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Abstract
Nanocomposites containing mesoporous silica (MPS) materials with various pore structures (SBA-15 and MCM-41 types)
melt mixed into polypropylene (PP) or PP functionalized with hydroxyl groups (PPOH) were characterized by analytical
pyrolysis techniques, such as evolved gas analysis (EGA)-mass spectrometry (MS) and heart-cut EGA-gas chromatography
(GC)/MS, to evaluate the interactions between the polymer matrix and MPS and the pore filling of the MPS in the
nanocomposite. The EGA-MS measurements revealed that nanocomposites with MPSs evolve specific degradation
products, which can be attributed to strong interactions between the polymer molecules and the internal pores. The amount
of these specific products increased upon increasing the pore size of the MPS and the hydroxyl content in the polymer
matrix. Sufficiently large pores of MPS and high hydroxyl contents in the matrix appear to provide strong interactions
because the MPS pores are well-filled with polymer molecules, which contributes to the improved physical properties of the
nanocomposites.

Introduction

Characterization of the interface between a polymer matrix
and a filler compound in polymer composites has received
increasing attention from materials science researchers, as
the interfacial structures and properties are believed to
govern the performances of these composites [1–7]. How-
ever, characterization of these interfaces remains unex-
plored due to the many barriers to molecular-level analysis

of interfacial structures. These interfaces have generally
been evaluated by speculating about the observations from
electron microscopy and examining the physical properties
of the materials [8–10]. To better understand the origin of
the performances of the composites, there is a compelling
need to develop a technique for characterizing the interfaces
between the components of the composites. This has
encouraged us to explore new characterization techniques,
including our previously reported near-infrared spectro-
scopy method combined with 2D correlation analysis, to
examine the adhesion states of the interfaces in polymer
nanocomposites. [11].

In Part 1 of this study [12], we fabricated polypropylene
(PP)-based nanocomposites with mesoporous silica (MPS)
as a filler, and the resultant composites demonstrate good
mechanical properties and optical transparency. It is likely
that the nanocomposite’s properties are strongly affected by
the pore-filled state of the MPS. Therefore, a characteriza-
tion technique that can provide not only information about
the interfacial interactions but also molecular-level details
of the polymer molecules confined in the pores is needed. In
this study, we propose to reveal the structure−property
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relationships in these nanocomposites using evolved gas
analysis (EGA) combined with mass spectrometry (MS) or
gas chromatography (GC)/MS.

These EGA techniques can provide information about
molecular-level interactions at the phase interfaces of
blended systems such as chitin-based polymer hybrids [13,
14] and nylon 6-clay hybrids [15]. For nanocomposites
containing MPSs, the degradation behaviors of polymer
molecules confined in the MPS pores may be different from
those seen with other polymer molecules due to the strong
interaction between the polymer molecules and the pore
surfaces. EGA techniques can therefore be useful for ana-
lyzing the pore-filling states of MPSs in the nanocompo-
sites, as well as the matrix-filler interactions within the
nanocomposites.

In this paper, we studied the degradation behaviors of
nanocomposites composed of MPSs with various pore
structures (SBA-15-L, SBA-15-S, and MCM-41) and PP or
PP functionalized with 1.3 and 6.4 mol% hydroxyl groups
(PPOH1.3 and PPOH6.4, respectively) using EGA techni-
ques. The pyrolysis products of the polymer matrices in the
nanocomposites were monitored directly as a function of
temperature using MS. The individual products evolved
during the EGA process were characterized in detail using
EGA-GC/MS. The effects on the degradation behavior of
the interfacial interactions between the matrix and MPS
were investigated. The pore-filled state was further eluci-
dated by evaluating the changes in the degradation behavior
that could be attributed to the interfacial interactions.

