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Abstract. Ureido-pyrimidone (Upy) can dimerize in a self-complementary array of quadruple hydrogen bonds. In this paper,
supramolecular polymer composites were prepared by blending Upy functionalized nanosilica with Upy end-capped polycarbonatediol. Surface characteristics of Upy functionalized nanosilica and influences of supramolecular forces on interfacial
binding were researched. Fourier transform infrared spectroscopy (FTIR), Nuclear magnetic resonance (NMR) and Gel permeation chromatography (GPC) were used to characterize the synthesized molecules. Grafting ratio of Upy segments on
the surface of nanosilica was analysed by Thermogravimetic analysis (TGA). Hydrophobicity and morphology of Upy modified nanosilica were analysed by Contact angle tester and Scanning electron microscope (SEM). Furthermore, dynamic
thermo mechanical properties, mechanical properties and distribution of nanosilica in supramolecular polymer composites
were also researched. Compared with the matrix resin, tensile stress and young's modulus of supramolecular polymer composites containing 5 wt% modified nanosilica were increased by 292 and 198% respectively.
Keywords: nanocomposites, quadruple hydrogen bonds, self-assemble, Upy

1. Introduction

properties [14, 15]. Li et al. [16] obtained the switchable superhydrophobic nanosilica under alternating
ultraviolet light by introducing coumarin groups onto
the surface of nanosilica. Necklaces (rings) structure
could be assembled under ultraviolet light (365 nm).
Recently, supramolecular polymer is popular in many
applications, such as liquid crystalline polymers,
smart materials and thermoplastic elastomers [17–
22]. This kind of advanced materials possesses excellent mechanical properties at room temperature and
a low melt viscosity at elevated temperatures because of the reversible non-covalent bonds [23].
It will be interesting if non-covalent bonds can be
introduced into the polymer composites, because the
supramolecular interaction from non-covalent bonds
can act as the interface binding force between nanoparticles and matrix, which may greatly improve the
interfacial binding of polymer composites. It means

In recent years, organic-inorganic hybrid materials
play an important role in preparing high performance
or functional polymers, which have sparked great interest of researchers and engineers [1–3]. Hybrid materials exhibit advantageous properties, such as high
tensile strength and modulus, low curing shrinkage,
good chemical and corrosion resistance, and excellent dimensional stability [4–6]. Properties of nanocomposites are acutely dependent on the dimensions,
shapes of particles and interfacial binding between
nanoparticles and matrix [7, 8]. Nanosilica has wide
applications in the fields of coating, rubber and plastic [9–11]. However, nanosilica easily agglomerates
due to its quite large specific surface areas [12, 13].
Surface functionalization of nanosilica is considered
as the most effective method to solve the problem of
agglomeration and endows nanosilica with special
*
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2. Experimental Section
2.1. Materials

that functional groups should be grafted onto the surface of nanoparticles. For this purpose, a suitable unit,
possessing the ability of forming non-covalent bonds,
should be searched. Ureido-pyrimidone (Upy) units
have the ability of self-recognition to form quadruple
hydrogen bonds [24–26]. Stable complexes with donor-donor-acceptor-acceptor (DDAA) arrays would
be formed, which dimerize with high association constant (Kdim = 6·107 M–1 in chloroform and 6·108 M–1
in toluene) [19, 27, 28]. Energy of this multiple hydrogen bonds can be far greater than single hydrogen
bond [29–31]. The method of constructing supramolecular polymers with Upy units has been widely applied because of simple synthesis procedure, insensitive tautomerization. Biyani et al. [32] reported a
kind of light-healable nanocomposites based on a
telechelic poly(ethylene-cobutylene). As reported,
Upy-NCO, used as an end-capping agent, was synthesized with 2-amino-4-hydroxy- 6-methylpyrimidine(MIS) and hexamethylene diisocyanate
(HDI). However, it showed that the end-capping reaction was inefficient and the subsequent product
could not be well purified due to poor solubility of
Upy-NCO. Mechanical properties were not greatly
improved by adding Upy functionalized cellulose
nanocrystals. Shokrollahi et al. [33] researched novel
composites based on supramolecular polycaprolactone and functionalized hydroxyapatite. Upy-NCO
was used to terminate polycaprolactone and graft onto
the surface of hydroxyapatite. The prepared supramolecular composites presented excellent bioactivity
and mechanical characteristics of bioceramics.
In this paper, Upy-IPDI, possessing excellent solubility in majorities of organic solvent, was prepared
by functionalized MIS with isophorone diisocyanate
(IPDI). This synthon was used for the modification
of nanosilica and synthesis of hydrogen bonded
supramolecular polymer. By grafting silane coupling
agent onto the surface of nanosilica and sequentially
end-capping with Upy-IPDI, the surface characteristics of Upy modified nanosilica was greatly changed.
Meanwhile, the matrix resin of quadruple hydrogen
bonded supramolecular polymer was synthesized by
end-capping polycarbonatediol with Upy-IPDI.
Supramolecular polymer composites prepared by
simple physical blending exhibited excellent mechanical properties owing to the strong interfacial
binding.

