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Abstract Synthesis and characterization of a new cement-

based polymer nanocomposite is reported. Calcium silicate

hydrate (C–S–H) was prepared in the presence of aniline

monomer followed by in situ polymerization to increase the

degree of interaction between inorganic and organic phases.

Two stoichiometrically different C–S–H systems were

used. The properties of the C–S–H/polyaniline materials

were studied using several analytical techniques including

SEM, XRD, TGA, 29Si MAS NMR and FTIR. It is sug-

gested that the in situ polymerization method can effec-

tively be employed for producing a C–S–H/Polymer

nanocomposite. The extent of molecular interaction with

the polymer depends on the chemical composition of the

C–S–H. Production of a new range of polymer-modified

cement-based systems having improved environmental

stability and mechanical performance is promising.

Introduction

Application of nanotechnology in cement and concrete

science has shown early promise for improving the prop-

erties and performance of concrete materials [1]. The

preparation of inorganic/organic nanocomposites is a pos-

sible approach to achieve this goal. The advancements are

primarily obtained through the polymer-modification of the

calcium silicate hydrate (C–S–H) phase. In the cement

chemistry nomenclature C = CaO, S = SiO2 and H =

H2O. Enhanced engineering properties and improvement

in the durability characteristics are key objectives in the

preparation of cement-based nanocomposites. Several

mechanisms have been suggested for the interaction of

various organic molecules with the inorganic C–S–H sys-

tems. These include surface adsorption/grafting at the

defect sites in the C–S–H silicate chain [2–4]; intercalation

into the interlayer galleries of the C–S–H [5–9]; and

covalent bonding of silylated co-polymers on the C–S–H

surface [10–12]. The observed differences in the nature and

extent of the C–S–H/polymer interactions in the previous

studies are most likely due to the preparation method and

type of the polymer.

The main ideas for the synthesis of polymer-layered

silicate nanocomposites have been originally developed in

clay science [13]. Clay minerals such as montmorillonite,

unlike C–S–H, have a very high swelling capacity [14].

This is favorable for the polymer molecules to intercalate

into the gallery regions. Thus, the methods applied in clay

science that result in the formation of polymer intercalated

nanocomposites have to be used cautiously in cement sci-

ence. In general, in the studies of organically modified

C–S–H systems, a small amount of the polymer is added

either to pre-formed C–S–H or during the C–S–H synthe-

sis. Polymer molecules are relatively large in size, which

makes them very difficult to fully interact with the inor-

ganic C–S–H materials that can accommodate only about a

monolayer of water between their sheets [15]. In this study,

the in situ polymerization technique is employed. This

allows for the initial interaction of monomers with the

C–S–H and makes the subsequent polymerization more

effective. Polyaniline (PAn) was chosen as the organic
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moiety. Its monomer, aniline, is a relatively small molecule

and can be readily polymerized by introducing an oxidant

to the system [16]. The size of the monomer molecule is

important considering the interlayer distance in the C–S–H

systems (which varies from about 0.9 to 1.4 nm depending

on the C/S ratio) to increase the possibility of physical

interactions involving the intercalation process. Polyaniline

is an important conductive polymer that has excellent envi-

ronmental stability [17]. It has been used successfully in the

preparation of intercalated clay-based nanocomposites [16–

19]. In this study, C–S–H was investigated for its capability

to host the aniline and polyaniline guest molecules. Several

analytical tools were employed to elucidate various aspects

of the interaction of C–S–H with the aniline and polyaniline.

Method

Materials

C–S–H was prepared by mixing the stoichiometric amounts

of calcium oxide and silica in excess water. Two compo-

sitionally different C–S–H materials were studied having

C/S molar ratios of 0.8 and 1.2. These representative

stoichiometries were selected based on the chemical and

physical differences observed for two categories of C–S–H

obtained above and below a C/S ratio of about 1.1 [20–22].

The CaO was freshly calcined from the reagent grade

calcium carbonate (Sigma-Aldrich) at 900 �C. Reactive

silica (CAB-O-SIL�, grade M-5 from Cabot Corporation)

was heated at 110 �C to remove any surface adsorbed

water. Distilled out-gassed water was added to the solid

mixture of CaO and SiO2 in the HDPE bottles (water/solid

mass ratio &10) to initiate the pozzolanic reaction. C–S–H/

aniline samples were prepared in a method similar to that

used for the phase pure C–S–H except that the water

contained aniline monomer. 2 mL of reagent grade aniline

(C6H7N from Sigma-Aldrich, 99.5% purity) was dissolved

using a magnetic stirrer in the 75 mL water in a beaker.

