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The nanocomposite hydrogel of N-[3-(dimethylamino)propyl]methacrylamide (DMAPMAAm) with different SiO2 particles were prepared 

by free radical polymerization. The nano-SiO2 as reinforcement material was used in original, hydrophilic and perlite forms. The swelling 

values of nanocomposite hydrogels containing amine-modified nano-SiO2 were found to be higher than those of the original DMAPMAAm 

hydrogel and the nanocomposite hydrogel containing original SiO2. SEM and mapping studies with SEM proved the presence of nano-SiO2 

particles incorporated into the hydrogel structure. 
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INTRODUCTION 

Hydrogels are three dimensional hydrophilic polymer 
networks capable of swelling in water or biological fluids, 
and retaining a large amount of fluids in the swollen state.1-4 
Their ability to absorb water is due to the presence of 
hydrophilic groups such as –OH, –CONH–,                            
–CONH2, – COOH, and –SO3H.5 The water content in the 
hydrogels affects different properties like permeability, 
mechanical properties, surface properties, and 
biocompatibility. Hydrogels have physical properties similar 
to that of living tissue, and this similarity is due to the high 
water content, soft and rubbery consistency, and low 
interfacial tension with water or biological fluids.6-8 

Several techniques have been reported for the synthesis of 
hydrogels. The first approach involves copolymer-
rization/crosslinking of co-monomers using multifunctional 
co-monomer, which acts as crosslinking agent. The 
polymerization reaction is initiated by chemically. The 
polymerization reaction can be carried out in bulk, in 
solution, or in suspension. The second method involves 
crosslinking of linear polymers by irradiation, or by 
chemical compounds.9-12  

The monomers used in the preparation of the ionic 
polymer network contain an ionizable group, a group that 
can be ionized, or a group that can undergo a substitution 
reaction after the polymerization is completed. As a result, 
hydrogels synthesized contain weakly acidic groups like 
carboxylic acids, or a weakly basic group like substituted 
amines, or a strong acidic and basic group like sulfonic acids, 
and quaternary ammonium compounds. Some of the 

commonly used crosslinking agents include N,N’-
methylenebisacrylamide, divinyl benzene, and ethylene 
glycol dimethacrylate. For co-polymerization/crosslinking 
reactions in solution, ionic or neutral monomers are mixed 
with the multifunctional crosslinking agent. The 
polymerization is initiated by UV, by redox initiator system 
or thermally. The presence of solvent serves as heat sink, 
and minimizes temperature control problems. The prepared 
hydrogels need to be washed with distilled water to remove 
the unreacted monomers, crosslinking agent, and the 
initiator.13,14 

In this study, N-[3-(dimethylamino)propyl]methacryl-
amide (DMAPMAAm) was used as a monomer. Nano-SiO2 
was added to the solution of DMAPMAAm with the 
crosslinking agent and initiator and crosslinked disk shaped 
nanocomposite hydrogels were obtained. The nano-SiO2 
used as reinforcement material is in both original and 
hydrophilic forms (amine-modified) and were commercially 
purchased. In the preparation of nanocomposite hydrogels, 
DMAPMAAm monomer was preferred because of its 
biocompatibility feature.  

 

 

 

 

Fig.  1. N-[3-(dimethylamino)propyl]methacrylamide 
(DMAPMAAm). 

All of the selected materials have been chosen in 
consideration of the fact that they are harmless to the 
environment and can work in harmony with the human body. 
After the behavior of nano-SiO2 in hydrogels was 
determined, the volcanic rock type Perlite, which is common 
in nature and cheaper than the commercial cost of nano-SiO2, 
is doped to DMAPMAAm hydrogels.  
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Table 1. Percent swelling (S %) values of nanocomposite hydrogels.  
 

Conversion, %  (C) : 100*(m1/m0); Crosslink % (CL, gelation %) = 100 *(m2/m1
ı); Swelling degree (S %) =100*[mt-m2)]/m2; [Monomer + 

Crosslinker + Initiator+(nanoparticles)] = m0; Mass of dry hydrogel = m1;  Mass of 3 or 4 pieces of dry hydrogel = m1
ı; Mass of 3 or 4 

pieces of hydrogel after washing and drying = m2; Mass of swollen hydrogel at time “t” = mt.  

