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Thermal stability and mechanical properties

of hybrid materials based on nitrocellulose grafted
by aminopropylisobutyl polyhedral oligomeric
silsesquioxane®
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Abstract: The need for improvement in nitrocellulose (NC) storage safety and convenience of applica-
tion requires an increase in NC thermal stability and enhancement of its mechanical properties. To this
aim, hybrid materials were synthesized by grafting NC with aminopropylisobutyl polyhedral oligo-
meric silsesquioxane (amino-POSS) using isophorone diisocyanate (IPDI) as a crosslinking agent. The
structure and elemental composition of the resulting products were confirmed by Fourier transform
infrared spectroscopy (FT-IR), nuclear magnetic resonance ("H NMR and #Si NMR), X-ray diffraction
(XRD), and X-ray photoelectron spectroscopy (XPS). It was found, based on the silicon mapping using
energy dispersive X-ray spectroscopy (EDS), that amino-POSS was well dispersed in NC matrix. Differ-
ential scanning calorimetry (DSC) and thermogravimetric analysis (TGA) studies showed that hybrid
amino-POSS-NC materials have higher thermal decomposition activation energy (E ) compared to NC
control sample. According to TGA results, the temperatures of 5 % weight loss (T} ) and 50 % weight
loss (T, .,) as well as the residual masses at 240 °C (CR,,,..), were increased as a result of NC modification
with amino-POSS. As can be seen from the digital and scanning electron microscopy (SEM) images, the
char layers of amino-POSS-NC hybrid materials after burning in air became more compact with increas-
ing amino-POSS content. XPS studies have shown an increased content of the graphitized carbon in the
char residues of the modified samples. The results of DSC, TGA, SEM and XPS studies have directly
proved the enhancement of the thermal stability of amino-POSS-NC hybrid materials. In addition, ten-
sile strengths and Young’s moduli of amino-POSS-NC hybrid materials were increased gradually with
the amino-POSS content in the uniaxial tensile tests. All these results show that the proposed modifica-
tion of nitrocellulose improves the safety of manufacture and use of this material.

Keywords: nitrocellulose, hybrid material, aminopropylisobutyl polyhedral oligomeric silsesquioxane,
thermal stability, mechanical properties.

Stabilnos¢ termiczna i wlasciwosci mechaniczne materialow hybrydowych
na bazie nitrocelulozy szczepionej oligomerycznym wielofunkcyjnym
aminopropyloizobutylosilseskwioksanem

Streszczenie: Poprawa bezpieczenstwa przechowywania nitrocelulozy (NC) wymaga zwiekszenia jej
stabilnosci termicznej, a wygoda uzywania poprawy wiasciwosci mechanicznych. W tym celu zsyn-
tetyzowano materialty hybrydowe, w ktérych NC szczepiono oligomerycznym wielofunkcyjnym
aminopropyloizobutylosilseskwioksanem (amino-POSS) stosujac jako srodek sieciujacy izoforonodi-
izocyjanian (IPDI). Strukture i skiad otrzymanych materialéw potwierdzono za pomoca spektrosko-
pii w podczerwieni z transformata Fouriera (FI-IR), jadrowego rezonansu magnetycznego (‘H NMR
i #Si NMR), dyfraktometrii rentgenowskiej (XRD) oraz spektroskopii fotoelektronéw rentgenowskich
(XPS). Na podstawie wynikéw badant mapowania Si, otrzymanych metoda spektroskopii dyspersji
energii promieniowania rentgenowskiego (EDS), stwierdzono, ze amino-POSS zostat dobrze zdysper-
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gowany w matrycy NC. Badania stabilno$ci termicznej przeprowadzone za pomoca réznicowej kalory-
metrii skaningowej (DSC) wykazaty, ze materiaty hybrydowe typu amino-POSS-NC charakteryzuja sie
wiekszymi wartosciami energii aktywacji rozktadu termicznego (E ) niz prébka kontrolna NC. Zgod-
nie z wynikami analizy termograwimetrycznej (TGA) wartosci temperatury ubytku 5 % (T;,,) i 50 %
(T,,,,) masy probki oraz pozostatosci masy w temperaturze 240 °C (CR,,..) zwiekszaty si¢ na skutek
modyfikacji NC za pomoca amino-POSS. Wedlug fotografii cyfrowych i fotografii wykonanych meto-
da skaningowej mikroskopii elektronowej (SEM) warstwy weglowe powstale po spaleniu materiatow
hybrydowych w powietrzu wraz ze zwiekszeniem zawartosci amino-POSS stawaty sie coraz bardziej
zwarte, a wyniki badan XPS wykazaty, ze tworzylo si¢ coraz wiecej wegla w postaci grafitu. Wszyst-
kie wyniki DSC, TGA, SEM i XPS dowodza poprawy stabilnosci termicznej materialéw hybrydowych
amino-POSS-NC. Stwierdzono takze, ze wytrzymatos$¢ na rozciaganie i modut Young’a podczas prob
jednoosiowego rozciagania materiatéw hybrydowych rosna ze zwigkszaniem si¢ zawartosci amino-
-POSS. Wyniki wszystkich przeprowadzonych badan dowodza, ze zaproponowana modyfikacja NC
poprawia bezpieczenstwo wytwarzania i uzytkowania tych materiatéw w poréwnaniu z niemodyfiko-
wanym NC.