Experimental

Sample preparation

The samples used in this study are the same as those
described in Part 1 [12]. PPOH synthesized with a 5-hexen-
1-ol comonomer, containing either 1.3 mol% (PPOH1.3;
Mw= 503,000) or 6.4 mol% comonomer (PPOH6.4; Mw=
146,000), obtained using a previously reported method [16–
19], or PP pellets (Novatec® MA3, weight-average mole-
cular weight Mw= 397,000) were used as the polymer
matrices. The chemical structures of the polymers are
shown in Figure S1. Mesoporous SBA-15-L, SBA-15-S,
and MCM-41 were purchased from Sigma-Aldrich and used
as fillers. The main difference between the MPSs is their
pore sizes. The pore sizes of SBA-15-L, SBA-15-S, and
MCM-41 are 8.0, 4.4, and 2.9 nm, respectively. As a control
experiment, non-porous silica nanospheres (SNSs) with a
size of 103 ± 4 nm were synthesized using a previously
reported method [20] and were also used as filler. The
detailed physicochemical properties of the MPS and SNSs
were shown in Part 1 of this study [12].

The nanocomposites were prepared by melt mixing the
polymer matrices and the fillers using a Labo-Plastmill
kneading machine (Toyo Seiki Seisakusho, Tokyo, Japan)
at 180 °C and 60 rpm for 5 min. The same polymer samples
without additional nanofillers were also melt mixed to
ensure a similar thermal history. The total amount of
polymer material, including the filler, was 3 g during each
process. For the structural analyses and mechanical testing,
sample sheets (50 × 50 × 0.5 mm) were prepared by hot
pressing the samples at 180 °C.

Tensile tests

Tensile tests were carried out using a multi-purpose
stretching tester (EZ-L, Shimadzu, Kyoto, Japan) accord-
ing to ISO 527-1 using dumbbell-shaped specimens at a
crosshead speed of 10 mm/min at room temperature. Three
specimens were tested for each sample. The area under the
stress−strain curve was used to calculate the tensile
toughness.

Thermogravimetry (TG) measurements

Thermogravimetry measurements were performed using an
EXSTAR 6000 TG/DTA 6200 (Hitachi High-Tech Science
Corporation, Tokyo, Japan). A given sample (approxi-
mately 10 mg) was placed in an aluminum pan and heated
from 30 to 510 °C at a heating rate of 10 °C/min under a
nitrogen atmosphere.

EGA measurements

The EGA-MS system used in this study is basically the
same as that used in previous reports [13–15, 21–23]. A
temperature-programmable micro-furnace pyrolyzer (PY-
2010D, Frontier Lab, Koriyama, Japan) was directly cou-
pled with a GC/MS system (6890 GC+5973 MS, Agilent
Technologies, California, USA). A sample of approxi-
mately 0.2 mg was used for the EGA-MS measurements, a
quantity small enough to achieve instant thermodynamic
equilibrium during programmed heating. A given sample
was placed in a deactivated stainless steel sample cup and
heated in the pyrolyzer from 60 to 700 °C at a heating rate of
10 °C/min in a helium atmosphere with a flow rate of 50mL/
min. A proportion of the flow (1mL/min), reduced by a GC
splitter (50:1), was continuously introduced into the MS via
a transfer capillary (UADTM-5M, 0.25 mm i.d. × 5 m long,
Frontier Lab). The transfer capillary was maintained at 280
°C in the GC oven to prevent condensation of less volatile
products in the capillary. For the MS measurements,
electro-ionization (EI) was carried out at 70 eV with an
operating mass range of m/z 10–450 and a scan rate of 0.3 s/
scan.
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Heart-cut EGA-GC/MS measurements were performed
to identify and quantify the individually evolved products.
In this case, the capillary transfer line for the EGA-MS
system was replaced by a metal capillary separation column
(Ultra Alloy+-5, 0.25 mm i.d. × 5 m long, Frontier Lab)
coated with a 0.25 µm film of immobilized 5% diphenyl-
95% dimethylpolysiloxane. The thermal degradation pro-
ducts evolved between 400 and 475 °C and 475 and 550 °C
were separately trapped at the entrance of the GC column
and held at –196 °C using a microjet cryotrap (MHT-1030E,
Frontier Lab). The formed volatiles from all subjacent
temperature levels were redirected by the split vent of the
selective sampler (SS-1010E, Frontier Lab). After finishing
each heating period, the column temperature was quickly
raised to 40 °C, then heated to 320 °C at a rate of 5 °C/min
and held for 17 min. The other conditions were basically the
same as those used for the EGA-MS measurements
described above.