Isophorone diisocyanate (IPDI) and Dibutyltin dilaurate (DBTDL) were provided by Aladdin Reagent
Co., Ltd. (Shanghai, China). 2-amino-4-hydroxy-6methylpyrimidine (MIS) was provided by J&K Chemical Ltd. (USA). Heptane, Dimethylformamide (DMF)
and Ethanol were provided by Guangzhou Chemical
Reagent Factory (Guangzhou, China). All of the above
chemicals were used as received. Polycarbonatediol
(PCDL, Mn = 2000) provided by Asahi Kasei Chemical Corporation (Tokyo, Japan) was dried under high
vacuum at 110 °C for 4 hours. Toluene, received from
Guangzhou Chemical Reagent Factory (Guangzhou,
China), was dried by CaCl2 and distilled over CaH2.

2.2. Synthesis of Upy-IPDI
Upy-IPDI was synthesized according to a previous literature [34, 35]. The chemical structure and reaction
of monomers are shown in Figure 1a. 2-Amino-4-hydroxy-6-methylpyrimidine (MIS, 15 g, 120 mmol) and
isophorone diisocyanate (IPDI, 150 g, 675.68 mmol)
were added to a 250 mL round bottomed flask fitted
with a reflux condenser. The mixture was stirred at
90 °C under dry nitrogen. After a transparent liquid
appearing, 500 mL heptane was added and the resulted precipitate was filtered, washed with a large
excess of heptane to remove the unreacted IPDI and
then purified with heptane according to Soxhlet extraction method. The product was dried under a vacuum at 40 °C for 24 hours.
2.3. Synthesis of Upy modified nanosilica
(SiO2-Upy)
Nanosilica (SiO2) was obtained by the method of stober with a size of 80 nm [36]. The modification steps
are shown in Figure 1b. The obtained SiO2 (5 g) was
dispersed in ethanol with a round bottomed flask. (3Aminopropyl)triethoxysilane (APTES, 0.50 g) was
added and stirred at 100 °C for 6 hours. Nanosilica
modified with amino-functional silane coupling agent
(SiO2-NH2) was obtained by centrifuging and repeated washing. The dried SiO2-NH2 (4 g) was dispersed
in toluene and then Upy-IPDI (1 g) was added. The
mixture was stirred for 4 hours at 60 °C under dry nitrogen. After cooling to room temperature, the mixture
was centrifugalized and washed repeatedly. Soxhlet
extraction method with toluene was used for further
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Figure 1. The preparation processes of Upy-IPDI (a), SiO2-Upy (b) and PLY (c)

named as PLY0, PLY5SiO2-Upy, PLY10SiO2-Upy,
PLY15SiO2-Upy, were prepared. By comparison, sample containing 5 wt% SiO2-NH2 (PLY5SiO2-NH2)
was also obtained.

purification. The final product (SiO2-Upy) was obtained after being dried in a vacuum at 50 °C for
48 hours.

