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1  Introduction

Multicomponent reactions have been developed as a power-
ful tool for the synthesis of structurally interesting materials 
for applications in nanotechnology [1]. Among the different 
kind of materials, 4H-pyrans are an important category of 
heterocycles due to many pharmacological, anti-inflamma-
tory and biochemical properties. Therefore, the synthesis of 
4H-pyrans and their derivatives have attracted much atten-
tion in recent years [2–5]. For example, Aytemir et al. [6] 
prepared a series of novel 3-hydroxy-6-methyl-2-substi-
tuted 4H-pyran-4-one derivatives as anticonvulsant agents. 
The anticonvulsant actions of prepared samples were deter-
mined in vivo by maximal electroshock (MES), subcutane-
ous Metrazol (scMet), and rotorod toxicity experiments for 
neurological deficits. Compound 2-[4-(4-Chloro-phenyl)-
piperazin-1-ylmethyl]-3-hydroxy-6-methyl-4H-pyran-
4-one was found to be protective against MES and could 
be valuable in several medicinal applications. Also the anti-
fungal activity was reported by Aytemir group for some of 
these derivatives. Saundane et  al. [7] was synthesized the 
2-amino-4-(5′-substituted 2′-phenyl-1H-indol-3′-yl)-6-aryl-
4H-pyran-3-carbonitrile derivatives, and presented them 
as antimicrobial and antioxidant agents. Due to its bi-func-
tionality nature, silane coupling agents are often used to 
modify the different oxide nanoparticle surfaces [8]. These 
coupling agents are able to link chemically to the hydroxyl 
units of oxide surfaces by hydrolysis reaction and preserve 
the defined spaces between the nano-materials in shape 
and prevent the agglomeration of these structures in the 
real applications media [9]. In fact the silicone modifiers 

Abstract  In this study, Knoevenagel condensation reac-
tion was performed to prepare a new designed silane cou-
pling agent from the reaction of the synthetic 4-H pyran 
derivative (EA) and 3-isocyanatopropyl triethoxysilane. 
The surface modification of silica nanoparticles by novel 
modifier was achieved by sol–gel technology. Also, in the 
next step, PVA/silica nanocomposites have been fabricated 
to investigate the chemical and physical properties of the 
new decorated nanoparticles. The surface modification of 
silica nanoparticles reduced the aggregation of nanoparti-
cles effectively using newly prepared silane coupling agent 
and showed the enhanced performance for host matrix. 
FT-IR analysis demonstrated that the six membered ring 
moieties have been covalently bonded to the surface of the 
SiO2 nanoparticles. The PVA/SiO2 nanocomposites includ-
ing 2, 5, 10 and 15 wt% nano contents have been prepared. 
Characterization of the prepared samples with FT-IR, field 
emission scanning electron microscopy (FE-SEM), and 
atomic force microscopy (AFM) confirmed the synthesis 
of the nanocomposites with good dispersion properties for 
nanoparticles. The particles size of ornamented nanoparti-
cles in nanocomposites are about 50–60  nm as character-
ized by FE-SEM and AFM analyses.