The evolution profiles of the pyrolysis products were
observed in total ion current (TIC) and extracted ion mon-
itoring (EIM) modes. The TIC mode represents the added
intensities of all mass spectral peaks. In the EIM mode, only
a specified mass is extracted from all the mass spectral
peaks. The products were identified using the Wiley Mass
Spectral Library.

Results and discussion

Thermal degradation behavior of PPOH6.4
nanocomposites

Figure 1 displays the TG curves of PPOH6.4 nanocompo-
sites containing 20 wt% MPSs, such as SBA-15-L, SBA-

15-S, and MCM-41, and non-porous SNSs under a nitrogen
atmosphere. In each of the TG curves, approximately 100%
of the mass was lost at 500 °C, indicating that all the
polymer components are degraded to gas during the heating
process. However, the TG analysis gives little chemical
information on the degradation products of the matrix and
the filler.

For a closer examination of the degradation behaviors of
the nanocomposites, EGA, which provides chemical infor-
mation on the degraded products, was applied to char-
acterize the nanocomposites with MPSs. Figure 2 shows the
evolution profiles of the pyrolysis products from the nano-
composite samples observed by EGA-MS in TIC mode, in
which the intensities are normalized by the maximum
intensity of each TIC curve. Figure 2a illustrates the TIC
curves of nanocomposites containing 20 wt% MPSs SBA-
15-L, SBA-15-S and MCM-41, and SNSs. The TIC curves
of the PPOH6.4 matrix and its nanocomposite melt mixed
with SNSs clearly exhibit single-stage degradation between
400 and 475 °C, peaking near 450 °C (denoted as Zone A).
Interestingly, the second degradation stage at higher tem-
peratures of 475–550 °C (denoted as Zone B) is further
observed for the TIC curves of nanocomposites melt mixed
with MPSs. PPOH6.4/SBA-15-L exhibits a notably clear
peak reaching its maximum at 485 °C. Figure 2b illustrates
PPOH6.4 nanocomposites containing 0–30 wt% SBA-15-L.
The intensity in Zone B can be enhanced by increasing the
content of SBA-15-L from 0 to 30 wt%. In addition, the
second degradation stage in Zone B is also confirmed by the
differential TG curves shown in Figure S3. These obser-
vations suggest that the appearance of the second degra-
dation stage is related to the presence of pores and the pore
structure of the filler. Hence, the states of the polymer
molecules degraded in Zones A and B should be revealed
by detailed analyses of the individual degradation products.

Identification of thermal degradation products and
possible mechanism of thermal degradation of
PPOH6.4/SBA-15-L

To identify and quantify the thermal degradation products
in Zones A and B, heart-cut EGA-GC/MS measurements of
the PPOH6.4 and the PPOH6.4 nanocomposites containing
20 wt% SBA-15-L were performed. Figure 3 shows pyro-
grams of the pyrolysis products in Zone A (400–475 °C)
and Zone B (475–550 °C). The peak intensities are nor-
malized to 100% for peak 4, which is assigned to 2,4-
dimethyl-1-heptene (a trimer of PP). The assigned products
are listed in Table 1.

In the pyrogram for PPOH6.4 (Fig. 3a), C3-C15 hydro-
carbons (1−6) derived from the degradation of PPOH6.4
molecules are observed as the major products in a similar
manner to the degradation of a typical isotactic PP [24–26].