2.4. Synthesis of supramolecular polymer
(PLY)
Synthesis steps of PLY are shown in Figure 1c. PCDL
(20 g, 10 mmol) and Upy-IPDI(7.29 g, 21 mmol) were
dissolved in toluene(50 mL) under a dry N2 atmosphere. A drop of DBTDL was added and stirred at
60 °C. FTIR and 1H MNR analysis was used to track
the end-capping process. After consuming all the –OH
groups (100%), which took over almost 14 hours.
The solution was precipitated with ethanol (300 mL).
The solid was filtered and dried under a vacuum at
60 °C for 2 days.

2.6. Measurements
FTIR spectrometric analysis was carried on American FTS-3000 infrared spectrometer in the optical
range 400–4000 cm–1 with KBr pellets. The MIS or
Upy-IPDI powder was mixed with potassium bromide to prepare samples. Sample of PLY was obtained
by coating the surface of KBr pellets with polymer
solution and drying with infrared baking lamp.
1
H NMR spectra recorded by Varian Mercury Vx-600

2.5. Preperation of supramolecular polymer
composites
Figure 2 shows the self-assembly mechanism of
supramolecular polymer composites. The preparation
method of supramolecular polymer composites is as
follows. SiO2-Upy was dis-persed in DMF. Then the
prepared PLY was added and stirring was continued
for one hour. The mixture was poured into the PTFE
(polytetrafluoroethylene) dishes. After evaporating
almost all of the solvent under 80 °C, the films were
further dried under a vacuum at 60 °C for 3 days.
Samples containing 0, 5, 10, and 15 wt% SiO2-Upy,

Figure 2. Self-assembly mechanism of supramolecular polymer composites
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dry particles on the surface of conductive adhesive
tapes. Furthermore, the dispersion of particles in solvent or in supra-molecular polymer was observed.
Preparation of samples was as follows. Ultrasonic dispersed particles in solvent were dropped on the surface of mica plate and dried at 80 °C. Samples of
supramolecular polymer composites were placed in
liquid nitrogen for a few minutes and took out with
a cold-brittleness. The distribution of particles in the
matrix was evaluated by observing the morphology
of brittle fracture section.

spectrometer at 600 MHz were used to track the reaction process and confirm molecular structure. The
samples were prepared in CDCl3 with TMS. The polymer number-average molecular weight and molecular weight distribution were analysed by Gel Permeation Chromatography (515/717/2996, provided by
Waters Corporation, using a PLgel 5 um MIXED-C
(200–2·106 g/mol) column in series with a Plgel 5 um
MIXED-D (200–4·105 g/mol) column.). Thermogravimetric analysis(TGA) was performed by using
a TG209F1(provided by NETZSCH) instrument. The
contact angle of water on surface of nanoparticles
was performed by a contact angle meter (DSA100,
Germany) at room temperature. 5 uL deionized water
droplets were added on the samples from the probe,
and the images were caught immediately. Three tests
were averaged for each sample. The thermal mechanical properties were analyzed by Dynamic mechanical analysis (DMA) on a DMA242C (provided by
NETZSCH) instrument, operating in tensile mode at
a frequency of 1 Hz and a heating rate of 3 °C/min.
The dimensions of the film samples were 18 mm×
6 mm for the DMA measurements and the thickness
was measured with a precision thickness gauge. The
tensile strength was obtained from a tension tester
(5500R, Instron Company), using a crosshead speed
of 500 mm/min according to ISO 37:2005 method.
All samples were stamped into dumbbell shape specimens of 25 mm in length, 4 mm in width for tensile
measurements. The thickness of the specimens was
measured with a precision thickness gauge before
each test. Each sample was measured 5 times and
taken the average. SEM measurement was performed
on a LEO1530VP (provided by Zeiss in Germany).
Surface morphology of the nano-particles was
analysed through the samples prepared by sprinkling