 *	 Mehdi Hatami 
	 hatami@bonabu.ac.ir

1	 Polymer Research Laboratory, Departement of Polymer 
Science and Engineering, University of Bonab, Bonab, Iran

2	 Department of Organic Chemistry, Faculty of Chemistry, 
University of Mazandaran, Babolsar 47416‑95447, Iran

3	 Nano and Biotechnology Research Group, University 
of Mazandaran, Babolsar 47416‑95447, Iran

http://crossmark.crossref.org/dialog/?doi=10.1007/s10904-017-0557-1&domain=pdf


1073J Inorg Organomet Polym (2017) 27:1072–1083	

1 3

provided separated zone between oxide structure and the 
other structures throughout the organic or organic–inor-
ganic segments by interaction with the spacer structure 
[10]. Actually the newly created functional groups on the 
surfaces of the nanoparticles can possibly guarantee the 
maximum compatibility between organic modified oxide 
particles and organic host matrices through the better inter-
action with functional units with matrices linkages. The lit-
erature survey procedure revealed that the silicon contain-
ing commercially available compounds as silane coupling 
agents could provide the different organo functional groups 
including thiol, amine, epoxide, acrylic and etc. on the sur-
face of nanoparticles by condensation reaction [11–13]. But 
the diversities of these structures with defined tasks were 
limited. Also the creation of new segments bearing specific 
molecules on the surface of metal oxide nanoparticles has 
been rarely reported in the literature. The 4-H pyran deriva-
tive grafted to the surface of silica nanoparticles as a new 
silane modifier reduced the aggregation of the nanoparticles 
by the steric repulsion forces and improved the dispersion 
properties of nanoparticles through interaction enhance-
ment with the matrix. Also the owning properties of 4-H 
pyran molecules were shielded and kept for final applica-
tion area in complexes. In recent years, many researchers 
studied the combinational properties of dispersed nano-
materials in polymeric matrices as nanocomposites [14]. 
The prepared constructions expanded the bonus of both 
organic systems as the flexible matrices and inorganic moi-
eties as dispersants. Numerous polymeric matrices have 
been inspected as the organic phase of the hybrids [15–18]. 
Polyvinyl alcohol (PVA) is a popular polymer with bio-
logical friendly characteristics and has been developed for 
bio-based applications such as synthetic wound dressing, 
artificial skin, and cardiovascular device [19]. PVA is an 
innocuous, optically transparent, water soluble, biocompat-
ible and environmental friendly polymer with excellent film 
forming properties. Furthermore vinyl alcohol is a valuable 
building block due to the reducing ability of the second-
ary alcohol groups and it has been recognized as a suitable 
host polymer matrix for nanoparticles [19–22]. Numerous 
oxides of transition elements like copper, zinc, titanium, 
etc. have been used to formulate the nanocomposites using 
PVA as a known matrix and their syntheses, characteriza-
tions, thermal decomposition behaviors and mechanical 
properties have been extensively studied and stated in the 
literature [23–26]. Our investigation in nanoparticles func-
tionalization and characterization directed to the novel syn-
thesis of trialkoxysilane compound as surface modifier for 
the treatment of metal oxide silica nanoparticles to produce 
organic modified silica. Based on Asghari et al. experience 
in the preparations of organic molecules with special fea-
tures for antibacterial and pharmaceutical applications [27], 
the novel modifier contains active moiety was prepared for 

treatment on silica nanoparticles to attain the biologically 
active nanocomposites with carrier properties. In this work, 
synthesis and characterization of the organic 4-H pyran 
structure was achieved in the first step. The new structure 
Ethyl 4-(2-chlorophenyl)-6-(hydroxymethyl)-8-oxo-2-(3-
(3-(triethoxysilyl)propyl)ureido)-4,8-dihydropyrano[3,2-b]
pyran-3-carboxylate (UPC) was prepared from the reaction 
of ethyl 2-amino-4-(2-chlorophenyl)-6-(hydroxymethyl)-
8-oxo-4,8-dihydropyrano[3,2-b]pyran-3-carboxylate (EA) 
and Triethoxy(3-isocyanatopropyl)silane (ICTES). Subse-
quently, the novel silane modifier was applied to partially 
bond to the surface of silica nanoparticles. Finally, fabrica-
tion of the PVA/silica nanocomposites and the effects of the 
novel silicon modifier on the PVA nanostructure properties 
have been investigated. The effects of surface treatment 
process on the morphological, thermal and physical prop-
erties of the nanocomposites were analyzed using FT-IR, 
UV–Vis, FE-SEM, AFM and TGA. Also AFM analysis 
was used to investigate the effect of the prepared 4-H pyran 
derivative-SiO2 dopant on the morphology of the PVA/
SiO2 bionanocomposites.

2 � Experimental

2.1 � Materials

All chemicals were purchased from Merck, Fluka, 
and Aldrich chemical companies. The PVA powder 
(Mw = 75,000  Da and degree of hydrolysis, DH = 98%) 
was obtained from Merck Chemical Co. and was used as 
received. The 3-isocyanatopropyl triethoxysilane (ICTES) 
obtained from Fluka Chemical Co. and used as obtained 
without further purification. Tetrahydrofuran (THF) was 
purified by refluxing and distilling from calcium hydride. 
All other reagents, of analytical-grade quality, were com-
mercial products and used as received.

