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Abstract. The poly(amidoamine) (PAMAM) dendrimer-grafted silica nanoparticles were utilized as a curing and
composite agent for epoxy-terminated polyurethane (PU). For this purpose, surface-hydroxylated silica nanoparticles
(SiH) were modified with (3-aminopropyl)triethoxysilane to obtain the core for PAMAM dendrimer synthesized via
consecutive addition of methyl acrylate and ethylenediamine. Effect of different chain extenders, pyromellitic dianhydride
(PMDA) and 1,4-butanediol (BD), on thermal characteristics of the composites was also studied in detail. Successful
incorporation of PMDA and BD chain extenders and also epoxy groups to the PU backbone was confirmed by proton
nuclear magnetic resonance analysis. Chemical modification of silica nanoparticles via PAMAM dendrimer in each of the
generation steps was studied using Fourier-transform infrared spectroscopy and also their thermal degradation characteristics. The thermogravimetric analysis results proved that increasing content of the PAMAM-modified silica
nanoparticles in combination with incorporation of PMDA as the chain extender resulted in higher thermal stabilities of
the PU composites. The cured epoxy-modified PU with PMDA chain extender showed higher char residue compared with
the cured epoxy-modified PU with BD chain extender (7.1 against 0.8%). X-ray diffraction analysis confirmed amorphous
nature of silica and the PU composites. Scanning and transmission electron microscopies were also used for morphological investigation of the pure and PAMAM-modified silica in addition to the PU composite.
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Introduction

Polyurethanes (PUs) are thermoplastic polymers with variety of chemical structures due to incorporation of different
chemical species into their structure. Such a vast variety in
the chain structure of PUs results in their large applications
in coatings [1], foams [2], elastomers [3], adhesives [4] and
shape memory materials [5,6]. The reaction between di- or
multi-functional alcohols and di- or multi-functional isocyanates is the basic method for synthesis of PUs [7,8]. The
block-segmented PUs have alternative hard and soft segments in their structure. The hard segment contains diisocyanate and chain extender; however, the soft segment is
constructed from polyol, which is commonly known as
polyether or polyester [9,10]. Because of the poor heat
resistance of PUs, their application is largely limited in
engineering materials [11]. Thermal stability of PU is much
related to its backbone structure containing various hard and
soft segments. Chemical composition, molecular weight,
hydrogen bonding and processing history of PUs are the