Aniline has an oily appearance in water. Thus, it needs to

be carefully mixed to obtain a well-dispersed aqueous

solution. This solution (pH = 8.8) was added to the dry

mix of the CaO and SiO2 (C/S ratios = 0.8 and 1.2). It is

noted that, in clay science, the addition of aniline to the

layered silicate is generally conducted under low pH con-

ditions obtained by adding HCl [16, 19]. This is not

favorable in cement-based materials as it may result in the

decalcification of the C–S–H. All the bottles were mounted

on a rotating rack (speed = 16 rpm), and the reactions

were continued for another 50 days. The gel-like materials

were then filtered and washed several times with water.

The phase pure C–S–H and C–S–H/aniline preparations

were dried under vacuum for 4 days at room temperature.

In order to polymerize the aniline monomers, ammonium

persulfate ((NH4)2S2O8 from Sigma-Aldrich, 98% purity)

was used as an external oxidant. Each dried C–S–H/aniline

preparation (0.5 g) was first mixed in 100 ml of water

using a magnetic stirrer (at about 300 rpm using level 4 in a

Fisher Thermix Stirrer Model 120 MR). While stirring the

suspension solution, 0.228 g of ammonium persulfate was

added. The stirring was continued for 24 h at room tem-

perature. The final material was filtered, washed several

times, and dried under vacuum at room temperature for

4 days. The filtered C–S–H/polyaniline (C/S = 1.2) had a

light orange-pinkish color whereas the other nanocom-

posite sample (C/S = 0.8) was nearly white. A similar

color difference was observed between the original C–S–H/

aniline samples. The difference in the color of the produced

materials is suggested to be an indication of the different

extent of interaction of C–S–H systems (depending on their

stoichiometry) with the organic molecules. Pure polyani-

line was separately produced by adding ammonium per-

sulfate to the aqueous solution of the aniline. After drying,

all the materials were stored in nitrogen-purged glass vials

until used in various experiments.

Characterization

The morphological changes due to the interaction of

C–S–H precursor with polyaniline were investigated using a

scanning electron microscope. Micrographs were acquired

from the uncoated specimens using a Hitachi S-4800

instrument. An accelerating voltage of 1.2 kV and an

emission current of 7 lA were applied at a working dis-

tance of about 3 mm to obtain images having greater res-

olution and more details of the surface features than those

obtained with higher accelerating voltage and working

distance as demonstrated previously [23]. The SEM pic-

tures reported in this study were all acquired at 40 K

magnification.

The changes in the d002 basal spacing of the samples were

monitored using an X-ray diffraction technique. The XRD

spectra were obtained using a Scintag XDS 2000 diffrac-

tometer using CuKa radiation (wavelength = 0.15405 nm)

and a graphite monochromator. A diffraction angle range of

2h = 5–15� was used at a step size of 0.03� and a 7-s count

interval with an accelerating voltage of 45 kV and current of

35 mA. The noise level in the spectra was reduced by

replacing the curves with a moving average of five data points.

Simultaneous thermogravimetric and differential ther-

mal analyses (TGA-DTA) were performed using a TA

Instruments SDT Q-600. About 10 mg of the sample was

heated from ambient to 1,000 �C at a rate of 10 �C/min

under the flow of nitrogen gas (10 mL/min). The derivative

mass loss and heat flow was analyzed using Universal

Analysis 2000 software.
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The 29Si MAS NMR spectra were recorded using a

Bruker Avance 200 instrument operating at a 29Si reso-

nance frequency of 39.73 MHz. A magic angle spinning

(MAS) rate of 4 kHz was employed using a 7 mm MAS
1H/X Bruker probe. High-power proton decoupling

(50 kHz) was employed during spectra acquisition. The

relaxation delay between 4 ls (p/4) r.f. pulses was 60 s

which was found sufficient for obtaining quantitative

spectra. A total number of 1,420 scans were acquired for

each spectrum. The 29Si NMR chemical shifts were refer-

enced to external TMS at 0.0 ppm.