2.2 � Characterization

A Jasco-680 Fourier transform infrared (FT-IR) spec-
troscope (Japan) was employed to examine the chemical 
bonds on the nanopartcles, surface modified nanoparticles, 
polymer and nanocomposites. Solids spectra were obtained 
with KBr pellets. Vibration bands were reported as wave-
number (cm−1). The dispersion morphology of the nano-
particles on PVA matrix was observed using field emis-
sion scanning electron microscopy [FE-SEM, HITACHI 
(S-4160)]. UV–Vis spectrophotometer (Cecil 5000 UV) 
was employed to gain the absorbance and transmittance 
behavior of the organic molecules, polymer and nanocom-
posite films in the wavelength range of 200–500 nm and the 
scan rate of 5 nm/min. The films for UV–Vis absorbance 
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measurements were organized by dividing films into pieces 
with a knife and were dried by vacuum at 50 °C for 10 h. 
The AFM topographic pictures were obtained using digital 
multimode instruments Compact Frame, Bruker.

2.3 � Synthesis of Organic Linker (EA)

The organic linker, namely Ethyl 2-amino-4-(2-
chlorophenyl)-6-(hydroxymethyl)-8-oxo-4,8-dihy-
dropyrano[3,2-b]pyran-3-carboxylate (EA) has been 
synthesized according to the procedure reported in our 
pervious article [27]. Concisely, 1 mmol of Kojic acid dis-
solved in water, 1 mmol of ethyl cyanoacetate, 1 mmol of 
2-chloro benzaldehyde and 20 mol% of potassium carbon-
ate were added in a two necked round-bottomed flask. The 
reaction mixture was stirred for 2  h at room temperature. 
The reaction progress was monitored by thin-layer chroma-
tography and the prepared product was filtered and recrys-
tallized by hexane/ethyl acetate (9:1). The yield of the reac-
tion was over 97%.

2.4 � Production of Novel Silane Coupling Agent (UPC)

5  mmol of EA, 5  mmol of ICTES, 10  mL of tetrahydro-
furan and three drops of triethylamine as catalysts were 
mixed in a three necked round-bottomed flask equipped 
with a mechanical stirrer, a nitrogen inlet and reflux con-
denser. The mixture was stirred and refluxed for 7 h. The 
solution precipitated in hexane, and UPC was dried under 
vacuum at 30 °C for 24 h. The reaction yield was over 95%.

2.5 � Reaction of Surface Modifier (UPC) with Silica 
Nanoparticles

The process of surface modification has been described in 
our previous study [22]. In that study the commercial silica 
nanoparticles were modified by synthetic benzothiazole 
derived silane coupling agent. Here, in-situ preparation of 
silica nanoparticles was targeted in which SiO2 nanoparti-
cles were prepared by acid catalyzed reaction using tetra-
ethyl orthosilicate (TEOS) in ethanol solution [28]. Briefly 
approximately 30  mL of TEOS is poured into a 100  mL 
flask and exactly 31 mL of Ethanol were added. The solu-
tion was mixed by magnetic stirrer. Then 38 mL of distilled 
water and 3–4 drop of concentrated HCl is added to the 
TEOS solution. The solution was stirred for 1.5 h at 60 °C. 
The molar ratio of TEOS:Ethanol:Water is 1:4:16. Subse-
quently the certain amount of UPC was added to the mix-
ture and sonicated for 20 min. The mixture was separated, 
washed with ethanol three times and stored in the dark cool 
situation. According to the dynamic light scattering (DLS) 
analysis result the z-average size of the nanoparticles was 
53.6 nm.

2.6 � Construction of the Modified SiO2/PVA 
Nanocomposites

5, 10 and 15  wt% of the organic modified nanoparticles 
were mixed with PVA solution. SiO2/PVA blends were 
stirred overnight and then casted. The resultant samples 
were spread in suitable cast. The samples were kept back 
at room temperature until dried. The fabricated nanocom-
posites were separated and dried at 70 °C under vacuum for 
2 h.