most effective factors on its thermal properties [12–14].
Modification of the PUs structure by incorporation of
thermally stable heterocyclic species like isocyanurate,
oxazolidone, imide, triazine and phosphazene into the
backbone has been a useful method to overcome its low
thermal stability [15–19]. In addition, preparation of PU
hybrids using different fillers results in increasing its thermal stability [20,21]. Structural modification of PUs with
the imides through various synthetic routes has obtained
more consideration because of their outstanding high thermal stabilities. Polyimides as a type of aromatic heterocyclic polymers have great heat resistance and mechanical
properties [22]. Fillers could be utilized for modifying the
thermal properties of different polymers. The effective
parameters of fillers in the preparation of different composites are their concentration, shape, particle size and
distribution, and most importantly their interaction with the
polymer matrix [23,24]. Chen and co-workers [25] prepared
PU/silica organic/inorganic hybrids with the aid of thermal
stabilization of the PU matrix. They used silica as an
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outstanding chain extender in the formation of the hybrid
materials, where the silica nanoparticles were a portion of
the hard segments of PU. Jena and co-workers [26] also
prepared hyperbranched waterborne PU-urea/silica hybrid
coatings using the sol–gel method. They found that
improvement of crosslink density and siloxane network
result in excellent thermal and mechanical properties.
Epoxy-terminated PU is generally prepared using glycidol as the blocking agent that results in increasing the
reaction rate, because of highly active epoxy groups [17].
Epoxy groups are able to form network in the presence of
amine, anhydride and imidazole possessing chemicals by a
nucleophilic ring opening reaction [27–30]. Yeganeh and
co-workers [31] used 1,6-hexamethylenediamine (HMDA)
as a curing agent for epoxy-terminated PU. Nasar and coworkers [32] prepared amine-terminated AB2-type hyperbranched polyamides as a crosslinking agent for PU. In
amine-containing curing agents, higher content of amine
groups could result in higher degree of crosslinking density.
Amine-terminated dendrimers could simply be utilized for
curing of epoxy-containing polymers. Poly(amidoamine)
(PAMAM) dendrimer is synthesized by repeated combination of Michael addition and amidation reaction. Michael
addition is carried out between acrylic esters and amino
groups while amidation is performed among the resulting
ester moieties with an alkyl diamine [33–35]. Application of
PAMAM dendrimers in curing of epoxy resins has been
reported in literatures. Gholipour-Mahmoudalilou and coworkers [36] utilized hyperbranched PAMAM dendrimermodified graphene layers as a curing component and also a
composite-forming agent for epoxy resin [36]. They showed
that thermal properties of the composites cured by the
PAMAM-modified graphene layers are better than the
ethylenediamine (EDA)-cured PU. Azimi and co-workers
[37] prepared a hybrid curing component by attachment of
PAMAM-grated silica nanoparticles to graphene layers,
which also acted as curing agent for epoxy resin. They
concluded that thermal properties of the composites were
higher than the EDA-cured resins. Okazaki and co-workers
[38] synthesized amine-terminated PAMAM-modified silica nanoparticles and utilized it for epoxy resin curing.
Based on their investigation, thermal properties of the
product cured with the dendrimer-modified silica were
higher than that of the EDA-cured epoxy. Xu and coworkers [39] used PAMAM dendrimer as a curing component for epoxy resin and showed its high compatibility
with the resin. In diglycidyl ether of bisphenol A-type
epoxy resin, the dendrimer curing agent showed outstanding
properties, such as high pot life and gel time and also high
rate of curing compared with EDA [39].
In this study, PAMAM-grafted silica nanoparticles was
used as a curing component and also composite-forming
chemical for the epoxy-terminated PU. It is anticipated that
silica nanoparticles with lots of amine functional groups
could provide higher degree of crosslinking and in addition
play the role of a composite agent that is chemically
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incorporated into the resin matrix. APTES-functionalized
silica was utilized as the core in synthesis of PAMAM
dendritic structure via sequential addition of methyl acrylate
and EDA. This type of curing and composite-forming
component was utilized for curing of two different types of
epoxy-terminated PUs with various chain extenders. The
effects of imide-containing and aliphatic chain extenders on
thermal properties of the final composites are also evaluated. Eventually, the cured PU composites were thermally
studied through investigation of their char residue and
thermal degradation temperature.

2.

Experimental

2.1

Materials

Silica nanoparticles (Tecnan-Nanomat), methyl acrylate
(MA, Sigma-Aldrich), polyethylene glycol (PEG, 600 g
mol–1, Aldrich), 1,6-hexamethylene diisocyanate (HDI,
Sigma-Aldrich) pyromellitic dianhydride (PMDA, Aldrich),
1,4-butanediol (BD, Merck), glycidol (Merck), (3-aminopropyl) triethoxysilane (APTES, Merck), sodium hydroxide
(NaOH, Merck), ethylenediamine (EDA, Merck) and
trimethylamine (TEA, Merck) were used as received.
Ethanol, acetone methanol and tetrahydrofuran (THF) were
supplied from Merck Company.

2.2

Preparation of PAMAM dendrimer-grafted silica

Figure 1 shows the general scheme for the synthesis of SD
(generation 1 of PAMAM dendritic structure on silica
nanoparticles), which was prepared in four different steps:
(I) hydroxylation of silica nanoparticles, (II) formation of
amino groups on hydroxylated silica nanoparticles (SiH),
(III) Michael addition or alkylation reactions for addition of
MA and (IV) amidation reaction for addition of EDA and
preparation of SD.
2.2a Preparation of SiH: SiH was synthesized via a surface
hydrolysis method according to the literature [40]. For this
purpose, 1.25 g of silica nanoparticles and 50 ml deionized
water were poured into a 150 ml lab reactor. After stirring
the mixture for 12 h, sonication of the mixture was done for
25 min with a probe-sonication. Then, 0.75 g of NaOH was
added to the mixture, and stirring was continued at 60°C for
a day. Subsequently, acetic acid was used to neutralize the
reactor content by the titration method, and SiH was
achieved after centrifugation. For elimination of the
byproducts, the solid was washed three times with methanol
and the final product was achieved by drying the solid in
vacuum at 85°C for a day.
2.2b Preparation of SNH2: Formation of amino groups onto
the surface of SiH was attained by the surface modification
of the hydroxyl groups by APTES using the literature
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Schematic representation of the synthesis of SD.