3. Results and discussion
3.1. Chemical structural analysis of Upy-IPDI
The FTIR analysis of MIS and Upy-IPDI is shown
in Figure 3. In the spectra of MIS and Upy-IPDI, the
band appearing at 1662 cm–1 is originated from carbonyl (C=O) groups which belong to the stretching
vibration of ketone carbonyl (=HCCON=). However, in the spectrum of Upy-IPDI, closing to peak at
1662 cm–1, partially overlapping peak appears at
1700 cm–1 which is due to the stretching vibration
of urea carbonyl (–NHCONH–). The presence of urea
carbonyl can prove the successful reaction of MIS
and IPDI. In the spectrum of Upy-IPDI, a broad and
strong absorption peak appears at 2270 cm–1 which
is attributed to the stretching vibration of –NCO. It
means that active isocyanate groups exist in the
product. In the spec-trum of MIS, the band split into
two peaks at 3332 and 3074 cm–1 corresponds to the
stretch-ing vibration of amino groups (–NH2). After
reacting with IPDI, the characteristic absorption peaks
of amino groups disappear and only the stretching
vibration of N–H at 3350 cm–1 is observed.
Figure 4 shows the 1H NMR spectra of IPDI and UpyIPDI. IPDI is composed of cis and trans isomers and
each configuration has two types of –NCO groups,
which makes Upy-IPDI possess four different isomers and more complex hydrogen spectrum. Beijer
et al.’s work showed the detailed characterization of
ureidopyrimidinone functional groups [34]. Here,
peaks at 13.03, 11.92, 10.07 and 5.84 ppm are from
the hydrogen protons in Upy groups, which is in accordance with Beijer et al.’s results. Among them,
peaks at 11.92 and 10.07 ppm correspond to the newly
generated NH protons. For the convenience of explaining 1H NMR spectrum of Upy-IPDI, spectrum
of IPDI in Figure 4a is characterized as a comparison. Referring to Ono’s research on characterization
of IPDI [37], peaks at 3.66 and 3.05 ppm are due to

Figure 3. FTIR spectra of MIS and Upy-IPDI
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Figure 4. 1H NMR spectra of IPDI (a) and Upy-IPDI (b)

and MIS in Upy-IPDI product, peaks of the newly
generated hydrogen protons in 10.07 and 11.92 ppm
are used as benchmarks. Peaks at 13.03, 3.61 and
3.04 ppm are compared with the above benchmarks.
If IPDI or MIS was not completely extracted from
Upy-IPDI, ratio of the integral of hydrogen protons
would have a large deviation from the ratio of actual
number of hydrogen protons in Upy-IPDI. It can be
observed that integral ratio is close to ratio of the
number of hydrogen protons in Upy-IPDI. The most
likely residual impurities in our products are IPDI
and MIS, so high purity of Upy-IPDI possesses.

the hydrogen protons of CH–NCO and CH2–NCO
respectively. Integration of the two kinds of hydrogen
protons is consistent with the numbers of hydrogen
protons in IPDI. In order to verify the absence of IPDI

3.2. Modification analysis of nanosilica
Figure 5 is the FTIR spectra of SiO2, SiO2-NH2 and
SiO2-Upy. Peaks in the spectra of pure and modified
nanosilica, originated from the stretching vibrations
of hydroxyl (–OH) groups, are observed at 3433,

Figure 5. FTIR spectra of pure and modified SiO2
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Figures 6 shows that mass loss of pure SiO2 is
9.86 wt%, whereas the mass loss of SiO2–NH2 and
SiO2-Upy increases to 13.80 and 24.12 wt% respectively. The grafting rate can be calculated referring
to Wei and Zhou’s analysis [38, 39]. Below 200°C, the
mass loss is resulted from the evaporation of absorbed water. In TG curve of SiO2, the mass loss
from 200 to 750 °C is 5.52wt%, which is from the
loss of bound water and chemical dehydration of silicon hydroxyl. However, mass loss of SiO2–NH2 from
200 to 750 °C is up to 8.93 wt% which is mainly attributed to the decomposition of silane coupling agents
except the loss of bound water, chemical dehydration
of silicon hydroxyl. In DTG curve of SiO2-Upy, three
obvious mass loss steps appear, which correspond to
the mass loss of absorbed water, grafted segment of
Upy-IPDI and decomposition of silane coupling
agents. From the DTG curve of SiO2-Upy, an obvious weightlessness occurred between 225 and 350 °C
and the mass loss was about 12.17 wt%, which was
resulted from the grafted segment of Upy-IPDI and
very little bound water. Armstrong and Buggy [40]
researched the thermal degradation of Upy synthon.
As reported, thermal degradation temperature of Upy
units was occurred from 225 to 350 °C. This is consistent with the degradation temperature of Upy-IPDI.
Here, we can choose 225 °C as the initial decomposition temperature and 350 °C as the final decomposition temperature. Because the grafted segment of
silane coupling agents are decomposed only above
400 °C. Excluding the little bound water (similar to
the mass loss of pure SiO2, which was calculated as
1.14wt% between 225 and 350 °C), 11.03 wt% of
Upy-IPDI is grafted onto the surface of nanosilica.