Stowa kluczowe: nitroceluloza, materiat hybrydowy, oligomeryczny wielofunkcyjny aminopropyloizo-

butylosilseskwioksan, stabilnos¢ termiczna, wtasciwosci mechaniczne.

Nitrocellulose (NC) is the nitrate ester of cellulose [1],
which comes from the nitration of the natural material. It
can be used in various applications based on the different
nitrogen contents [2, 3]. The main applications of NC with
low nitrogen content [4] are in the fields of coatings [5],
printings [6], membranes [7], magnetic filtrations [8], and
others [9, 10]. Although NC products present many out-
standing features (e.g, transparence and fast drying [11]),
the poor thermal stability limits their application because
NC has spontaneous ignition property and it is suscep-
tible to combust [12, 13] (high burning rate, no residual
char [14]). Additionally, the poor mechanical properties of
NC [15] also restrict the down-stream products. In terms
of the storage safety and the usage requirements, it is es-
sential to endow NC with good thermal stability and me-
chanical properties, which can be realized by introduc-
ing some additives or reactive modifiers into NC.

During the past decades, various additive modifiers,
such as diphenylamine (DPA) [16], malonanilide dimers
[17] and 1,4-diaminoanthraquinone (DAAQ) [18], have
been used to improve the thermal stability of NC. In ad-
dition, inorganic salts [19] are also used to increase the
thermal stability and prolong the induction time period
of NC. However, the migration and poor compatibility
are the main problems associated with the additive modi-
fiers prepared in this manner. Compared with the addi-
tive modifiers, reactive modifiers are usually incorporat-
ed into the backbone of the polymer matrix, increasing
the thermal stability in an efficient way [20].

Great scientific interest in polyhedral oligomeric
silsesquioxane (POSS) has been stimulated by the
smallest known silica particles with the specific cage-
-like molecular structure with inorganic silicon-oxygen
core (5i,0,,) and eight variable organic vertex groups
[21, 22]. The organic substituents endow the POSS with
good dispersion and miscibility, which is the key to tai-
lor a wide variety of nano- and micro-structured organ-
ic/inorganic hybrid materials [23]. In general, the forma-

tion of a ceramic layer on the surface of the materials
by POSS thermal degradation resulted in a protective
physical barrier, strongly improving the thermal stabil-
ity [24]. The incorporation of POSS into polymers would
enhance obviously their mechanical properties [25], yet
retaining the processibility and commodity [26]. Fur-
thermore, POSS derivates also possess various chemical
side groups [27], e.g., aminopropylisobutyl polyhedral
oligomeric silsesquioxane (amino-POSS), which can fa-
cilitate its chemical incorporation into a given polymer
via chemical method [28].