[41,42]. SiH (5 g) and ethanol (150 ml) were mixed and
sonicated for 25 min. TEA (40 ml) was added to the rector
content and stirred at 40°C for 120 min. Subsequently,
APTES (3 ml) solution in ethanol (40 ml) was added
dropwise and the mixture was stirred at 40°C for 12 h. The
solid product was collected by centrifugation at 9000 rpm
for 15 min, purified by washing with acetone (160 ml), and
dried at 65°C to obtain SNH2 (silica nanoparticles grafted
with APTES).
2.2c Preparation of SMA: A previously described method
was used for the synthesis of PAMAM dendritic structure
[34–36]. SMA (generation 0.5 of PAMAM dendritic structure
on silica nanoparticles) was synthesized through a divergent
route by Michael addition reaction using SNH2 as the core.
SNH2 (4.8 g) and methanol (200 ml) were mixed, sonicated
for 35 min, and poured into a laboratory reactor. The reactor
was purged via N2 and sealed. Subsequently, diluted methyl
acrylate (2 ml) in methanol (10 ml) was added dropwise at
0°C to the reactor. Reaction was performed with continuous
mixing in dark at 25°C for 3 days. After centrifugation of the
reactor content at 9000 rpm for 15 min, purification of the

solid by washing with ethanol (200 ml), and drying the product at 60°C for a day, SMA was obtained.
2.2d Preparation of SD: SD was synthesized via a divergent
approach using amidation reaction according to the literature [34–36]. For the preparation of SD, SMA (3.2 g) and
methanol (320 ml) mixture were sonicated for 35 min,
poured into a solution of EDA (76 ml) and methanol (80 ml)
dropwise in a laboratory reactor purged with the inert N2
gas at 0°C. After stirring for 4 days at 25°C, centrifugation
at 9000 rpm for 20 min, purification of the solid product by
washing with ethanol (200 ml) four times, and drying at
65°C for a day, SD was achieved.

2.3 Preparation of the epoxy-modified poly(urethaneimide)
Epoxy-terminated poly(urethane-imide) (EPUI) was prepared using a three-step process according to the literature
[31,43,44] (figure 2A). First, HDI (10.1 g, 0.06 mol) and dry
THF (11 ml) were mixed in a mechanically stirred
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laboratory reactor fitted with a condenser and dropping
funnel. After increasing temperature to 60°C, the solution of
PEG (18 g, 0.03 mol) in THF was slowly transferred into
the laboratory reactor to allow the reaction temperature to
reach below 70°C. Second, PMDA (2.2 g, 0.01 mol) was
quickly added into the laboratory reactor. After 10 min and
slow addition of the catalyst (TEA, 0.05 wt%), the reaction
was let to be complemented for 2 h. Third, the laboratory
reactor content was cooled to 40°C and glycidol (2.96 g,
0.04 mol) was slowly added using dropping funnel during
40 min. Finally, the reaction temperature was kept at about
68°C for completion of the termination reaction.

2.4

Preparation of the epoxy-modified PU

Preparation of the epoxy-terminated PU (EPUB) was carried out in a three-step process (figure 2B). First, HDI (10.1
g, 0.06 mol) and dry THF (11 ml) were poured into a laboratory reactor similar to the preparation route of EPUI.
After purging the laboratory reactor with N2, rising the
temperature to 60°C, the solution of PEG (18 g, 0.03 mol)
in THF was slowly transferred into the laboratory reactor to
allow the reaction temperature become below 70°C. Second, BD (0.92 g, 0.01 mol) was quickly added and the
reaction was maintained for 1 h. Third, the reaction temperature was decreased to 40°C, and slow addition of glycidol (2.96 g, 0.04 mol) was carried out during 40 min.
Finally, the reaction temperature was kept at about 68°C for
completion of the termination reaction.