Figure 6. TG and DTG curves of pure and modified nanosilica, a) SiO2, b) SiO2–NH2, c) SiO2-Upy

3.3. Hydrophobicity and morphology analysis
of nanosilica
Figure 7 shows the contact angle and surface morphology of nanosilica. The pure nanosilica is a kind
of hydrophilic nanoparticles owing to the large numbers of hydrophilic hydroxyl on the surface of nanosilica. From the TG curve of SiO2–NH2 (Figure 6b),
a certain amount of silane coupling agent is grafted
onto the surface of nanosilica. However, hydrophilic
amino groups are introduced as the silane coupling
agent being grafted onto the surface of nanosilica,
which cannot improve the hydrophobicity of nanosilica. In Figure 7a, the contact angle test shows that
SiO2–NH2 particles are still strongly hydrophilic.

1630, 801 and 570 cm–1. After being modified with
APTES, overlapped symmetric and asymmetric vibrations of methylene (CH2) groups are observed at
2925 and 2850 cm–1 in the spectrum of SiO2–NH2.
This can be the evidence of successful modification
with silane coupling agent. Upy groups were grafted
by the reaction of –NH2 and –NCO. The bands appearing at 1700, 1662, 1558 cm–1 are originated
from urea carbonyl (–NHCONH–), ketone carbonyl
(=HCCON=) and C–N respectively. These are typical absorption of the Ureido-pyrimidone (Upy) units.
It can prove that Upy groups are successfully grafted
onto the surface of nanosilica.
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Figure 7. Contact angle (a) and surface morphology (b) analysis of modified nanosilica

drops can sit partially on air, which strengthens the
hydrophobicity of the surface.

After being grafted with Upy-IPDI onto the surface
of nanosilica, contact angle of water on surface of
SiO2-Upy can reach to 142° due to its low surface energy. Figure 7b shows the surface morphologies of
SiO2–NH2 and SiO2-Upy. It can be observed that the
SiO2–NH2 particles are closely connected, which results no cavities among particles. However, particles
of SiO2-Upy are loosely agglomerated, and large
numbers of cavities can be observed. This change
about hydrophobicity of nanosilica is similar to the
research of Li et al. [16]. Firstly, Upy-IPDI is a hydrophobic chain which can contribute to improve the
hydrophobicity of SiO2-Upy particles. Secondly,
Strong quadruple hydrogen bonding interactions
from Upy units on the surface of particles lead to
form aggregations via self-assemble. This kind of
multiple hydrogen bonds make the particles to grow
like branches. The accumulation of branched particles causes large numbers of cavities among the particles. The existence of cavities among particles may
make the surface of particles more difficult to be
wet. The air can be trapped in the cavities as the
water being dropped at the surface of particles. The

3.4. Dispersion of nanosilica in different polar
solvent
Figure 8a and 8c show the dispersion of SiO2–NH2
and SiO2-Upy in DMF. Excellent dispersive ability
of SiO2-Upy in DMF possesses, but a lesser degree
of agglomeration occurs to SiO2–NH2. Polar solvent
can greatly weaken the interactions of quadruple hydrogen bonds [27], which makes the dimmers, formed
by Upy groups on the surface of SiO2-Upy, to be dissociated. However, poor dispersion of SiO2–NH2 and
SiO2-Upy in toluene can be observed in Figure 8b
and 8d respectively. All of the particles are aggregated
to form a continuous film. Moreover, compared with
the agglomerated SiO2–NH2, the SiO2-Upy seems to
form a porous surface. Relative long molecular chains
were grafted onto the surface of nanosilica, which
resulted larger distance among SiO2-Upy particles.
This may make SiO2-Upy particles easily disperse in
DMF solvent. Due to the self-recognition of Upy
groups on the surface of particles, quadruple hydrogen
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Figure 8. SEM analysis of nanosilica in different polar solvent (a) and (c) were dispersed in DMF, (b) and (d) were dispersed
in toluene)

bonds will be formed in weak polar solvent, making
the particles agglomerate loosely.