Fig. 1 TG curves of the PPOH6.4 matrix and PPOH6.4 nanocompo-
sites containing 20 wt% SBA-15-L, SBA-15-S, MCM-41, and SNSs
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Furthermore, peaks from alcoholic compounds (7−9),
which can be produced by scission of the main chains
linked with alcoholic side chains, as shown in Scheme 1, are
observed in the pyrogram. The pyrogram for PPOH6.4/
SBA-15-L (Fig. 3b) is quite similar to that for PPOH6.4,
indicating that the degradation mode in Zone A of the
PPOH6.4 contained in the PPOH6.4/SBA-15-L nano-
composite is the same as that of pure PPOH6.4 (herein
referred to as “common degradation”).

The pyrogram for PPOH6.4/SBA-15-L in Zone B
appears similar to that in Zone A (Fig. 3c). A close exam-
ination of the pyrogram in Zone B, however, reveals that
specific peaks are observed in the pyrogram for PPOH6.4/
SBA-15-L in Zone B, especially at a retention time less than
5.5 min in the area marked by square (i), whereas the peaks
from the alcoholic compounds disappear almost entirely in
the area marked by square (ii). Thus, in addition to the
common degradation of PPOH6.4, a different type of scis-
sion of PPOH6.4 occurs in Zone B.

Figure 4 shows an expanded pyrogram of the area
marked by the square in Fig. 3c for retention times of
1.5–5.5 min. Their assignments are listed in Table 1. Note
that the specific products evolved in Zone B, which hardly
appear in the pyrogram of Zone A shown in Figure S4, are
mainly derived from tetrahydrofuran (THF) (10) and
unsaturated compounds, such as monoenes (13, 17), dienes
(11, 18), cyclic compounds (12, 14, 16, 19, 20, 21) and
aromatics, such as benzene (15) and toluene (22). Although
the formation of unsaturated products (13, 18) is confirmed
in the pyrograms of products from PPOH6.4 and PPOH6.4/
SBA-15-L in Zone A, the amounts of observed PPOH6.4/

SBA-15-L products are enhanced in Zone B. The peaks
arising from other unsaturated products and THF are not
observed in the pyrograms of the products from PPOH6.4
and PPOH6.4/SBA-15-L in Zone A.

The formation of cyclic (12, 14, 16, 19, 20, 21) and
aromatic compounds (15, 22) in Zone B is likely due to
charring reactions promoted by the acidic sites of SBA-15-L
[27]. Intimate contact due to the interaction between the
polymer molecules and acidic sites is essential for the
progression of these charring processes [28]. The compo-
nents degraded in Zone B are therefore likely to be polymer
molecules that have strongly interacted with SBA-15-L.
The polymer confined in the pores of SBA-15-L is a pos-
sible candidate for the component degraded in Zone B due
to trapping of the polymer molecules by multiple adsorption
sites inside the pores via hydrogen bonds that are often
observed on the interfaces between PPOH and silica [29, 30].

The formation of THF (10) suggests the scission of side-
chain branch points of PPOH6.4 in Zone B, as shown in
Scheme 2. The evolution of alkene compounds (11, 17) is
presumably due to chain scission of the side-chain branch
points of PPOH6.4. The scission of side-chain branch points
is likely induced by the interfacial interactions between
PPOH6.4 and silica, implying that the PPOH6.4 molecules
present in the pores of SBA-15-L are degraded in Zone B.

To study the products containing alcoholic side chains of
PPOH6.4 in detail, the evolution behavior of the products
was examined in EIM mode at m/z 31, corresponding to the
CH2OH ion fragments derived from alcoholic compounds
(Fig. 5). Figure 5a shows the TIC curve and EIM curve at
m/z 31 with the intensities normalized by the maximum