To the best of our knowledge, using chemical method
to graft POSS onto NC has not been reported yet. Thus,
in the present study, in aim to improve the thermal stabil-
ity and mechanical properties of NC, amino-POSS will be
grafted onto NC by using isophorone diisocyanate (IPDI)
as a linkage, giving rise to a series of amino-POSS-NC hy-
brid materials containing different amino-POSS contents.
IPDI is an aliphatic ring with one primary and one sec-
ondary isocyanate group, which has unequal reactivity
at different temperatures [29]. We will mainly study the
influence of amino-POSS content on the thermal stability
and mechanical properties of NC materials.

EXPERIMENTAL PART
Materials

Nitrocellulose (NC, nitrogen content ~ 11.91 wt %) was
kindly provided by Baoding BaoFeng Nitrocellulose Co.,
Ltd (Hebei, China). All NC was pre-treated to remove re-
sidual water in a freeze dryer at -80 °C for 48 h and stored
in a desiccator before use.

Isophorone diisocyanate (IPDI) and tin(Il) 2-ethylhex-
anoate [Sn(Oct),] were purchased from Alfa Aesar.

Aminopropylisobutyl polyhedral oligomeric silsesqui-
oxane (amino-POSS, 99.98 %) was purchased from Hy-
brid Plastics.
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Scheme A. The synthetic route of amino-POSS-NC hybrid
materials

Tetrahydrofuran (THF) and #n-hexane were purified by
distillation over CaH.,.

All other reagents were obtained from Beijing Chemi-
cal Works and used as received.

Preparation of amino-POSS-NC hybrid materials

Sn(Oct), (volume conc. = 0.0013 g/cm®) was added to
a three-necked flask containing amino-POSS in THF
(30 cm?®). Then, stoichiometric amount of IPDI with 10 cm?
THEF was dropped into the flask. The stirring was contin-
ued at 50 °C for 2 h. Subsequently, appropriate amount
of NC solution (in 30 cm® THF) was added to the mixture
and then the mixture was heated up to 70 °C. The re-
action was kept for additional 2 h. All above operations
were carried out under a nitrogen atmosphere. At last,
the amino-POSS-NC hybrid materials were precipitat-
ed in a 5-fold amount of n-hexane for three times. After
drying, light yellow solids were obtained. The synthetic
route of preparation of NC grafted with amino-POSS are
presented in Scheme A, and the detailed recipes are list-
ed in Table 1. The yields of syntheses performed using
8.9 wt %, 22.1 wt % and 31.2 wt % amino-POSS-NC are
86.9 %, 84.7 % and 87.6 %, respectively.

The NC control and amino-POSS-NC hybrid material
films were obtained through mixing NC or amino-POSS-
-NC hybrid materials with butanone solution (0.1 g/cm?). The
mixtures were casted to polytetrafluoroethylene substrates,
allowed to evaporate at ambient temperature for 48 h, and
then dried at 50 °C in a vacuum oven for another 24 h. The
average thickness of the resulting films was 1 mm, which
can be controlled by the amount of solution used.

Methods of testing

Fourier transform infrared spectroscopy (FT-IR) was
applied in the range of 4000-400 cm™ with Bruker Ten-
sor-27 FT-IR spectrometer at room temperature using the
KBr disk method.

Nuclear magnetic resonance (‘"H NMR and *Si NMR)
spectra were recorded at room temperature on AV400
(Bruker) NMR instrument with DMSO-d, as solvent and
tetramethylsilane (TMS) as internal standard.

Table 1. Preparation of NC control sample and amino-POSS-

-NC hybrid materials

Sample | N w9, | IPDI wt% | Amino-POSS, wt %
symbol

NC (control 100 0 0

sample)

H1 89.3 1.8 8.9

H2 73.5 44 22.1

H3 62.5 6.3 31.2

X-ray diffraction analysis (XRD) was performed using
an X'pert PRO diffractometer system. CuK radiation was
used with a copper target over the 20 range of 5-40° at
a speed of 10 %/min.