 

The perlite design of the polymer/clay nanocomposite is 
due to the fact that its high SiO2 content (~75 %) and the 
purity is rather high compared to other clays. This allowed 
us observe the behaviour of SiO2 in perlite form and 
compare the results with those of pure nano-SiO2 in the 
nanocomposite hydrogel structure. 

EXPERIMENTAL 

Neutral nano-SiO2 (15-20 nm, 99.5 %, Skys 
nanomaterials), hydrophilic nano-SiO2 with amine groups 
via long alkyl chains (10-20 nm, 99.8%, Skys 
nanomaterials), expanded perlite (EP) (ETİ Mine 
Operations), DMAPMAAm (Sigma-Aldrich), N,N’-
methylenebisacrylamide (N,N’-MBAAm) (Sigma-Aldrich) 
and azobisisobutyronitrile (AIBN) (Merck) were used as 
supplied.  

Preparation of hydrogels 

The crosslinked cylindrical hydrogels were prepared by 
using DMAPMAAm monomer in PVC straws. The 
hydrogel solution containing monomer, initiator, 
crosslinking agent, solvent, and nanoparticles was heated in 
a temperature-controlled water bath (at 80 °C) for 2 h. Then, 
the PVC straws were carefully removed from bath, cut into 
cylindrical discs (3-4 mm in length) with a knife, and the 
hydrogels were dried in air before kept in vacuum oven 
(35 °C). 

Swelling properties 

Percent swelling (S %) values of nanocomposite hydrogels 
were calculated using the following equations, where m0 is 
the initial mass of dry hydrogel, mt is the mass of swollen 
hydrogel at time t. When the equilibrium state is reached, 
the swollen hydrogel has the greatest swelling value. 

Measurements 

FT-IR analyzes were performed on a Perkin Elmer 
Spectrum 100 model FT-IR. The wave number range is 400-
4000 cm-1. ATR mode was used and each spectrum was 
scanned 4 times and worked at a resolution of 4 cm-1. SEM 
analyzes were performed with Carl Zeiss Supra 40VP model 
SEM device. The surfaces are plated with Qourum brand 
coating device to ensure conductivity with platinum in the 
hydrogels.  While the surfaces were being photographed, SE 

(secondary detector) was used. Inorganic particle 
distributions in nanocomposite hydrogels were determined 
by applying the mapping method with the Bruker EDX 
detector. TGA analyzes were performed with the 
SETARAM simultaneous TG / DTA instrument. The 
heating was carried out at a temperature range of 25 °C-
900 °C with a heating rate of 10 °C min-1 in N2 atmosphere.  

For better examination of the pore structures of the 
nanocomposite hydrogels, the water adsorbed hydrogels 
were put in a freezer (kept at -18 °C) for 12 h, then placed in 
a vacuum device with frozen states (instrument: Labconco, 
Freezone 2.5 (Canada) lyophilizer). Hydrogels that have 
been pressurized in the apparatus for 16 h were examined in 
FESEM without deformation by the water separation inside. 

RESULTS AND DISCUSSION 

Surface morphologies of original i.e. neutral nano-SiO2 
and amine-modified (hydrophilic, hf) nano-SiO2 used in this 
study were shown in Fig. 2. As seen from these figures, 
while the surface of nano-SiO2 is rough and irregular, the 
surface of amine-modified nano-SiO2 is more regular and 
presents more uniform particle size distribution. 

 

 

 

 

 

Figure 2. SEM photographs of (A) amine-modified nano-SiO2 and 
(B) nano-SiO2. 