2.5 Preparation of the SD/EPUI and SD/EPUB hybrid
nanocomposites
Different amounts of SD (1.33 and 2.66 g for 4 and 8 wt%
of EPUI) were dispersed in THF (10 ml) and sonicated for
40 min. EPUI (33.24 g) and SD (in different weight ratios)
were loaded into a laboratory reactor and vigorously stirred
for 15 min. After transferring the flask content to a mold
and setting the temperature at 70°C for 18 h, EPUIH was
obtained. The same procedure was repeated in the case of
EPUBH; however, EPUB was used instead of EPUI resin
(figure 3).

2.6

Characterization

Fourier-transform infrared spectrometer (FTIR, Bruker
GmbH, Germany) was employed to investigate the characteristic bands, functional groups and structural features of
the samples. An average of 24 scans were carried out on the
samples using the KBr pellet technique. Proton nuclear
magnetic resonance spectrometer (1H NMR, Bruker
AV400, Germany) was performed for structural analysis of
the non-cured PU samples. X-ray diffraction (XRD) was
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performed on the powdered samples at room temperature
(300 K) using D5000 X-ray diffractometer (Cu Ka radiation
with k = 0.1540 nm, Siemens, Germany) at the step scan
mode. Thermal gravimetric analyzer (Polymer Laboratories, TGA 1000, UK) with the heating rate of 10°C min–1
and nitrogen flow rate of 50 ml min–1 was used for
recording thermogravimetric analysis (TGA) and derivative
thermogravimetry (DTG) from the samples. Tescan Vega
scanning electron microscope (SEM, Czech Republic) was
used for surface analysis of different samples. The specimens were prepared by precipitation of the samples on mica
by utilizing a spin coater and subsequent gold-coating with
a sputtering coater. The Philips EM 208 transmission
electron microscope (TEM, the Netherlands) was used with
an accelerating voltage of 80 kV for structural analysis of
the samples. The specimens were prepared after ultrasonic
agitation of different samples in ethanol and subsequent
sedimentation of the samples on lacy grids.

3.

Results and discussion

As presented in figure 1, functionalization of SiH with
APTES results in SNH2, which is used as the core of
PAMAM dendrimer in the synthesis procedure. PAMAM
dendrimer-grafted silica nanoparticles (SD) was prepared
with a divergent method constituted from sequential
Michael addition (the reaction between N–H and double
bond) and amidation reactions. The synthetic routes for the
preparation of epoxy-terminated PUs (EPUI and EPUB) are
presented in figure 2A and B, respectively. The reaction of
PEG with excess amounts of HDI results in NCO-terminated PU. In the next step, PMDA and BD were utilized as
chain extenders in the synthesis of PUI and PUBD,
respectively. Finally, end-functionalization of PUI and
PUBD by glycidol results in EPUI and EPUB resins,
respectively. SD was used as the curing agent for EPUI and
EPUB resins, where the curing reaction results in a crosslinked network due to the reaction between N–H groups of
SD with epoxy groups of EPUI and EPUB. Here, SD was
also used as a composite-forming component.
FTIR spectra of silica, SNH2, SMA and SD are presented
in figure 4A. In silica spectrum, the absorption peak at 1090
cm–1 is related to the stretching vibration of silanol (Si–OH)
groups located at the surface of silica nanoparticles.
Bending vibration of silanol groups is also revealed at 769
cm–1 [45–47]. The broad bands at 1100–1200 and 470 cm–1
are specified to the asymmetric stretching and bending
vibrations of Si–O–Si bands, respectively [48,49]. Modification of silica with APTES resulted in the absorption of
primary amino groups at 1651 cm–1 [50,51] and stretching
vibration of C–H groups in between 2870 and 2943 cm–1
[52,53], which could be attributed to APTES and confirms
its successful grafting to the silica surface. The band at 1743
cm–1 in the spectrum of SMA is assigned to the stretching
vibration of the ester groups and confirms successful
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Figure 2. Schematic representation of the synthesis of (A) epoxy-modified poly(urethane-imide) (EPUI)
and (B) epoxy-modified polyurethane (EPUB).
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Figure 3. Schematic representation of the nucleophilic ring opening reaction of epoxy groups and preparation of
EPUIH or EPUBH nanocomposites.