Fig. 2 Evolution profiles of pyrolysis products from a PPOH6.4 matrix
and PPOH6.4 nanocomposites containing 20 wt% of -15-L, SBA-15-
S, MCM-41, and SNSs and b PPOH6.4 nanocomposites containing
0–30 wt% SBA-15-L observed by EGA-MS in TIC mode. The two

degradation stages at 400–475 °C and at 475–550 °C are denoted by
Zone A and Zone B, respectively. Peak intensities are normalized by
the maximum intensity of each TIC curve
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intensity. The TIC curve exhibits two-stage degradation,
although the EIM curve of PPOH6.4/SBA-15-L exhibits
single-stage degradation in Zone A. Figure 5b shows a
pyrogram for PPOH6.4/SBA-15-L in EIM mode (m/z 31) in
Zone A to identify the alcoholic compounds, which are not
observed in the pyrogram in EIM mode (m/z 31) in Zone B
(Figure S5). The assigned products are listed in Table 1.
Alcoholic compounds with various carbon-chain lengths are
evolved. Their presence clearly indicates that alcoholic
compounds are selectively evolved in Zone A only. They are
evolved by degradation of the PPOH6.4 molecules without
specific interactions with the pores of SBA-15-L, as these
alcoholic compounds are evolved even from pure
PPOH6.4 as shown in Fig. 3a. Therefore, it appears that the
polymer molecules degraded in Zone A are derived from
molecules that are present outside the pores of SBA-15-L.
The alcoholic side chains adsorbed on the internal pore walls
of SBA-15-L by the interfacial interactions remain in the
pores in Zone A. Further heating into Zone B leads to side-

chain scission and cyclization reactions, resulting in the
formation of THF (10).

Fig. 3 Pyrograms observed by heart-cut EGA-GC/MS of the pyrolysis
products in TIC mode. a Degradation products from PPOH6.4 evolved
in Zone A (400–475 °C), and degradation products from PPOH6.4/
SBA-15-L evolved in b Zone A (400–475 °C) and c Zone B (475–550
°C). Peak assignments are listed in Table 1. Peak intensities are nor-
malized to 100% for peak 4, which is assigned to 2,4-dimethyl-1-
heptane (trimer). The differences in the pyrograms in c are marked by
squares (i) and (ii)

Table 1 Pyrolysis products of PPOH6.4/SBA-15-L according to
EGA-GC/MS
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Figure 6 illustrates a possible degradation scheme for
PPOH6.4/SBA-15-L. In Zone A, the polymer molecules
present outside the pores of SBA-15-L are degraded,
whereas the polymer molecules that interact with the inside
of the SBA-15-L pores remain in the pores and are not
degraded. The inhibition of the polymer degradation may be
due to radical scavenging by adsorption onto the acidic sites
on the silicate surface, which is often observed in typical
polymer nanocomposites containing layered silicates [28,
31, 32]. In PPOH6.4/SBA-15-L, the strong interactions of
the polymer molecules with the internal pores of SBA-15-L
could enhance the radical-scavenging reactions by the
acidic sites on the surface of SBA-15-L and inhibit the
degradation of PPOH6.4 present in the pores. In the sub-
sequent Zone B degradation, the polymer molecules con-
fined in the pores of SBA-15-L are finally degraded due to
insufficient stabilization by radical scavenging at the very
high temperatures of Zone B. Here, specific products, such
as aromatic, cyclic and alkene compounds, and THF, which
are rarely evolved during ordinary degradation, are simul-
taneously evolved by charring reactions and the elimination
of side chains of PPOH6.4 on the silica surface.

Correlation between the MPS structure, MPS pore
filling and mechanical properties of the
nanocomposites

In Part 1 of this study, we found that PPOH6.4/SBA-15-L
exhibits higher toughness and stiffness than PPOH6.4/

MCM-41, in spite of the smaller relative surface area of
SBA-15-L (619 m2/g) compared to that of MCM-41 (966
m2/g). This implies that the pore-filling structure of MPS in
the nanocomposites affects the overall physical properties
[12]. According to the analysis in the previous section, the
degradation in Zone B is derived from the PPOH6.4
molecules present in the MPS pores. In other words, the
pore-filling state of the MPS in the nanocomposites can be
evaluated by quantitative spectral measurements of the
degradation products in Zone B. This evaluation of the
pore-filled state is expected to provide valuable information
on how to improve the overall physical properties.