X-ray photoelectron spectroscopy (XPS) was applied
using a PHI Quantera II SXM at 25 W, under a vacuum
of 2.6 - 107 Pa with AIKa X-ray source. Furthermore, the
weight content of Si (Si %) for each amino-POSS-NC hy-
brid material was calculated according to equation:

C,[Si)-M(Si
- (EEE

C,(CIM(C)+C,(O)M(O)+C,(N)M(N)+C (Si) M(Si)

A

100% (1)

where: C,(C), C,(O), C,(N), C,(Si) - the atomic concen-
trations of C, N, O and Si elements on the surface and
the char residues of amino-POSS-NC hybrid material, re-
spectively; M(C), M(O), M(N), M(Si) — the relative atomic
mass of C, O, N and Si elements.

The spectrometer was calibrated using the binding en-
ergy of adventitious carbon as 284.6 eV.

Differential scanning calorimetry (DSC) was carried
out on Netzsch 200 PC instrument. All the samples were
heated from room temperature to 200 °C at the heating
rate of 2, 5, 7 or 10 °C/min with a continuous N, flow rate
of 60 cm*/min. The sample mass in the pan was around
5.0 mg.

Thermogravimetric analysis (TGA) was performed us-
ing Netzsch TG 209 with a continuous flow of a N, at-
mosphere. Samples (~ 3.0 mg) were heated from 50 °C
to 240 °C at a rate of 10 °C/min. The following parame-
ters were determined: initial decomposition temperature
based on 5 % mass loss (T},,), middle decomposition tem-
perature based on 50 % mass loss (T},) and char residues
under 240 °C (CR,,..)-

Scanning electron microscopy (SEM) was applied by
using Hitachi S-4700 SEM apparatus. In addition, the dis-
tribution of Si atoms was obtained by energy dispersive
X-ray spectroscopy (EDS) Si mapping.

Uniaxial tensile tests were carried out on Instron 1185
at 25 °C with a crosshead speed of 5 mm/min. Rectangu-
lar tensile bars measuring 50 mm x 10 mm x 1 mm were
obtained above using a fresh razor blade.
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RESULTS AND DISCUSSION
Chemical structure characterization

The FT-IR spectra of NC (control sample) and amino-
-POSS-NC hybrid materials are presented in Fig. 1a. Two
characteristic peaks at 1661 cm™ and 1284 cm™ are attrib-
uted to NO, asymmetric and symmetric stretching vibra-
tions, respectively, while the group at 840 cm™ is related to
the O-NO, vibrations [30]. The increase in the peak inten-
sity at 1661 cm™ for amino-POSS-NC hybrid materials is
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Fig. 1. Spectra of NC (control sample) and amino-POSS-NC hy-
brid materials: a) FT-IR, b) 'TH NMR, ¢) ¥Si NMR

also attributed to the C=0O stretching vibration (amide I).
The successful grafting of amino-POSS onto NC can be
confirmed by the appearance of dominant Si-O-Si stretch-
ing vibration at 1109 cm™ and 482 cm™ [31, 32]. The intensi-
ty of the bands of saturated C-H bonds is increased when
compared with NC control, further indicating the intro-
duction of amino-POSS. In addition, the peak Q in Fig. 1a
shifts from 3558 cm™ (NC) to 3406 cm™ (H3). It is because
the peak corresponding to asymmetric stretching vibra-
tion of N-H in amide, near 3400 cm™ [33] is formed, and
the introducing of amino-POSS with significant steric
hindrance may impair the interaction of intermolecular
hydrogen bond of NC.