Figure 4.

FTIR spectra for (A) silica, SNH2, SMA and SD, and also (B) CEPUB, CEPUI, CEPUB-SD8 and CEPUI-SD8.

grafting of MA because of the Michael addition reaction.
SD shows a band at 1550 cm–1, which is assigned to the
N–H bending/C–N stretching of the secondary amide
groups. Furthermore, generation of the N–C=O groups due
to the addition of EDA to SMA reveals a band at 1651 cm–1
[37]. FTIR spectra of CEPUB, cured EPUI (CEPUI),
CEPUB-SD8 (cured EPUB composite with 8 wt% of SD),
and CEPUI-SD8 (cured EPUI composite with 8 wt% of SD)
are also presented in figure 4B. The characteristic adsorption peaks of CEPUI and CEPUI-SD8 are asymmetrical and

symmetrical C=O stretching of imide units at about 1785
and 1741 cm–1, respectively. This verifies that imide groups
were successfully incorporated into EPUI backbone. Other
characteristic vibrations of cyclic imide structure are shown
at 1410 (C–N stretching) and 1112 and 685 cm–1 (related to
the transverse and out-of-plane vibrations) [44,54]. In
addition, the disappearance of the band at 1850 cm–1 indicates the absence of residual dianhydride units. Urethane
adsorption peaks are N–H stretching vibration of amide
groups (1647 and 3200–3500 cm–1), CH2 stretching (2860
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and 2926 cm–1) and C=O asymmetrical stretching (1714
cm–1). The adsorption peak at 1540 cm–1 (with strong
intensity) is because of the N–H bending and also C–N
stretching of the secondary amide groups [55]. The peak at
about 3100 cm–1 is related to the aromatic C–H units [17].
In the spectrum of PU-PMDA-SD8, the adsorption peak at
1050 cm–1 is assigned to the Si–O groups of SD. The
characteristic adsorption peaks of CEPUB and CEPUB-SD8
are urethane carbonyl (NHCOO) band at about 1724 cm–1.
Symmetrical and asymmetrical stretching vibrations of
methylene groups (CH2) are revealed at 2860 and 2925
cm–1, respectively. The broad band in 3200–3600 cm–1 is
due to the O–H and urethane N–H stretching vibrations.
Appearance of a peak at 1531 cm–1 is due to the combination of stretching vibration of C–N units and N–H out-ofplane bending. Stretching vibration of C–O–C units of PEG
appears at 1090 cm–1. The characteristic peaks of NCO
(about 2270 cm–1) and epoxy groups (851–965 cm–1) are
not observed in the samples spectra, which shows complete
reaction of the isocyanate groups with glycidol and subsequent reaction of epoxides during the curing reaction [55].
As shown in figure 5, 1H NMR was used for further
verification of the chemical structures of EPUB and EPUI.
Considering the 1H NMR spectrum and the assignment of H
protons of EPUB (figure 5A), the peaks observed at about
2.54–3.34 ppm are assigned to protons of epoxy groups
(e and c). Related peaks of methine (e) and methylene
(c) groups of epoxy ring were revealed at about 3.34 and
2.59–2.75 ppm, respectively. Methylene (i, h, k) groups
attached to the urethane oxygen atom are observed at
3.84–4.6 ppm, and the methylene (d) groups bonded to the
urethane nitrogen atom appear at 2.94 ppm. The central
methylene groups of BD (m) and HDI (a, b) are shown at
1.20–1.55 ppm, methylene (g, f) groups of PEG appear at
3.50–3.54 ppm, and urethane N–H (j) groups are detected at
about 7.17 ppm. Considering the 1H NMR spectrum and the
assignment of H protons of EPUI (figure 5B), the peaks
assigned to epoxy groups (e, c) are observed at 2.32–2.92
ppm. Methine (e) and methylene (c) groups of epoxy ring
were observed at 2.92 and 2.32–2.59 ppm, respectively.