Here, the amount of PPOH6.4 molecules confined in the
pores of MPSs with various pore sizes (SBA-15-L, SBA-
15-S, and MCM-41) was estimated from the intensity
observed in Zone B of the TIC curves of the PPOH6.4
nanocomposites, as shown in Fig. 7. The relationship
between the pore-filled state of the MPSs and the toughness
of the material was also investigated. Figure 7a illustrates
the relationship between the pore size of MPS and the
relative peak intensity in Zone B of the TIC curves shown in
Fig. 2a. The intensity in Zone B continuously increases with
increasing MPS pore size, suggesting that larger pores in
MPS enable high penetration of polymer molecules into the
pores. The relationship between the normalized intensity in
Zone B and the tensile toughness of the nanocomposites
containing MPSs is plotted in Fig. 7b. Interestingly, the
tensile toughness tends to continuously improve with
increased intensity in Zone B.

Based on these results, we propose a possible mechanism
for the observed toughness of PPOH6.4 nanocomposites
containing MPSs (Fig. 8). The pores of SBA-15-L are
sufficiently large to permit penetration by PPOH6.4 mole-
cules, leading to a high loading of these molecules into the
pores. On the other hand, the pores of SBA-15-S and
MCM-41 are too small to permit effective pore filling with
PPOH6.4. The good pore filling with PPOH6.4/SBA-15-L
appears to provide strong anchoring for the polymer
molecules to the pore surfaces and restricts the interfacial
bond breaking between the matrix and filler, resulting in
enhanced toughness. The improved interfacial adhesion
due to good pore filling of SBA-15-L may also contribute
to the significant improvement in its stiffness and the
excellent optical transparency reported in Part 1 of this
study [12].

OH OHScheme 1 The evolution of
typical alcoholic products (8)

Fig. 4 Expanded pyrogram observed by heart-cut EGA-GC/MS of the
pyrolysis products from PPOH6.4/SBA-15-L evolved in Zone B. Peak
assignments are listed in Table 1. Peak intensities are normalized to
100% for the peak assigned to 2,4-dimethyl-1-heptane (a trimer of PP)
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Effects of hydroxyl content in the matrix on the
interfacial interactions and toughness of the
nanocomposites

The results of Part 1 of this study indicate that increasing
the hydroxyl content in the matrix leads to improved
toughness for nanocomposites containing SBA-15-L [12]. It
is assumed that the interfacial interactions between the
matrix and internal pores of SBA-15-L influence the
toughness of the nanocomposites. For a better under-
standing of the toughening effects with respect to the
interfacial interactions, we investigated the intensities of the

TIC curves of the products in Zone B from nanocomposites
composed of SBA-15-L and a polymer matrix while vary-
ing the amount of hydroxyl groups.

The amount of each polymer matrix (PP, PPOH1.3 or
PPOH6.4) confined in the pores of SBA-15-L was exam-
ined, and the relationship between the pore-filled state of the
SBA-15-L and the toughness was further discussed and is
shown in Fig. 9. Figure 9a shows the relationship between
the hydroxyl content of the polymer matrix and the relative
intensity of the TIC curves in Zone B for PP, PPOH1.3 and
PPOH6.4 melt mixed with SBA-15-L (Figure S6). The
relative peak intensity in Zone B is estimated from the

OH

O

Scheme 2 Formation of THF
and alkene compounds by the
scission of side-chain branch
points in Zone B

Fig. 5 Investigation in EIM mode of the evolution behavior of pro-
ducts containing the alcoholic side chain of PPOH6.4. a TIC and EIM
curves of PPOH6.4/SBA-15-L, and b EIM pyrogram obtained by
heart-cut EGA-GC/MS of the pyrolysis products from PPOH6.4/SBA-
15-L evolved in Zone A. The ions observed at m/z 31 correspond to

ion fragments of alcoholic compounds. The intensities of the TIC and
EIM curves are normalized by the maximum intensity. Peak assign-
ments are listed in Table 1. The content of SBA-15-L in the present
composite is 20 wt%