The Fourier transform infrared (FTIR) spectra were

recorded on a Thermo Nicolet spectrometer (Model Nexus

870) equipped with an MTEC photoacoustic cell (Model

300). The test was conducted on the powder materials placed

in a 10-mm diameter stainless steel pan. 100 scans were

collected for each sample. The background was corrected

using the carbon black standard reference sample. Helium

was used as the purge gas (flow rate = 5 mL/s). Results were

analyzed using OMNIC software (Nicolet Instruments).

Results and discussion

Scanning electron microscopy (SEM)

The micrographs acquired from the surface of the polymer

modified C–S–H samples are compared in Fig. 1 with

those obtained from the control samples. It is observed that

the C–S–H has a platy or foil-like morphology. The size of

the C–S–H plates appears to be dependent on the C/S ratio.

Low lime C–S–H (Fig. 1a) is composed of smaller but

densely connected plates compared to C–S–H having

C/S = 1.2 (Fig. 1c). The relatively high surface area of the

C–S–H (C/S = 0.8) can easily be noticed. This is consis-

tent with the nitrogen BET surface area measurements for

this sample, 186 m2/g. The high lime C–S–H (C/S = 1.2)

appears to have thicker and larger plates, and thus has

lower BET surface area, 30 m2/g.

The morphology of the C–S–H is altered following the

interaction with the polyaniline (Fig. 1b, d) although

the main structural features are maintained. It appears that

the C–S–H (C/S = 0.8) nanocomposite has thinner plates

and a less dense structure. The SEM is not conclusive with

regard to any significant change in the morphology of the

polymer modified C–S–H (C/S = 1.2). This might be

explained by assuming that the polyaniline molecules are

interacted at the defect sites. The number of defect loca-

tions (i.e., missing bridging tetrahedra) is relatively larger

at higher C/S ratio C–S–H [5]. The grafting of polyaniline

molecules on the surface at these defect sites, may not

change the morphology of the C–S–H (C/S = 1.2) as much

as that in the 0.8 C/S ratio C–S–H.

Particles having morphology similar to that of the pure

polyaniline (shown in Fig. 2) were not detected in either of

C–S–H/polyaniline preparations. This may suggest that the

polymer is intimately interacting with the nanostructure of

the C–S–H and is not freely present in the nanocomposite

samples as a separate phase. Moreover, the elemental

analysis using energy dispersive X-ray technique (EDX)

did not provide any evidence for the existence of regions

containing only carbon atoms (the primary detectable atom

in the polyaniline). The Si and Ca atoms were present in all

the examined particles indicative of the absence of sepa-

rately formed pure polyaniline (that would contain only

detectable C atom) in the nanocomposite.

Fig. 1 The representative SEM

images of (a) C–S–H

(C/S = 0.8), (b) C–S–H/

polyaniline (C/S = 0.8),

(c) C–S–H (C/S = 1.2),

(d) C–S–H/polyaniline

(C/S = 1.2) captured at 40 K

magnification. The white scale
bar indicates 1 lm
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X-ray diffraction (XRD)

The main purpose of the XRD analysis was to investigate

the change in the distance between the layers of C–S–H

caused by possible interaction with aniline and polyaniline.

The XRD spectra of the samples are shown in Fig. 3.

Specifically, the region from 2h = 5–12 degrees, where

d002 basal spacing reflection occurs, is selected. The XRD

peaks shown are somewhat broad indicative of the semi-

crystalline nature of the synthetic C–S–H. There is a clear

distinction between the basal spacing of the two phase pure

C–S–H samples (Fig. 3a, d). The mean distance between

the C–S–H sheets decreases as C/S ratio increases from

about 1.17 nm (C/S = 0.8) to 0.97 nm (C/S = 1.2). This

difference is possibly due to the existence of a larger

number of bridging tetrahedra and Si–OH groups in the

silicate chain of low C/S ratio C–S–H. The interlayer water

occupies a similar space with thickness of about one water

molecule in both C–S–H systems, and the total decrease in

the basal spacing upon the removal of interlayer water from

various C–S–H systems is essentially similar [15].

The semi-crystalline structure of the C–S–H formed in

the aniline solution is preserved as supported by the exis-

tence of low angle basal spacing reflection (Fig. 3b, e).