The 'H NMR spectra of NC and H3 amino-POSS-NC
hybrid material are shown in Fig. 1b. The resonance peaks
at 0.58 ppm (peak 1), 0.93 ppm (peak 2), and 1.80 ppm
(peak 3) are caused by seven isobutyl hydrocarbon sub-
stituents of the amino-POSS [34]. The multiple resonan-
ces at peak 2 (0 0.8-1.0 ppm) and peak 1 (6 0.58 ppm) in
H3 amino-POSS-NC hybrid material correspond to the
chemical shifts of methyl (CH,) and methylene (CH,)
of amino-POSS, respectively. Moreover, the enhanced
peak 3 (0 1.80 ppm) is methine (CH) group of amino-
-POSS [31]. These results give a further proof of the graft-
ing reaction.

The #Si NMR spectrum of H3 amino-POSS-NC hybrid
material is shown in Fig. 1c. The signal of Si (-67.88 ppm)
was detected indicating the successful synthesis of ami-
no-POSS-NC.

The XRD patterns of NC, H3 amino-POSS-NC hybrid
material and amino-POSS are presented in Fig. 2. Both
NC and H3 samples show a wide, amorphous diffraction
peak at 20 = 20°, which is attributed to the characteristic
peak of NC [35]. As compared with NC control sample, H3
amino-POSS-NC shows a diffraction peak at 20 = 9° after
washing with n-hexane for removing the unreacted sub-
stances, indicating that the amino-POSS is grafted onto
NC. Notably, this peak is related to the local order among
amino-POSS molecules of the Si-O-5i caged structure [36].

amino-POSS

Intensity

amino-POSS

s 10 15 20 25 30 35 40
20,°

Fig. 2. XRD spectra of NC, H3 amino-POSS-NC hybrid material
and amino-POSS
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Table 2. Elemental compositions of the surface for NC control sample and amino-POSS-NC hybrid materials

Atomic concentration, %
Sample symbol Content of Si, wt %
C N (@] Si
NC 70.1 17 28.2 0 0
H1 63.9 5.6 25.7 4.8 9.7
H2 67.3 2.8 19.1 10.8 20.8
H3 66.2 2.3 20.3 11.2 21.3

The changes in elemental composition of the surfac-
es for NC control and amino-POSS-NC hybrid materials
were determined using XPS and the corresponding data
are listed in Table 2. As it can be seen, the increasing con-
tent of Si calculated from atomic concentration of C, N,
O, Si demonstrates the increase of amino-POSS content
in the NC matrix.

Fracture morphology and dispersion of amino-POSS

The fracture surface SEM images of NC and amino-
-POSS-NC hybrid materials are shown in Fig. 3. The frac-
ture of NC is smooth because of brittle failure. When
amino-POSS is added to the NC matrix, rough fracture
morphologies can be observed. This is probably because
the amino-POSS can restrain the crack propagation to
some extent and change the torturous path of the propa-
gating crack, contributing accordingly to the higher frac-
ture roughness than that of NC [37, 38]. The EDS Si map-
pings of amino-POSS-NC hybrid materials at each top
right corner of Fig. 3b-3d show that the amino-POSS is
well dispersed throughout the NC matrix. This enhanced

a)

dispersion can be attributed to the introduction of the
amino-POSS at molecular-level by IPDI linkage.

Thermal stability

DSC measurements were performed to evaluate the
thermal stability of NC and amino-POSS-NC hybrid ma-
terials. Figure 4a shows the DSC curves of NC control
sample (being taken as a typical example) at 2, 5, 7 and
10 °C/min heating rates. It is found that with the increas-
ing heating rate, the decomposition of the NC shifts to
a higher temperature which is consistent with the re-
sult in the literature [39]. The corresponding data at peak
temperature of the four investigated samples are listed
in Table 3. To compare the thermal reactivities of NC and
amino-POSS-NC hybrid materials, we set up a simple re-
lationship using Ozawa model [40, 41] between the exo-
thermic peak temperature (T, ), constant heating rate
(B), thermal decomposition activation energy (E ), and
universal gas constant (R):

E
1 +0.496 _=C 2
ogp RT. )

Fig. 3. SEM images of fracture surface and Si mappings by EDS method of: a) NC, b) H1, ¢) H2, d) H3
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As it is shown in Fig. 4b, the plots of the logarithm of (3
are linear with the reciprocal of the T ,. By applying the
Ozawa model, the E, can be calculated from the slope of
the lines.