3 � Results and Discussion

3.1 � Synthesis of Novel Silica Modifier

The preparation method of 4-H pyran derivative, EA, is 
shown in Scheme 1. EA structure was prepared by multi-
component reaction of three different compounds in green 
media as described in Scheme 1. The reaction is known as 
Knoevenagel condensation reaction. The spectroscopic data 
related to the success in the synthesis of EA was reported in 
previous study [27]. After that, EA was reacted with ICTES 
to form the UPC structure. The UPC molecule contains dif-
ferent functional units such as amine, hydroxyl and others. 
Among the different mentioned units in the structure of 
EA, the amine group showed better tendency to react with 
isocyanate unit of ICTES. Therefore, the amine functional 
group in the 4-H pyran component was reacted with iso-
cyanate unit of ICTES to form urea linkage. The prepared 
structure contains a urea functional unit and was introduced 
as an active species of 4-H pyran silane coupling agent and 
used to modify the surface of silica nanostructures.

FT-IR spectroscopy was used to distinguish the nature of 
linkages between ICTES and EA structure. The identifica-
tion analyses of EA structure were reported in our pervi-
ous article [27]. FT-IR spectrum of UPCshowed two broad 
signals at 3386 and 3327  cm−1 corresponding to amine 
and hydroxyl functional units, respectively. The FT-IR 
spectrum obviously revealed bands at 1735, 1674 and 
1633 cm−1 as reported in our earlier study, which were gen-
erally attributed to the carbonyl stretching of ester, ketone 
and urea groups, respectively. Also the related peaks of 
O–Si, and C–Cl bonds stretching vibrations were detected 
at 1106 and 758 cm−1. These vibrations showed the reac-
tion between ICTES and pendent 4-H pyran. 1H-NMR and 
13C-NMR data of the UPCare reported in Table  1. Three 
signals in 1H-NMR at 3.19, 1.65 and 0.64  ppm which 
related to the alpha, beta and gamma methylene groups of 
urea unit respectively were clearly detected. The methylene 
and methyl substituent protons of triethoxy silane appeared 
as quartet and triplet at 3.83 and 1.24 ppm, respectively. A 
triplet signal at 1.04 ppm for the methyl group, a quartet at 
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3.99 ppm for the methylene group of the ethoxy moiety, a 
singlet at 4.82 ppm for the CH2 group of CH2OH, a triplet 
at 5.21  ppm for the OH group, a singlet at 5.54  ppm for 
the CH group, a singlet at 6.36 ppm for the CH group of 
the 4H-pyrone moiety, a broad signal at 6.60 ppm for two 
NH protons of urea group, a multiplets at 7.16–7.27 ppm 
and a doublet of doublet signals at 7.36 ppm for the aro-
matic protons clearly confirmed the structure. The number 
of peaks in 13C-NMR spectrum and the total numbers of 
carbon atoms for UPC structure confirmed these 24 signals 
as described in Table 1.

3.2 � Modification of SiO2 Nanoparticles

FT-IR spectrum of the SiO2 nanoparticles showed two 
characteristic peaks at about 3700–3200 and 1590  cm−1, 
which could be attributed to the stretching and bending 
vibrations of hydroxyl groups on the surface of SiO2 nan-
oparticles. Also, an absorption band below 700 cm−1 was 
appropriate to Si–O band. The sharp bands around 780, 
554 and 450 cm−1 were caused by various lattice vibrations 
associated to the connected silica oxide structures. In the 
FT-IR spectrum of the surface modified SiO2 nanoparticles 
(OMSN) the unique absorption band of Si–O–Si appeared 

at 1086 cm−1 and absorption peaks related to the modifier 
were obviously observed in the formation of the Si–O–Si 
linkage after hydrolysis and condensation. Furthermore, 
treated SiO2 by UPC illustrated the peak at 3424  cm−1 
related to the OH stretching, and peak at 2960 cm−1 related 
to the stretching vibration of CH units. Also a few low 
intensity peaks from 2000 to 1500  cm−1 were observed. 
The entire signals of the synthetic coupling agent were 
detected by slight displacements in wavenumber from the 
parent structure.