Methylene (i, h) groups bonded to the urethane oxygen
atom could be observed at 4.0–5.71 ppm. Methylene
(i) groups bonded to the epoxy ring and urethane oxygen
atom are detected at 4.26–5.71 ppm, and methylene
(h) groups attached to PEG appear at 4.02 ppm. Methylene
(d, w) groups bonded to the urethane nitrogen atom appear
at 3.31 ppm, and methylene (f, g) groups of PEG appear at
3.34 (g) and 3.50 ppm (f). Central methylene groups of HDI
(a, k, b, l and x) are observed at 1.20–1.35 ppm. The urethane N–H (j) groups appear at about 7.18 ppm, and
eventually the Ar–H (y) groups are observed at 8.14 ppm
[15,31,54].
XRD patterns of CEPUI, CEPUB, SNH2, SMA, SD and
CEPUI-SD8 are shown in figure 6. Silica, SNH2, SMA and
SD with a broad peak at about 21.6°C belonged to the
amorphous structure of silica domains. These peaks shows
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that no fundamental change occurs in topological structure
of silica nanoparticles after modification with PAMAM
dendrimer; this implies that silica is stable during the
repeated Michael addition and amidation reactions [56,57].
The patterns of CEPUI, CEPUB and CEPUI-SD8 show two
broad peaks at diffraction angles of about 21.3 and 43.7°,
indicating the amorphous structure of PU with a low degree
of microcrystalline structure. PEG has crystalline structure
due to its flexible and linear polyether chains without pendant groups, resulting in premier geometrical conditions for
making well-ordered structures. Crystallinity in PU is
commonly considered as ordered structure of chain segments owing to hydrogen bonding, which highly pertains to
the structure of chain extender in the PU backbone. Carbonyl groups of PMDA (hard segment) could develop
hydrogen bonding with the –NH– groups of HDI (hard
segment). This interaction between PMDA and HDI leads
to increase in the crystallization ability of PU. This indicates that the crystallinity and orientation of EPUI chains is
considerably disturbed with the addition of SD as curing
agent. Therefore, the presence of SD is against the formation of ordered structure. XRD results showed that by
changing the chain extender from BD to PMDA, crystallinity of PU was increased. It also verified the amorphous
nature of silica domains and polymeric materials, as well as
showed an increase in micro-crystallinity by the increase of
regularity in polymeric chain structure [25,58,59]. The
percentages of hard and soft segments, dianhydride and 1,4butadiol are estimated from equations (1–5) [45], and the
results are presented in table 1.
Hard segment content =
ð1Þ
fHDI + PMDAgðweightÞ
ðwt%Þ
fHDI + PEG + Glycidol + PMDAgðweightÞ
Hard segment content =
fHDI + BDgðweightÞ
ðwt%Þ
HDI
+
PEG
+ Glycidol + BDgðweightÞ
f

ð2Þ

Soft segment content = 100  Hard segment contentðwt%Þ
ð3Þ
PMDA content =
ð4Þ
fPMDAgðweightÞ
ðwt%Þ
fHDI + PEG + Glycidol + PMDAgðweightÞ
BD content =
fBDgðweightÞ
ðwt%Þ
fHDI + PEG + Glycidol + BDgðweightÞ

ð5Þ

Figure 7A shows TGA thermograms of silica, SNH2,
SMA and SD. Based on the results, silica is thermally
stable and reaches to char yield of 99.3% at 700°C. This
weight loss is related to physically adsorbed water and also
condensation of silanol groups at the silica surface [41]. As
the result of APTES functionalization of silica, char yield
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H NMR spectra of (A) EPUB and (B) EPUI.
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Figure 6. XRD patterns of CEPUI, CEPUB, SNH2, SMA, SD
and CEPUI-SD8.