Table 1. Molecular weight characterized by GPC in THF
Sample
PCDL
PLY

3.5. Structural analysis of PLY
Figure 9a shows the FTIR spectra of PCDL and PLY.
In the spectrum of PCDL, the band of hydroxyl
(–OH) groups appears at 3556 cm–1. After end-capping with Upy-IPDI, some difference happens with
the spectrum of PLY. None of the band of hydroxyl
(O–H) groups can be observed at 3556 cm–1. At the
same time, absorption peak at 3330 cm–1, stretching
vibration of N–H, appears. The absorption peak at
1527 cm–1 corresponds to the bending vibration of
N–H in carbamate groups (–HNCO–). The presence
of carbamate groups means that PCDL has been successfully end-capped with Upy-IPDI. Also, two relatively weak peaks appear at 1699 and 1660 cm–1
which are respectively resulted from the stretching
vibration of urea carbonyl (–HNCONH–) and ketone
carbonyl (–HCCON=) on the Upy groups. Figure 9b
is the 1H NMR spectrum of PLY. At 13.09, 11.89,
10.01, 5.82 and 2.17 ppm, hydrogen protons on Upy
moieties are appeared. These are typical peaks of the
Upy units in 1H NMR spectrum. Peaks of hydrogen

Mn
2 564
13 266

Mw
3 711
22 233

Polydispersity
1.45
1.68

protons in segment of PCDL can also be observed at
4.11 pm. The molecular weight of PCDL and PLY
was characterized by GPC in THF. The results are
shown in Table 1. Provided by Asahi Kasei Chemical Corporation, PCDL is analysed with a molecule
weight of 2564. After being attached with Upy moieties at the chain-ends, the molecular weight of PLY
is greatly enhanced to 13266. In weakly polar solvent,
the PLY can be further polymerized to form larger
molecular weight polymer because of self-recognition from Upy units. Results of FTIR, 1H NMR and
GPC can prove that PCDL is successfully end-capped
with Upy-IPDI.

3.6. Thermogravimetry analysis of
supramolecular polymer nanocomposites
Thermogravimetry analysis of supramolecular polymer nanocomposites containing 0, 5, 10, 15 wt% of
modified nanosilica is shown in Figure 10 and Table 2.
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Figure 9. FTIR (a) and 1HNMR (b) spectra of PLY

The thermal decomposition temperatures of PLY
show that T5%, T50% and Tmax are a bit lower than the
com-posites. Nanosilica has higher specific heat and
better thermal performance compared with the matrix
resin [41, 42]. When the composites are heated, nanosilica can absorb more heat than the matrix resin,
which can defer the decomposition of the PLY resin
in composites. We had previously discussed that
Upy-IPDI decomposed from 225 to 350 °C. However,
698

no obvious difference of decomposition temperature
(T5%, T50% and Tmax) can be observed from samples
of PLY5SiO2-NH2 and PLY5SiO2-Upy. The results
show that the addition of SiO2-Upy particles did not
deteriorate the thermal decomposition temperatures
of supramolecular polymer nanocomposites. In summary, the supramolecular polymer nanocomposites
have a bit higher thermogravimetric temperature than
the pure resin at the same weightlessness degree.
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Figure 10. TGA (a) and DTG (b) curves of supramolecular polymers composites
Table 2. Data of thermal properties of the supramolecular polymer composites
Sample
T5% [°C]
T50% [°C]
Tmax [°C]
Residue yield