The results for gravimetric determination of 
nanocomposite hydrogels were given as table in the 
experimental section. From Table 1, it is apparent that 
nanocomposite hydrogels having amine-modified nano-SiO2 
showed more swelling than plain DMAPMAAm hydrogel 
and neutral nano-SiO2 doped nanocomposite hydrogel. 
Structural changes observed for nanocomposite hydrogels 
were evaluated taking into account FT-IR results, shown in 
Fig.  3. The bands appearing on the spectrum are as follows: 
bands between 2650 cm-1 and 2950 cm-1 belong to CH2 and 
CH groups of DMAPMAAm, respectively. The band for C 
= O groups of DMAPMAAm was seen at 1620 cm-1.15  

DMAPMAAm  

Plain Neutral nano-SiO2 doped Amine-modified nano-SiO2 doped  Expanded perlite  doped 

C, % 

 % 

CL % S % C % CL % S % C % CL % S % C % CL % S % 

92.07 49.65 1331 92.00 71.09 715.0 85.14 77.04 1620.0 81.83 49.85 1798.0 
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Figure  3. FT-IR spectra of DMAPMAAm, DMAPMAAm nano-SiO2 and DMAPMAAm –hydrophilic (hf) nano-SiO2. 

 

The bands at 900-1550 cm-1 indicate C-H bending in 
DMAPMAAm structure. Structural changes in 
nanocomposite hydrogels are much more difficult to 
understand then plain hydrogels because the nano-SiO2 
contribution is very small. 

 

 

 

 

 

 

 

 

Figure  4. FT-IR spectra of DMAPMAAm, EP and DMAPMAAm 
EP. 

Figure  4 shows the FT-IR spectrum of DMAPMAAm 
and EP doped DMAPMAAm nanocomposite hydrogel. In 
the spectrum, the H-bonding interactions between EP and 
the hydrogen in the Si-OH groups of nanocomposite 
hydrogel were also observed. The sharp band observed at 
480 cm-1 attributed to the Si-O-Si vibrations of EP was not 
observed in the nanocomposite spectrum because the 
amount of EP entering the DMAPMAAm was very low. 

Surface morphologies of nanocomposite hydrogels were 
investigated by using SEM instrument by the aid of 
lyophilizer and mapping method. SEM photographs were 
taken by applying three methods. Following three Fig. s 
were about these evaluations. When classical SEM analysis 
of the nanocomposite hydrogels was performed, the cross-
section was first taken as it is from the dried hydrogels and 
then the surface photographs were recorded. The SEM 
images given in Fig. 5 did not clarify the morphological 
structure of the nanocomposite, only showed how the 
nanoparticles influence the hydrogel structure. 

Figure 5 shows the 500-magnified SEM images for 
DMAPMAAm hydrogels (A), with nano-SiO2 added (B), 
amine-modified nano-SiO2 added (C), and EP added (D) 
forms.  

 

 

 

 

 

 

 

 

Figure 5. SEM images: (A) DMAPMAAm hydrogel; 
DMAPMAAm nanocomposite hydrogels having  (B) nano-SiO2, 
(C) (hf) nano-SiO2, and (D) EP. 

 

 

 

 

 

 

 

 

Figure  6. SEM images of lyophilized (A) DMAPMAAm hydrogel 
and (B) DMAPMAAm /nano-SiO2, (C) DMAPMAAm /amine-
modified hydrophilic nano-SiO2, and (D) DMAPMAAm /EP 
nanocomposite hydrogels 
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While nano-SiO2 doped DMAPMAAm nanocomposite 
hydrogels (B) have a rough structure, surface roughness of 
EP doped DMAPMAAm nanocomposite hydrogels (D) has 
increased. Amine-modified hydrophilic nano-SiO2-added 
hydrogel (C) showed exact conformity to the original 
hydrogel structure caused a decrease in surface roughness 

 

 

 

 

 

 

 

 

Figure  7.  Mapped SEM images of (A) DMAPMAAm hydrogel 
and (B) DMAPMAAm/nano-SiO2, (C) DMAPMAAm/amine-
modified nano-SiO2, (D) DMAPMAAm/EP nanocomposite 
hydrogels. 