To further verify the precision of the E , Kissinger mod-
el [42, 43] was used as a comparable method.

d[In(B/Ta)] __E, e
A1/ Ty R

As presented in Fig. 4c, the plots of In({3/ T;mk) against
the reciprocal of the T, are straight lines for NC modi-
fied by amino-POSS. Therefore, it can be said that the
first-order kinetics offer a good matching of the observed
decomposition behavior in this temperature range [44].
The slope of the lines is equal to -E /R. Thus, the E_is also
obtained from the slope of the graph.

The E_ results, which are calculated from both models,
are summarized in Table 3. Comparing the data obtained
from the two methods, we found that the values calcu-
lated by Kissinger model are slightly higher than those
calculated by Ozawa model (Fig. 4d). Furthermore, the
E, of the samples is increased with the increasing of the
amino-POSS content, which directly proves the improve-
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ment of thermal stability of the modified NC. There are
three main reasons for this result:

— the thermally stable compounds with Si-O-Si struc-
ture are grafted on the side chain of NC;

— therigid silica cages can restrain the molecular tum-
bling and block the degradation of the surrounding mol-
ecules [45];

— the introduction of cubic cage structured amino-
-POSS expands the space between NC chains, which
gives rise to lower thermal conductivity [46].

The thermal stability of NC and amino-POSS-NC hy-
brid materials are further evaluated by TGA under a ni-
trogen atmosphere. The TGA curves are shown in Fig. 5,
and the corresponding data are summarized in Table 4.
The T, values of amino-POSS-NC hybrid materials
shift to the temperature higher approximately by 3.0 °C.
The T, values of H1, H2 and H3 amino-POSS-NC hy-
brid materials shift to the temperatures higher by 3.2 °C,
8.7 °C and 10.6 °C, respectively, which is almost consis-
tent with DSC results above, further indicating that the
thermal stability of the amino-POSS-NC hybrid materi-
als is improved. Additionally, the char residues at 240 °C
were increased from 1.4 % for NC control sample to 3.1 %,
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Fig. 4. Effect of different heating rate on the DSC results for NC control sample (a), plots of log versus the reciprocal of the peak
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) for NC and hybrid materials by Ozawa model (b), plots of In(B/ T*,
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Kissinger model (c) and comparison plot of E, from the both models for NC and hybrid materials (d)
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Table 3. DSC data for NC control sample and amino-POSS-NC hybrid materials

T ,°C
Heating rate, °C/min -
NC H1 H2 H3
183.7 188.2 190.6 192.2
185.2 189.9 192.0 193.9
186.2 190.4 192.5 194.1
10 186.8 191.1 193.3 194.9
Model E, kJ/mol
Ozawa 124.98 145.53 162.41 165.06
Kissinger 139.65 163.06 182.29 185.29
100 + —a— NC
o —eo— H1
80 4 4 —a— H2
—v— H3
=2 60-
[95)
3
= 40
204
L d
o E 9 )
60 80 100 120 140 160 180 200 220 240

Temperature, °C
Fig. 5. TGA results for NC control sample and hybrid materials
(H1, H2 and H3)

Table 4. TGA results for NC control sample and amino-POSS-
-NC hybrid materials

S;ggﬁ T,,, °C T, °C CR,.cr %
NC 1729 183.4 14
H1 178.7 186.6 31
H2 176.2 192.1 7.6
H3 176.3 194.0 12.0

T,,, - initial decomposition temperature based on 5 % mass loss,
T,

<05, —Middle decomposition temperature based on 50 % mass loss,

CR — char residue at 240 °C.