decreases by 19.2%, from 99.4 to 80.1%. Such a decrease in
char yield value is relatively higher than 19.2 wt% of
APTES functionalities in SNH2. APTES coupling agent
loses only H2N-(CH2)3 moieties within the pyrolysis
reaction. Therefore, the 19.2% descent in char yield is
mainly related to the organic H2N–(CH2)3 moieties,
meaning that the APTES amount should be higher than
this slump [37]. As a result of methyl acrylate modification of SNH2, char yield is reduced by 3.3% in comparison
with the SNH2, from 80.1 to 76.8%. The 3.3% decrease in
char yield could mainly be ascribed to the methyl acrylate
moieties. This shows that 22.5 wt% of SMA is composed
from organic segments. Char yield decreases from 76.8 to
75.5% with the addition of EDA to SMA, which shows
that dendrimer content corresponds to the 23.8 wt%
decrease in char yield, from 99.3 to 75.5%. Grafting ratio
of different chemicals in each modification step could be
estimated from equation (6) [60–62]. Based on the calculations, grafting ratio of APTES at the first modification
step (preparation of SNH2) is 0.238, grafting ratio for the
addition of methyl acrylate to SNH2 is 0.034, and finally
grafting ratio of EDA to SMA at the last step of modification (preparation of SD) was 0.013.
Gr;M ¼

w%M
100  w%M

ð6Þ
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where w%M and Gr,M are mass loss and weight grafting
ratio of modifier, respectively. DTG curves of silica,
SNH2, SMA and SD are displayed in figure 7B. The
detailed results extracted from DTG thermograms and the
peak points in each degradation step are presented in
table 2.
TGA and DTG thermograms of CEPUB, CEPUB-SD4
(cured EPUB composite with 4 wt% of SD), CEPUB-SD8,
CEPUI, CEPUI-SD4 (Cured EPUI composite with 4 wt% of
SD) and CEPUI-SD8 are displayed in figure 8A, B,
respectively. TGA was performed on hybrid composites for
investigation of the effect of BD and PMDA as different
chain extenders and also SD as the curing agent on the
thermal stability of PU matrix. The weight percentage of
chain extenders in hybrid composites is 2.88 and 6.55% for
the BD and PMDA, respectively. SD was also used in 4 and
8 wt% in the hybrid composites. All the composites show a
two-step degradation behaviour, as displayed in DTG
thermograms (figure 8B). The first weight-loss step originates from PU chain decomposition in 200–350°C. This
degradation stage demonstrates that the initial degradation
occurs at the HDI hard segments because of the breakage of
urethane bonding. The second dissociation is observed at
350–450°C, which could be ascribed to dissociation of the
PEG soft segment and imide rings of PU. The carbonyl
groups of PMDA form hydrogen bonding with urethane
groups, which could reduce the polymer segmental and
chain mobility due to its effective physical crosslinking
effect that finally results in thermal stability improvement.
As shown in table 2, T10% as a measure of thermal stability
was increased with the addition of PMDA and SD. In the
case of CEPUI, CEPUI-SD4 and CEPUI-SD8, the majority
of weight loss occurred at 370–412°C. The major weight
loss was observed in between 350 and 380°C in CEPUB,
CEPUB-SD4 and CEPUB-SD8. This shows that the incorporation of imide moieties resulted in the improvement of
thermal stability of the PU composites. HDI and BD are
both linear and aliphatic with higher mobility compared to
the more commonly used PMDA hard segment. Such a high
mobility resulted in a more complete and quick phase
separation, and finally leads to a decrease in thermal stability in CEPUB in comparison with CEPUI [63,64].
Incorporation of SD as the curing agent into EPUB and
EPUI matrices resulted in increase of thermal decomposition temperature, due to increased interaction of SD and the
matrix, high degree of dispersion, and less tendency toward
aggregation. On the other hand, SD acted as the crosslink
points and limited movement of the PU chains. By the

Table 1. The molar ratios used for the synthesis of PUs and also contents of hard segment, soft segment, dianhydride, and 1,4 butandiol.
Sample

Components

Molar ratio

Hard segment (wt%)

Soft segment (wt%)

PMDA (wt%)

BD (wt%)

EPUI
EPUB

PEG/HDI/PMDA/glycidol
PEG/HDI/BD/glycidol

1/2/0.33/1.34
1/2/0.33/1.34

36.94
34.46

63.06
65.54

6.55
—

—
2.88
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(A) TGA thermograms of silica, SNH2, SMA and SD, and (B) DTG thermograms of SNH2, SMA and SD.