 

Second, the nanocomposite hydrogels were brought to 
swollen state and lyophilization were applied followed by 
taking SEM photographs. SEM photographs of lyophilized 
specimens showed pore and mesh structures. Finally, EDX 
spectra were taken to prove that the hydrogels were doped 
with nano-SiO2, amine-modified nano-SiO2 and EP. In 
literature, the elemental maps of nanocomposites have been 
identified by EDX and distributions of doped nanoparticles 
has been proven.16 

Fig. 6A shows the SEM image for lyophilized pure 
DMAPMAAm hydrogel; the average pore diameters were 
recorded as 4,147 μm. The pores have an uniform 

distribution. In Fig.  6B, the diameters of pores in nano-SiO2 
doped DMAPMAAm nanocomposite hydrogel increased 
from 4.147 μm to 5.845 μm. The pore distribution is still 
homogenous. This image also shows the wall thickness of 
the nanocomposite increased after the addition of dopant 
nanoparticles. Fig. 6C shows the surface structure of 
DMAPMAAm nanocomposite hydrogel with amine-
modified hydrophilic nano-SiO2. The pores are arranged in a 
different manner. In Fig.  6D, the average pore diameter of 
the DMAPMAAm nanocomposite hydrogel with EP was 
5.621 μm and homogeneous distribution was observed. 

Fig. 7B shows a mapped SEM image giving elemental 
distribution of nano-SiO2 doped DMAPMAAm. In the 
hydrogel structure, the elements are much more prominent 
in the pores than on the walls (It was shown Fig.  7C and D 
clearly). It is possible to see Si and O elements in the same 
frequency and homogeneously in the walls as the pores are 
filled with hydrophilic nano-SiO2, because its surface 
compatibility is higher than the other additives (neutral SiO2 
and EP) in the mapping method. The element distribution of 
hydrophilic nano-SiO2 doped DMAPMAAm hydrogels was 
clearly observed in Fig. 7C. In the mapping studies (Fig.  
7D) made to indicate the element distribution of the EP-
doped DMAPMAAm nanocomposite hydrogel, the 
distribution of Si, O, Al, Mg and K elements in the perlite 
was shown to be homogenous in the pores. 

In addition to the structural and morphological 
characterization, the nanocomposite hydrogel has also been 
examined for thermal stability. In a TGA curve, which is a 
study of the formation of copolymers on polypropylene 
films with DMAPMAAm, 50% parts of DMAPMAAm is 
reported to degrade at 406 °C.17 In Fig.  8 (B), the maximum 
decomposition temperature of DMAPMAAm hydrogel is 
419 °C. And weight loss was calculated ~ %80. From the 
doped composites it has been found that the amine-modified 
nano-SiO2, which has been proven to be fully compatible 
with the structure, has a maximum breakdown temperature 
of 421 °C. Thermal decomposition of nanocomposite 
hydrogels has been start at 200 °C and has completed at 
470 °C. 

 

 

 

 

 

 

 

  

 

Figure  8. (A) TGA  and (B) DTG curves of DMAPMAAm hydrogel and DMAPMAAm nanocomposite hydrogels. 
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CONCLUSION 

The experimental conditions for all nanocomposite 
hydrogels were determined in the same way during the 
synthesis of the study. After the behavior of nano-SiO2 in 
hydrogels was determined, the volcanic rock type Perlite, 
which is common in nature and cheaper than the commercial 
cost of nano-SiO2, is doped to DMAPMAAm hydrogels. 
The perlite design of the polymer / clay nanocomposite is 
due to the fact that its high SiO2 content (~75%). This 
allowed us to be informed about the behavior of SiO2 in 
perlite from the results obtained by observing the pure nano-
SiO2 behavior of the nanocomposite hydrogel structure. 
Structural and morphological characterization were 
performed by FT-IR, and detailed SEM analyses. The 
results showed that the amine-modified nano-SiO2 was in 
complete conformity with the DMAPMAAm hydrogels, 
resulting in improved swelling, mechanical, morphological 
and thermal properties. 

The behaviour of three different SiO2 reinforcements in 
composite hydrogels during the planning of target-focused 
work with SiO2 doped nanocomposite hydrogels is 
important in interpreting the results to be achieved in the 
target applications. 
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