240°C

- . 3
10 um
| —

Fig.7. SEM images for char residues of: a) NC, b) H1, ¢) H2, d) H3

Fig. 6. Digital photographs before (top) and after combustion in
air (bottom) of: a) NC, b) H1, ¢) H2, d) H3

7.6 % and 12.0 % for H1, H2 and H3, respectively. The in-
crease in the char residues gives rise to the formation of
more stable char layers, which may protect the materi-
als from further decomposition and in turn increase the
thermal stability [47].

The digital photographs of NC sample and amino-POSS-
-NC hybrid materials before and after combustion in air are
shown in Fig. 6. For the NC sample, we can clearly see that
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there are almost no char residues. After grafting amino-
-POSS onto NC, more char residues are left and the char
residues of amino-POSS-NC hybrid materials are increased
with the increasing of amino-POSS contents, which is con-
sistent with the TGA result. Furthermore, the morpholo-
gies of char residues of the four samples are investigated
by SEM and are presented in Fig. 7. The SEM micrographs
of char residues of NC control sample, H1, H2 and H3 were
made. It can be found that the char residues of NC control
sample present the traditional char structure with lots of
loose holes, suggesting a poor char quality. As reported,
the poor char layer can not effectively act as a barrier pro-
tecting the polymer from heating in air [48]. While, with
the increasing of amino-POSS content, the detailed sur-
faces of amino-POSS-NC hybrid materials show a compact
and continuous char layer with relative small pores. The
increased char residues with compact and continuous char
layers, which serve as thermal insulating barriers, inhib-
it effectively the transmission of heat and mass between
NC and the surroundings [49]. This phenomenon further
ensures the improvement of thermal stability of NC after
modification.

XPS was chosen to analyze the composition changes
of the char residues as depicted in Fig. 6. The results are
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shown in Fig. 8. Cls spectra in Fig. 8 are deconvoluted
into four components with fixed positions adopted in
the analysis of the Cls region of carbon materials, and
the different binding energy (BE) of carbon is provided.
The components in Table 5 represent graphitic carbon
(peak 0, BE =284.4 eV), carbon in hydroxyl, ether groups
(peak 1, BE=286.1 eV), carbon in carbonyl groups (peak 2,
BE = 2877 eV), and ester groups (peak 3, BE = 288.7 eV)
[50-52]. After the incorporation of amino-POSS, the con-
tent of graphite carbon (area of peak 0) increases from
36.0 % for NC control sample to 59.0, 62.8 and 71.9 % H1,
H2 and H3, respectively. It means that more graphite car-
bons are formed with the increase in amino-POSS con-
tent. We suppose that the interaction between amino-
-POSS, IPDI and NC matrix promotes the formation of
more graphitic carbons. In addition, the ratio of oxidized
carbons number (Co) to non-oxidized carbons number
(Cn) can be used to indicate the thermal stability of char
layer [53], and the ratio values of Co to Cn (Co/Cn) of the
char residues for the four samples are given in Table 6. It
can be seen that the Co/Cn for H1, H2 and H3 hybrid ma-
terials are 0.5, 0.6 and 0.4, respectively, far less than that of
NC control (1.1), indicating that the introducing of amino-
-POSS enhances the thermal stability of char residues for
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Fig. 8. C1s spectra for char residues after combustion in air: a) NC, b) H1, c¢) H2, d) H3
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Table 5. Cls curve-fitting of char residues for NC control sample and amino-POSS-NC hybrid materials

NC H1 H2 H3
Peak Assignment
BE, eV A9, % BE, eV A, % BE, eV A, % BE, eV A, %
0 284.4 36.0 284.5 59.0 284.6 62.8 284.5 719 Graphitic carbon
1 286.1 39.3 286.3 179 286.2 17.3 286.3 18.6 R-OH + C-O-C
2 2879 12.3 2877 15.2 287.6 8.5 287.7 31 >C=0
3 288.7 12.4 288.7 79 288.4 114 288.7 6.4 -C(=0)-O-

* A — peak area percentage.

amino-POSS-NC hybrid materials. Moreover, the weight
content of Si element (Table 7) in the char residues is accu-
mulated gradually with the increasing content of amino-
-POSS, further indicating that the amino-POSS has been
introduced into the NC, and contributes to the formation
of the char residues.