The weight of the organic structure grafted onto 100 g 
of silica nanoparticles was defined as the grafting percent-
age and was calculated from the thermogravimetry analysis 
(TGA). For OMSN, the grafting percentage were obtained 
by using thermogram by inspection of the residual weight 
of the prepared OMSN at 200 and 650 °C. TGA curve of 
the pure nanopartilces do not show any significant weight 
loss with temperature before 150 °C. But in the thermo-
gram of silica nanoparticles weight loss below 130 °C was 
observed. It can be attributed to evaporation of the residual 
moisture in the specimen [29]. For OMSN, weight loss 
at about 400–470 °C and a maximum degradation rate at 
430 °C was attributed to the degradation of UPC linked 
onto the surface of the pure silica nanoparticles. Grafting 

Scheme 1   Schematic illustration of the preparation of the EA, novel silane modifier as UPC, and surface modification of SiO2 nanoparticles 
(OMSN)
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amount of the UPC in the OMSN surface was calculated 
to be 6.5%. TG analysis of OMSN also showed the weight 
decreases gradually over 350 °C and the loss is about 5% 
at about 500 °C, which can be attributed to the thermal 
decomposition of UPC at higher temperatures due to the 
presence of chlorine atom and aromaric ring in the UPC 
structure.

PVA/SiO2 hybrid films were synthesized according to 
the synthesis pathway reported in our previous article [22]. 
The hydrogen bonding and van der Waals forces between 
polymer segments and OMSN was occurred and its chemi-
cal illustration was shown in Scheme 2. OMSN was intro-
duced in PVA matrix with different nano contents contain-
ing 2, 5, 10, and 15 wt%.

The structural compositions of the prepared nanocom-
posites were examined by FT-IR and UV–Vis spectroscopy. 
Figure  1b–e shows the FT-IR spectra of prepared sam-
ples. In the spectrum of neat PVA (Fig. 1a), the distinctive 
absorption peak at around 3500–3400  cm−1 is attributed 
to the O–H stretching vibration of hydroxyl groups. The 
absorption peak in the region of 2941  cm−1 is related to 
the stretching vibrations of CH and CH2 groups and also 
the peak at 1428 cm−1 may be corresponding to the C–H 
bending vibration in the PVA chains. Furthermore, a strong 
absorption peak at 1741 cm−1 is associated to the carbonyl 
functional units of the residual unreacted acetate groups 
presented after production process in PVA. The absorp-
tion peak at 1094  cm−1 is associated to the C–O stretch-
ing vibrations related to the PVA matrix. In the FT-IR 
spectra of SiO2/PVA nanocomposites, the characteristic 
absorbing peaks related to the vibration of Si–O–Si groups 
of nanoparticles are seemed to be observed at around 
800–450 cm−1. Conversely, after the addition of nanostruc-
ture particles, C=O vibrational stretching peaks shifted to 
the higher wavenumbers that can be due to the enrichment 
in the number of the physical interaction between nano-
composite components. This suggests that the existence 
of hydrogen bonding interactions between the PVA matrix 
and silica nanoparticles has been improved. The prepared 
nanocomposites exhibited the absorption peaks at about 
1780–1720  cm−1 related to the different C=O stretching 
of ester, carbonyl and urea linkages. The C–N stretching 
vibration of urea units appeared at 1382 cm−1. The exist-
ence of the strong absorption peaks at 1776 and 1724 cm−1 
related to the UPC functional units on the OMSN and the 
characteristic vibrations peaks related to the self-silica nan-
oparticles were not clearly detectable.

UV–Vis spectra of PVA/SiO2 nanocomposite films 
with different amounts of OMSN dispersed in the poly-
meric matrices are shown in Fig.  2. The UPC solution 
has an absorption wavelength around 225 and 275  nm. 
The PVA has no obvious absorption at 200–600 nm. The 
PVA/silica nanocomposites displayed an absorption peak Ta
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at the wavelength around 250–300  nm. The absorption 
intensities for UPC linked SiO2 nanoparticles clearly dis-
played the chemical attachment of UPC units on to the 

silica spheres and the intensities of peaks increased grad-
ually as a function of nanoparticles contents. Increasing 
of the OMSN contents in the nanocomposites caused to 
strength in peak intensities. The prepared PVA nano-
composites absorb UV light at around 200–300 nm. The 
nanocomposites maximum absorptions are found to be 
at 256  nm. According to the spectra, PVA/SiO2 nano-
composites with higher loading level of nano-materi-
als showed the high absorption peaks between 200 and 
350 nm. The results confirm that the contents of OMSNs 
which contain UV active chromophores have noticeable 
effect on the absorption of PVA nanocomposites.