Fig. 6 A schematic illustration of the thermal degradation behavior of PPOH6.4/SBA-15-L
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maximum intensity of the peak or the shoulder peak in Zone
B. The intensity in Zone B is continuously increased by
increasing the hydroxyl content in the matrix, implying that
the interaction between the matrix and the pores of SBA-15-
L is enhanced by increasing the number of hydroxyl groups
in the matrix. Furthermore, the relationship between the
intensity in Zone B and the tensile toughness of the nano-
composites composed of SBA-15-L and PP, PPOH1.3 or
PPOH6.4 is plotted in Fig. 9b. This clearly indicates that an
increase in intensity in Zone B indicates improved tensile
toughness, possibly due to efficient pore filling of SBA-15-
L and the matrix−filler interactions.

Figure 10 is a schematic illustration of the interactions
between the polymer molecules and the pore surfaces in the
nanocomposites of PPOH melt mixed with SBA-15-L. The

incorporation of hydroxyl groups into the polymer mole-
cules plays a key role in the pore filling of SBA-15-L,
wherein the polymer undergoes interfacial interactions with
the pores of SBA-15-L via hydrogen bonding. This pro-
vides evidence that the good pore filling and high interfacial
interactions result from the incorporation of hydroxyl
groups into the polymer molecules and are essential for
improved toughness in the nanocomposites.

Conclusions

The matrix−filler interactions and pore-filled state of the
MPSs in the nanocomposites of PP, PPOH1.3, and
PPOH6.4 melt mixed with MPSs (SBA-15-L, SBA-15-S,

Fig. 7 Evaluation of the pore-filling structure of PPOH6.4 nano-
composites containing SBA-15-L, SBA-15-S, and MCM-41, and the
relationship between the pore-filling structure and tensile toughness of
the nanocomposites. a The relationship between the pore size of MPS

and the relative peak intensity in Zone B of the TIC curves shown in
Fig. 2a. b Relationship between the relative peak intensity in Zone B
of the TIC curve and the tensile toughness. The content of fillers in the
present composites is 20 wt%

Fig. 8 A schematic illustration
of the correlation between the
pore-filling structure and
toughness of the PPOH6.4
nanocomposites containing
MPSs
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and MCM-41) were investigated by evaluating their
degradation behaviors using EGA-MS and heart-cut EGA-
GC/MS. The nanocomposites containing MPSs showed a
two-stage degradation: low-temperature degradation at

400–475 °C (Zone A) arising from the common degradation
of the polymer and high-temperature degradation at
475–550 °C (Zone B) arising from the degradation of
polymer molecules strongly interacting with the internal
pore surfaces of MPS. PPOH6.4/SBA-15-L evolved greater
amounts of products in Zone B compared to PPOH6.4/
SBA-15-S and PPOH6.4/MCM-41, suggesting the best
pore filling for PPOH6.4/SBA-15-L, possibly because the
pores in SBA-15-L are sufficiently large to allow penetra-
tion by the PPOH6.4 molecules. The good pore filling of
SBA-15-L provides improved mechanical properties, such
as toughness and stiffness, and very good optical transpar-
ency. The thermal degradation behaviors of the nano-
composites composed of SBA-15-L and PP, PPOH1.3 or
PPOH6.4 were further examined to elucidate the effects of
the hydroxyl content in the matrix on the interactions
between the polymer molecules and the internal pore sur-
faces. An increased hydroxyl group content in the polymer
molecules resulted in an enhancement in the interactions
that contribute to improved matrix−filler adhesion, leading
to improved toughness. Thus, the observed thermal beha-
viors provided chemical information about the matrix−filler
interactions and the pore-filled state of the MPS, which are
closely related to the physical properties of the nano-
composites containing MPSs. We believe that our findings
will contribute to further improvements in the properties of
new polymer nanocomposites.
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Fig. 10 Schematic illustration of the interactions between the polymer
molecules and pore surfaces of the nanocomposites of PPOH melt
mixed with SBA-15-L
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