PLY0
264.0
344.11
347.03
0.53%

PLY5SiO2-NH2
269.13
348.68
347.99
4.9%

PLY5SiO2-Upy
269.52
348.42
348.50
4.7%

PLY10SiO2-Upy
270.22
352.15
354.78
9.1%

PLY15SiO2-Upy
274.00
359.15
355.68
13.1%

increasing to 15wt%, the glass transition temperature
is up to –1.8 °C. The added SiO2-Upy, interacting with
supramolecular polymer by quadruple hydrogen
bonds, bounds the movement of the molecular chains,
which has an influence on the glass transition temperature. However, weak interfacial binding between
SiO2–NH2 and PLY performs. Particles of SiO2–NH2
are only dispersed in the PLY resin and none of
strong interactions can form between fillers and
resin. It is also observed that values of tanδ decrease
as the content of SiO2-Upy being increased. It means
that better elasticity of the composites possesses
when the SiO2-Upy particles are added. These are
consistent with the increasing storage modulus shown

3.7. Dynamic thermal mechanical analysis
DMA analysis is shown in Figure 11. Obvious temperature dependence of tanδ and storage modulus is
observed. In tanδ-temperature curves, the appeared
peaks from –15 to 0 °C are the glass transition temperature region of supramolecular polymer composites. With the content of SiO2-Upy increasing, the
glass transition temperature improves. Glass transition temperature of PLY5SiO2-Upy is –8.2 °C, which
is an enhancement of 4.9 and 3.2 °C than PLY0 and
PLY5SiO2-NH2, respectively. The results show that
SiO2-Upy is more effective in improving the glass
transition temperature than SiO2–NH2, along with the
same levels of particles. As the addition of SiO2-Upy

Figure 11. DMA curves of supramolecular polymer composites (tanδ–temperture curves (a) and E′–temperature curves (b))
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Figure 12. Fracturemorphology analysis of supramolecular polymer composites containing 5 wt% SiO2-NH2 (a), 5 wt%
SiO2-Upy (b), 10 wt% SiO2-Upy (c) and 15 wt% SiO2-Upy (d)

in Figure 11b. Larger storage modulus means better
elasticity. Strong quadruple hydrogen bonding interactions between SiO2-Upy and matrix resin exist.
These strong and reversible hydrogen bonds have
enhanced the interfacial binding between nanofillers
and matrix resin.

show that particles can be evenly distributed in the
PLY matrix. However, a small quantity of aggregations occurs to the samples containing 10 and 15 wt%
SiO2-Upy. In theory, SiO2-Upy particles can bond
with the Upy end-capped polymer chains but also can
self-assemble with each other. In the latter case, the
aggregations will appear, which may reduce the mechanical performance of polymer composites. When
the density of SiO2-Upy fillers in PLY matrix reaches
a certain extent, the filler-filler interaction may be
more favorable than the filler-matrix interaction. This
can be verified by comparing the distribution of particles in PLY5SiO2-Upy with PLY15SiO2-Upy.

3.8. Morphology analysis of nanocomposites
The distribution of nanoparticles in composites usually has a significant influence on the properties of
polymer composites. Samples containing 5 wt%
SiO2–NH2, 5 wt% SiO2-Upy, 10 wt% SiO2-Upy and
15 wt% SiO2-Upy were analysed by SEM, which are
shown in Figure 12 respectively. From the images,
almost none of naked particles can be observed and
all the particles seem to be coated by the resin. It
means that both SiO2–NH2 and SiO2-Upy particles
have good compatibility with the matrix resin. The
SiO2-Upy can bond with the Upy end- capped
supramolecular polymer or assemble itself via the
quadruple hydrogen bonding interaction. It is an ideal
state that all the particles of SiO2-Upy can bond with
the polymer matrix. In Figure 12a and 12b, samples
containing 5 wt% SiO2–NH2 and 5 wt% SiO2-Upy

3.9. Mechanical property of nanocomposites
The mechanical properties of supramolecular polymer nanocomposites with three different kinds of
nanofillers were tested, and corresponding stressstrain curves are shown in Figure 13. The data of
Young’s modulus, tensile stress and tensile strain is
summarized in Table 3. Stress-strain curves show that
PLY has similar properties of thermoplastic elastomer.
The actual molecular weight of supramolecular polymer (PLY) in solution state is not large, yet the dried
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Table 3. Data of mechanical properties of supramolecular polymer composites
Sample
Young’s modulus [MPa]
Tensile stress
[MPa]
Tensile strain
[%]