Scheme 2   Interactions of PVA 
and modified SiO2 nanoparticles 
in nanocomposites

Fig. 1   FT-IR spectra of a PVA, b PVA/SiO2 (2 wt%), c PVA/SiO2 (5 
wt%), d PVA/SiO2 (10 wt%), e PVA/SiO2 (15 wt%)

Fig. 2   UV absorption spectra of the PVA/SiO2 nanocomposites
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3.3 � Morphology of Nanocomposite Film

Figure 3 shows the FE-SEM images of the prepared films 
by using the OMSN. It is apparent that in the FE-SEM 
images, narrow size distribution, homogeneous shapes 
and separated particles for OMSNs were clearly observed. 
By investigation of the prepared nanocomposites, it was 
revealed that the OMSN was finely dispersed in the matrix, 

whereas the dispersions of the silica nanoparticles in matrix 
were relatively constant. The organic structure linked to the 
SiO2 nanoparticles showed better compatibility with the 
PVAmatrix. However, the unique structure of PVA was 
not damaged by modified SiO2. The analysis of the FE-
SEM images showed that the OMSNs with dimension of 
23–86 nm were embedded in PVA matrix. In Fig. 3a, the 
diameter of silica nanoparticles was alternating from 60 

Fig. 3   FE-SEM micrographs of 
nanocomposites (2–15 wt%)
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to 90  nm. These nanoparticles have uniform distribution 
into the PVA matrix according to the FE-SEM images of 
PVA/silica nanocomposites. From 2 to 15  wt% samples, 
no obvious aggregations of nanoparticles were observed in 
the FE-SEM images due to the better performance of cou-
pling agent characteristics. The comparison between parts 
b and d of Fig. 3 showed that by enrichment in SiO2 con-
tents in nanocomposites, the sizes of inorganic domains 
were increased. The presence of different functional groups 
such as hydroxyl, urea, and carbonyl units on the surface 
of modified SiO2 nanoparticles provided the hydrogen 
bonding or physical interactions to form building blocks to 
increase the sizes of the nanoparticles. This caused to cre-
ate the agglomerated nanoparticles. Therefore the sizes of 
nanoparticles in nanocomposite containing 15  wt% modi-
fied nanosilica have been enlarged.

The AFM image provides information about surface 
morphologies by using two- and three-dimensions. AFM 
images were provided in outlay with around 3 × 3 μm2 scan 
area from the original images. Figure  4 shows two, and 
three-dimension AFM images of surface topography of 

PVA matrix. The images b, c and d showed the two dimen-
sional topographic images of Fig.  4. The Fig.  4c, d illus-
trated the canny edge detection presentation and the step 
edge detection presentation of the Fig. 4a.

Also Fig.  5a, b displayed pictures related to the three 
dimensional topographic images for nanocompos-
ite 10  wt%. The Fig.  5d, f demonstrated the canny edge 
detection and the step edge detection presentations of the 
Fig. 5b. It comes out from three-dimensional 3 × 3 μm2 out-
line for nanocomposite 10 wt%, an unsymetrical structure 
was observed and also the maximum particles projected 
from the surface was around 105 nm. It appeared that by 
insertion of the surface treated silica nanoparticles in PVA 
matrix the projected particles due to the residual of silica 
nanoparticles on the surface were increased. The good dis-
persion of silica nanopartiles in polymer matrix could be 
confirmed by the observation of the micrographs from FE-
SEM analysis results.

In the length of 3  μm, five different lines with sizes 
smaller than 2  μm were drawn in distinct measurement 
length. By inspection of the AFM images, it was seen that 

Fig. 4   Two and three dimen-
sional AFM topography images 
of PVA matrix

Fig. 5   Two and three dimen-
sional AFM topography images 
of NC 10 wt%
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the irregular dispersal of peaks and valleys related to the 
residual of nanoparticles on the surfaces of polymer matrix 
for nanocomposite 10  wt% were observed. According to 
the observation of AFM data the maximum profile for the 
evaluation length was detected to be smaller than 60  nm 
(Fig. 6).