Figure 7.

Table 2.

Bull. Mater. Sci. (2021)44:199

The data obtained from TGA and DTG thermograms.

Sample
Silica
SNH2
SMA
SD
CEPUB
CEPUB-SD4
CEPUB-SD8
CEPUI
CEPUI-SD4
CEPUI-SD8

T10% (°C)

Tmax (°C)

Char residue (%)

Gr 9 102

—
411.9
289.1
278.3
248.2
272.4
269.2
277.2
285.3
295.6

—
56.5 and 488.3–529
56.5, 208.4, and 450.6–492.6
53.3, 185.7, and 441.9–509.5
250.1, 302.7, and 369.1
314.7 and 370.1
319.3 and 365.4
319.7 and 389.4
311.9 and 392.6
312.8 and 387.2

99.3
80.1
76.8
75.5
0.8
4.2
5.2
7.1
9.1
9.1

—
23.8
3.4
1.3
—
—
—
—
—
—

T10% is the temperature at which 10% weight loss occurs; Tmax is the maximum decomposition temperature; and char residue is weight percent of the
remained polymer at 700°C.

Figure 8.

(A) TGA and (B) DTG thermograms of CEPUB, CEPUB-SD4, CEPUB-SD8, CEPUI, CEPUI-SD4 and CEPUI-SD8.

addition of SD as the curing agent, silica nanoparticles
played the role of thermal cover layer and delayed direct
thermal decomposition of polymer matrix upon increase of

temperature. These nanoparticles could offer a large surface
area for improvement of the thermal cover effect [65].
Finally, the cured epoxy-modified PU with PMDA chain
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Figure 9. (A) SEM image of silica. TEM images of (B) PAMAM-modified silica nanoparticles and (C) CEPUI-SD8.

extender showed higher char residue (7.1 against 0.8 for
CEPUI in comparison with CEPUB), as a result of its
thermally stable backbone, which originates from the
presence of aromatic structure. In addition, char residue
increased with increasing of SD content for all the composites (table 2).
Figure 9 displays SEM and TEM images for silica,
PAMAM-modified silica nanoparticles and CEPUI-SD8.
Considering the SEM and TEM images of the pure and
PAMAM-modified silica nanoparticles, as respectively
given in figure 9A and B, the nanoparticles have diameters
of 10–20 nm, and are in aggregated form. Nevertheless,
they are uniformly dispersed in the CEPUI-SD8 matrix, as
shown in figure 9C.

4.

Conclusion

Two different epoxy-terminated PUs (EPUB and EPUI)
with two different chain extenders (BD and PMDA,
respectively) were synthesized and cured in the presence of
PAMAM dendrimer-grafted silica (SD) in different contents. Chemical structure of EPUI and EPUB was verified
using FTIR and 1H NMR analyses. Functionalization of
silica nanoparticles with APTES was confirmed by showing
stretching vibration of Si–O, the bands related to the CH2
units, and also bending vibration of N–H units in FTIR
spectra. Dendrimer formation on silica nanoparticles was
also confirmed by the N–C=O band at 1651 cm–1. XRD
results showed that changing the chain extender from BD to
PMDA resulted in higher micro-crystallinity of PU. TGA
results presented that 23.8 wt% of SNH2 is made of APTES,
3.4 wt% of SMA is composed of MA, and 1.3 wt% of SD is
made of EDA. Thermal properties of the epoxy-terminated
PUs were improved with increasing SD content, as a result
of increase in crosslinking density and also using PMDA as
the chain extender. Finally, the cured epoxy-modified PU
with PMDA chain extender showed higher char residue (7.1
against 0.8% for CEPUI in comparison with CEPUB). This
char residue increased alongside with the increase of SD
content for all the hybrid nanocomposites. The uniformity

of SD dispersion in the matrix of CEPUI-SD8 was also
confirmed by TEM.
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