PLY0
9.2±0.6
5.3±0.3
710±13

PLY5SiO2-NH2
15.9±0.9
11.1±0.4
460±9

PLY5SiO2-Upy
27.4±1.6
20.8±0.9
510±17

PLY10SiO2-Upy
28.1±1.3
18.2±0.2
460±8

PLY15SiO2-Upy
32.3±2.4
17.5±0.4
400±11

self-assemble to form high molecular weight polymer via quadruple hydrogen bonds, which may result high tensile stress and tensile strain. Secondly,
quadruple hydrogen bonds can be formed when the
SiO2-Upy particles bond with PLY resin. The formation of this kind of hydrogen bonds will make a positive enhancement to the tensile stress and young's
modulus. Finally, SiO2-Upy particles can self-assemble with each other, leading to severe aggregations
of particles. The presence of aggregations will be
damaging to the mechanical properties.

4. Conclusions

Figure 13. Stress-strain curves of supramolecular polymer
composites

This work gives a new method for the preparation of
organic-inorganic hybrid materials. Upy end-capped
polycarbonatediol (PLY), a kind of quadruple hydrogen bonded supramolecular polymer, was synthesized. Meanwhile, Upy functionalized nanosilica
(SiO2-Upy) was obtained by grafting Upy functionalized isocyanate onto the surface of nanosilica.
Supramolecular polymer composites were prepared
by blending SiO2-Upy with PLY. FTIR, NMR and
GPC analysis confirmed the successful synthesis of
PLY and SiO2-Upy. The grafting rate of Upy-IPDI
segments on silica surface was as high as 11.03 wt%.
The rich Upy units on the surface of nanosilica make
the particles to form large numbers of cavities
among the particles, which was contributive to improve the hydrophobic property of SiO2-Upy particles. SEM analysis showed that SiO2-Upy could assemble to form aggregations via quadruple hydrogen
bonding in weak polar solvent, but a weakness to
this quadruple hydrogen bonding interac-tions in a
polar solvent. The SiO2-Upy particles were applied
in the PLY resin. 5 wt% SiO2-Upy could strongly
bond with PLY resin. Moreover, nanosilica could be
well coated by the resin and rare naked particles
were observed on surface of the brittle fracture section. Tensile tests showed that the tensile stress increased by 292% and Young’s modulus increased by
198% with the addition of 5 wt% SiO2-Upy. Herein,
we can envision that this study opened a new opportunity for the research of high performance composite materials.

PLY possesses excellent tensile stress which can be
up to 5.3 MPa due to the strong and reversible
quadruple hydrogen bonding interactions. The incorporation of SiO2–NH2 or SiO2-Upy makes a positive
contribution to the Young's modulus and tensile
strength. Tensile stress of PLY5SiO2-Upy and PLY5
SiO2–NH2 composites reach to 20.8 and 11.1 MPa
which increase about 292 and 109%, respectively.
Young’s modulus of PLY5SiO2-Upy and PLY5SiO2NH2 composites are up to 15.9 and 27.4 MPa, respectively. Compared with the matrix resin, Young’s
moduli are increased about 73 and 198%, respectively.
Although the distribution of SiO2-Upy and SiO2–NH2
in the PLY matrix is similar, the two fillers pos-sess
different reinforcing effect. Upy groups, exposing at
the surface of particles, can bond with the Upy endcapped polymer resin via strong quadruple hydrogen
bonds, which greatly increases the interfacial interaction between the nanoparticles and resin. Therefore, SiO2-Upy has better reinforcing effect under
the same level of nanoparticles. When the SiO2-Upy
is in-creased to 15wt%, tensile strength and elongation at break decrease to 17.5 MPa and 400%. This
is due to the fact that excess addition of SiO2-Upy
in PLY will lead to aggregations, which is consistent
with the observation in Figure 12. In the system of
PLY/SiO2-Upy com-posites, three forms of quadruple hydrogen bonds may exist because of the selfassembling of Upy groups. Firstly, the PLY can
701
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[11] Wu C. L., Zhang M. Q., Rong M. Z., Friedrich K.: Silica nanoparticles filled polypropylene: Effects of particle surface treatment, matrix ductility and particle species
on mechanical performance of the composites. Composites Science and Technology, 65, 635–645 (2005).
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