the high-resolution Si 2p (d), C 1 s (e) and O 1 s (f) XPS spectra of 
char residues of EP/2 wt% Na-MOSS. 
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are also apparently improved compared to EP. Therefore, it is deduced 
that the delighted enhancements in the Tg and storage modulus of EP/ 
Na-MOSS are ascribed to the great stiffness of Na-MOSS and the 
improved interfacial interaction between the Na-MOSS submicrometer- 
sized rods and EP molecular chains. The flexural performance can be 
used as a crucial indicator to further determine the mechanical prop
erties of EP/Na-MOSS composites. As displayed in Fig. 11b, the flexural 
strength of EP/2 wt% Na-MOSS is slightly increased from 81.8 MPa of 
EP to 83.7 MPa. Additionally, similar to the tendency of storage 
modulus, the flexural modulus of EP/2 wt% Na-MOSS is improved from 
2643.9 MPa of EP to 3140.8 MPa. The enhancement of flexural strength 
and modulus of EP/2 wt% Na-MOSS may be ascribed to the excellent 
dispersion of Na-MOSS in EP. Therefore, the mechanical properties of 
EP/2 wt% Na-MOSS are not weakened or even enhanced after incor
porating Na-MOSS. 

3.8. Compatibility and dispersion 

The Na-MOSS was added into epoxy resin at solid state, TEM was 
adopted to observe the microcosmic morphology of Na-MOSS and 
determine the dispersion state of Na-MOSS in EP matrix. As depicted in 
Fig. 12, Na-MOSS is still dispersed in the EP substrate in the form of 
submicrometer-sized rods, and there is no obvious large-scale agglom
eration. However, few rods will be spliced together (a and b) and a slight 
agglomeration will be produced. Judging from the above-mentioned, 
this will not affect the enhancement of mechanical properties of EP/2 
wt% Na-MOSS. Meanwhile, the diameter of the submicrometer-sized 
rods (c and c inset) dispersed in EP is well consistent with that in 
ethanol. In addition, the corresponding Si (e) and Na (f) elemental EDX 

line scan analyses of EP/2 wt% Na-MOSS certificate that the 
submicrometer-sized rod (d) is Na-MOSS. 

3.9. Dielectric property 

Since the synthesized Na-MOSS is a kind of salt, and Na-MOSS is 
easily soluble in H2O, we further characterized the changes in the 
dielectric constant (ε′) and loss (tan δ) of EP composites after the 
incorporation of Na-MOSS. The dielectric constant curves (a) and 
dielectric loss curves (b) of EP and EP/Na-MOSS composites are dis
played in Fig. 13. When Na-MOSS is introduced into EP, the dielectric 
constant values of EP/1 wt% Na-MOSS and EP/2 wt% Na-MOSS are both 
significantly reduced compared to pure EP, and the dielectric loss values 
are also decreased to a certain extent. Meanwhile, they show a trend of 
gradually decreasing as the additional content of Na-MOSS increases. 
The dielectric properties of polymer composites are closely related to the 
dispersibility, the polarity and reactivity of the filler. Therefore, the 
reasons for the reduction in dielectric constant and dielectric loss are as 
follows: Na-MOSS is well dispersed in the EP matrix and possesses a lot 
of weak polar structures such as Si-O-Si and –CH3; the chemical reaction 
of the numerous Si-OH groups in Na-MOSS with the epoxy groups in 
DGEBA leads to a dramatically decrease in the interfacial polarization 
effect produced by epoxy functional groups [66,67]. 

4. Conclusions 

In summary, the current report has fabricated a series of Na-MOSS 
through the hydrolysis condensation of MTMS in the presence of 
NaOH and H2O. Thereafter, the synthesized Na-MOSS has been fully 

Fig. 10. Graphical illustration for the flame resistance and smoke suppression mechanism of EP/Na-MOSS.  

Fig. 11. DMA curves (a) of EP and EP/1 wt% Na-MOSS and EP/2 wt% Na-MOSS; flexural strength and modulus (b) of EP and EP/2 wt% Na-MOSS.  
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proved to possess a precisely macrocyclic structure comprised of Si-O-Si. 
Specially, SEM and BET results show that Na-MOSS powder crystals 
present porous submicron rod-like morphology. Specially, this is the first 
research on the observation of crystalline morphology based on alkali- 
metal-containing macrocyclic oligomeric silsesquioxanes, and various 
solvents have an apparent effect on the formed rod- structured 
morphology of Na-MOSS. Surprisingly, contrary to the conventional 
theory, we firstly find that the residual weight of Na-MOSS gradually 
increases with the temperature (from ~ 550 ◦C) raises under nitrogen 
atmosphere. Similarly, the addition of Na-MOSS into EP could reduce 
the release of heat, toxic gases and smoke, especially for smoke pro
duction. Thereby, the fire hazards of the obtained EP/Na-MOSS com
posites are decreased. It is confirmed that the remarkable improvement 
of smoke suppression performance of EP/Na-MOSS closely related to the 

generation of highly graphitized and crystalline char layers endowed 
with Si-O-Si, Si-O-Na, C-Si and polyaromatic structures. Additionally, 
DMA, flexural strength, dielectric constant and loss tests proved that the 
mechanical and dielectric properties of EP/Na-MOSS had been signifi
cantly improved. The pleasurable enhancements in mechanical and 
dielectric properties are attributed to the high stiffness of Na-MOSS 
submicrometer-sized rods and the favorable interfacial interaction be
tween the Na-MOSS and EP molecular chains. Therefore, the successful 
fabrication of submicrometer-sized rod-structured Na-MOSS not only 
expands the family of macrocyclic oligomeric silsesquioxanes, but also 
has a huge promotion significance for the preparation of EP composites 
endowed with superior comprehensive performances. 

Fig. 12. TEM images (a, b, c and d) and the EDX line scan (e and f) analyses of EP/2 wt% Na-MOSS (scale bar is 200 nm (c inset)).  

Fig. 13. The dielectric constant curves (a) and dielectric loss curves (b) of EP and EP/Na-MOSS composites.  
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