Also through the measuring line of selected AFM image 
of nanocomposite 10 wt%, the graphs related to the mean 
values (b), minimum values (c), maximum values (d), 
RMS value (e), and height distribution profile (f) were 
obtained and shown in collected Fig. 7. Figure 7a showed 
that the mean values of protruded particles from the sur-
face of nanocomposite 10  wt% were below than 30  nm. 
The minimum profile graph showed that in many positions 
the films were very smooth. Section (d) of Fig. 7 illustrates 
the height of projected particles profiles on the surface of 
nanocomposite. Also Fig. 7e, f clearly showed the charac-
teristics of protruded particles on the surfaces of nanocom-
posite 10 wt%.

Geometric analysis can provide quantitative values for 
investigation of the surface morphology and alteration 
of the structures presented in nanocomposites. Fractal 
geometry can be used to quantitatively describe irregu-
lar shapes and surfaces in nanocomposite materials. 
The basic quantitative component of fractal geometry, 
the fractal dimension D, is a non-integer number with a 
Euclidean and non-Euclidean component. The Euclidean 
component describes the topological dimension of the 
object, i.e., 1 for a line, 2 for an area or surface, and 3 

for a volume. The non-Euclidean component, called the 
fractal dimensional increment, D*, describes the level of 
irregularity of the object from its Euclidean geometry. 
The fractal dimensional increment ranges from 0 to 1, 
with the level of irregularity increasing as the incre-
ment increases. Several algorithms have been used to 
regulate the value of fractal dimension D constructed 
on the AFM data. In order to study the fractal features 
of silica nanocomposites, to calculate D from the AFM 
data, a Gwyddion software package was used. Gwyddion 
is a free and open source software program for SPM 
data visualization and analysis [30]. Gwyddion uses four 
methods to calculate D from AFM data: (1) cube count-
ing, (2) triangulation, (3) partitioning, and (4) power 
spectrum distribution (Fig. 8). The average D* values for 
the nanocomposite 10 wt% based on cube counting, tri-
angulation, variance, and power spectrum methods were 
0.17, 0.22, 0.26, and 0.13 respectively. Fractal analysis 
has shown that all samples exhibit a self-similar charac-
ter, which is concern to the fabrication route and is tem-
perately sensitive to the nanoparticles content in nano-
composites. Figure 8 illustrated the (a) power spectrum, 
(b) triangulation, (c) cube counting and (d) partitioning, 
and linear fit graphs for nanocomposite 10  wt%. Based 
on AFM and SEM observations, the surface roughness 
of prepared nanocomposites was related to the surface 
morphology, to the nanofiller content and to the average 
filler size. Nanocomposite comprised 2  wt% nanoparti-
cles exhibited the smoothest surface, followed by 5, 10, 
and 15  wt% samples. Positive correlation between the 
average nanoparticle size, the nanoparticle content and 
the surface roughness suggest that using more nanoparti-
cles in the preparation of nanocomposite deteriorate the 
surface texture. Based on the illustrated mechanism in 
Scheme  2, by increase in the interaction between func-
tional units on the surface of modified nanoparticles the 
surface roughness of nanocomposite was increased.

We have inspected the thermal stability of PVA/
SiO2 nanocomposites by the use of thermogravimetric 
analyses(TGA), in which the weight loss of these nanocom-
posites was measured by raising the temperature around 
700 °C at heating rate 10 °C/min under nitrogen atmos-
pheric conditions. Figure 9 explained the TG/DTG curves 
of the nanocomposite 10 wt% silica from room temperature 
to 700 °C. Thermal stability evaluation of the nanocompos-
ite 10 wt% silica was measured based on the degradation 
temperature of 5% weight loss (T5) and the degradation 
temperature of 10% weight loss (T10) of the nanocompos-
ite. The value of T5 for prepared sample 10  wt% nano-
composite was measured around 260 °C and T10 value was 
estimated above 289 °C, and the residual weight for this 
nanocomposite at 700 °C ranged in 6% in nitrogen atmos-
phere. According to TGA results, the thermal degradation Fig. 6   Two dimensional images with five different gates
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behavior of nanocomposites with different percentages of 
modified silica showed one minor and three major weight 
loss steps when heated from room temperature to 700 °C. 
The minor decomposition step starts at around 75–100 °C 
and the reason for the weight loss may be caused by the 
vaporization of the adsorbed water and trapped water 
owing to the interactions between PVA and water. The first 
major decrease in weight in the second step was related to 
the decomposition of alkyl units present in the structure of 
the coupling agent and main chain decomposition (at about 
317 °C). The second major weight loss step for the nano-
composite 10 wt% occurs at about 360 °C. Decomposition 
of the aromatic component of coupling agent is expected 
to take place between 450 and 530 °C (third major). This 
improvement in thermal stability of the PVA network was 
related to the presence of organic and inorganic moieties 
in the structure of nanocomposites. TGA analysis result of 
pure PVA showed three steps weight loss patterns. The first 