Table 6. The values of Co/Cn of char residues for NC control
sample and amino-POSS-NC hybrid materials

Sample symbol Co/Cn
NC 11
H1 0.5
H2 0.6
H3 0.4

Mechanical properties

The digital photographs of the NC and amino-POSS-
-NC hybrid materials are shown in Fig. 9. From the pic-
ture we can see that the amino-POSS-NC hybrid materi-
als maintain good elasticity and transparency comparing
with that of NC control sample.

Mechanical properties of the four samples are record-
ed to study the influence of amino-POSS contents on the

rigidity and toughness of the material. The stress-strain
curves, tensile strengths and Young’s moduli of all sam-
ples are presented in Fig. 10. The corresponding data are
shown in Table 8. As it can be seen, the tensile strengths
are increased from 42.9 MPa for NC control sample to
56.8, 64.0 and 74.4 MPa for H1, H2 and H3, respective-
ly. The Young’s moduli are increased from 1823 MPa for
NC to 2043, 2319 and 2836 MPa for H1, H2 and H3, re-
spectively. The increase in tensile strengths and Young’s
moduli can be attributed to the good dispersion due to
the formation of covalent bond among amino-POSS, IPDI
and NC matrix [54]. Additionally, the interaction between
amino-POSS [55] may be strengthened with the increas-
ing content of amino-POSS, which can also contribute to
the enhancement of tensile strengths and Young’s mod-
uli. Notably, an excess of amino-POSS with rigid parti-
cles make the material more brittle, resulting in a slight
decrease in the elongation at break (e.g. for H3), which is
consistent with the result reported elsewhere [56].

CONCLUSIONS
In summary, we successfully synthesized the NC hy-

brid materials by grafting amino-POSS onto NC for im-
proving the thermal stability and mechanical proper-

Table 7. Elemental compositions of char residues for NC control sample and amino-POSS-NC hybrid materials

Atomic concentration, %
Sample symbol Content of Si, wt %
C N (@) Si
NC 66.5 4.4 29.1 0 0
H1 60.2 3.5 30.7 5.6 10.9
H2 56.8 35 31.6 8.1 15.6
H3 454 2.9 37.8 139 24.6

Fig. 9. Digital photographs of: a) NC, b) H1, ¢) H2, d) H3
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Fig. 10. Mechanical properties of prepared samples: a) stress-strain curves, b) tensile strengths and Young’s moduli results

Table 8. Mechanical properties of NC control sample and amino-POSS-NC hybrid materials

Sample symbol Young’s modulus, MPa Tensile strength, MPa
NC 1823 + 102 429+21
H1 2043 +153 56.8 +3.2
H2 2319 £ 211 64.0£29
H3 2836 + 203 744 +4.0

ties of the material. The EDS Si mapping revealed that
the amino-POSS was well dispersed throughout the
NC matrix. The thermal stability of amino-POSS-NC
hybrid materials was improved according to the in-
crease of E value determined using the Ozawa model
(from 124.98 to 165.06 k]/mol) and Kissinger model (from
139.65 to 185.29 kJ/mol) at the maximum of amino-POSS
content. TGA results also proved the improvement of
thermal stability due to the delayed decomposition tem-
perature based on the T,,, and T, , values. The uniaxi-
al tensile tests revealed that the introduction of amino-
-POSS prominently enhanced the tensile strengths and
the Young’s moduli, which can be respectively increased
by 73.4 and 55.6 %. It was found that the introduction
of thermally stable compounds with Si-O-Si frameworks
and rigid silica cages as well as the good dispersion of
amino-POSS contribute to the improvement of the ther-
mal stability and mechanical properties of NC.
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