step was perceived at 76 °C with 3% weight loss, related 
to the evaporation of adsorbed water in PVA chains. The 
value of T5 for PVA sample was measured around 220 °C. 
The second step at 220–280 °C with 80% weight loss could 
be ascribed to the elimination of water or the polymer 
dehydration and formation of a polyacetylene-like struc-
ture. The third step at 400–550 °C with 92% weight loss 
was described to the decomposition of main chain of PVA. 
This enhancement in the thermal stability is caused by the 
presence of organic silicone nanoparticles, which acts as a 
barrier to maximize the heat insulation and minimize the 
permeability of volatile degradation products in the nano-
composites. Based on these results, the degradation process 
will be slowed and decomposition will happen at higher 
temperatures. Char yield (CR) can be used as criteria for 
evaluating limiting oxygen index (LOI) of the polymers 
in accordance with Van Krevelen and Hoftyzer equation 
[31], LOI = 17.5 + 0.4CR. In general, when the LOI of a 

Fig. 7   Two dimensional AFM topography image of NC 10 wt% (a), mean values (b), minimum values (c), maximum values (d), RMS value 
(e), and height distribution profile (f)
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material is higher than 26%, it is considered to be flamma-
ble. For these nanocomposites, LOI values were calculated 
based on their char yields at 700 °C. According to Table 2, 

thermal stability of the nanocomposites in N2 appeared in 
the range 472–511 °C in terms of T10 values.

4 � Conclusions

In this study the surface of silica nanoparticles were modi-
fied with 4-H pyran derived structure as organo silicone 
modifier. FT-IR and TGA analyses confirmed the grafting 
of 4-H pyrane derived structure onto the surface of silica 
nanoparticles. FE-SEM approved the well dispersion of 
nanoparticles after the surface modification process. Then, 
modified SiO2 was introduced into the PVA matrix and 
PVA/SiO2 nanocomposites were obtained. These nanocom-
posites showed good thermal stability. Results based on the 
FE-SEM images showed that the nanostructured materials 
with uniform shape and size were dispersed in polymeric 
matrix. The hydrogen bonding interactions can be formed 
between the functional units of PVA and the hydroxyl 

Fig. 8   Fractal analysis based on the a power spectrum, b triangulation, c cube counting and d variance methods, and linear fit graphs for nano-
composite 8 wt%

Fig. 9   TGA/DTG thermograph of PVA/SiO2 NC (10 wt%) under the 
nitrogen atmosphere at heating rate of 10 °C/min

Table 2   Thermal characteristic 
data of nanocomposites

Temperature at which 5 and 10% weight loss and T3th max was recorded by TGA at heating rate of 10 °C 
min−1 in a N2 atm.

Nanocomposite T5 (°C) T10 (°C) T3th max (°C) Char yield at 
700 °C (%)

LOI index

PVA/SiO2 (2 wt%) 115 282 430 6 19.9
PVA/SiO2 (5 wt%) 117 285 436 6.5 20.1
PVA/SiO2 (10 wt%) 119 317 439 7 20.3
PVA/SiO2 (15 wt%) 122 320 442 8 20.7
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and other functional units of 4-H pyrane derived structure 
presented on the surface of modified silica. The thermal, 
morphological and optical properties of the PVA/silica 
nanocomposites were investigated. The obtained results 
showed enhancement of PVA properties in comparison to 
the pristine PVA. The morphologies of nanocomposites 
structures are varied from original PVA and uniform dis-
persion of nanofillers in the PVA matrix were observed. 
The thermal analysis results indicated that the incorpora-
tion of the nanofillers was enhanced the thermal stability of 
the PVA nanocomposites films after using modified nano 
silica. AFM analysis outcomes revealed particular places 
containing silica nanoparticles from the surface of nano-
composites. The UV–Vis spectra showed the existence of 
4-H Pyrane derivative as chromosphere in the structure of 
nanocomposites.
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