The basal spacing does not seem to be affected when the

C–S–H is formed in the presence of aniline monomers

compared to the control samples. It is, however, noticed

that this peak broadens. It may be suggested that the

monomer molecules, considering their relatively small size

of about 0.2 nm [16], are most likely intercalated partially

into the interlayer regions of C–S–H. This may result in an

uneven change in the d002 basal spacing that is manifested

by X-ray diffraction over a wider range of 2h; i.e., broader

peaks. The XRD spectra of the samples after the poly-

merization of aniline are shown in Fig. 3c, f. It is unex-

pectedly observed that the basal spacing of the C–S–H is

slightly decreased to about 1.15 nm and 0.94 nm for

C/S = 0.8 and 1.2, respectively. The breadth of the peaks

is similar to that in the C–S–H/aniline preparations. Other

researchers have only reported either an increase [5–7] or

no change [24, 25] in the distance between the layers of

C–S–H when organically modified. It may be suggested

that the aniline monomers situated initially at the end of

interlayer galleries are removed to form the polyaniline

during the polymerization process. This would slightly

decrease the basal spacing. Another possible explanation is

that the orientation and alignment of the rings in the

polymer are different from those in the monomer mole-

cules. The polyaniline may be positioned between the

C–S–H layers in a way that the benzene ring is oriented

parallel to the sheets. The monomer molecules, however, are

most likely arranged randomly in various directions which

results in higher basal spacing compared to that in the case of

C–S–H/polyaniline samples after polymerization.

Thermogravimetric analysis (TGA)

The derivatives of the mass loss curves for C–S–H/poly-

aniline samples obtained through TGA are shown in Fig. 4

in comparison to those from the phase pure C–S–H and

Fig. 2 The SEM micrograph of the pure polyaniline prepared by the

polymerization of aniline monomer using ammonium persulafte as an

oxidant at room temperature. The white scale bar indicates 1 lm
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Fig. 3 The XRD spectra showing the d002 basal reflection of (a)

C–S–H (C/S = 0.8), (b) C–S–H/aniline (C/S = 0.8), (c) C–S–H/

polyaniline (C/S = 0.8), (d) C–S–H (C/S = 1.2), (e) C–S–H/aniline

(C/S = 1.2), (f) C–S–H/polyaniline (C/S = 1.2)
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C–S–H/aniline systems. The first peak, located between

ambient temperature and about 250 �C, is associated with

the removal of free, adsorbed, and interlayer water. It is

also possible that the aniline monomers contribute to the

mass loss in this region. In the both C–S–H/polyaniline

samples, this peak is followed by a broader low intensity

peak (240–460 �C) that is possibly due to the removal of

constitutional water from the C–S–H crystal structure as

reported earlier [26]. This peak was similar in the C–S–H

and C–S–H/aniline preparations. After these events, there

is no significant mass loss in all samples up to about

800 �C except for the C–S–H/polyaniline materials

(Fig. 4). The derivative mass loss for the C/S = 1.2 C–S–H

nanocomposite has a peak between 580 and 640 �C. This

mass loss, that is about 0.94% of the solid mass, is attrib-

uted to the thermal decomposition of the polyaniline in the

sample [27, 28]. This event is accompanied by an endo-

thermal peak in the heat flow curves from differential

thermal analysis (not shown). It is noticed that there is not a

major mass loss in this region for the C–S–H and C–S–H/

aniline preparations. The TGA result for the low lime

sample (C/S = 0.8) contains a similar peak in the range of

580–640 �C. However, there is an additional smaller peak

between 450 and 580 �C. It is suggested that this extra

peak is also associated with the polyaniline decomposition.

It is likely that the polyaniline in this sample is formed

in two different structural locations of C–S–H e.g., grafted

on the surface and partially intercalated in the interlayer

regions. The bond energy between the polymer and the

inorganic base is possibly different in these locations. The

mass loss at lower temperatures is likely associated with

the polyaniline that is physically adsorbed on the surface of

C–S–H and therefore requires less energy for its decom-

position. Higher temperature mass loss, on the other hand,

can be attributed to the presence of stronger bonds between

polyaniline and C–S–H (such as those related to the defect

sites and interlayer regions). It is also possible that the

polymer chain length and therefore its molecular mass

would depend on the local environment in which the ani-

line monomer was polymerized [29, 30]. Therefore, the

energy required to decompose the polyaniline is different

for two distinct polyaniline materials manifested by a shift

to lower temperatures. The total mass loss in the solid

phase is about 1.58% for the low lime nanocomposite

preparation (C/S = 0.8). The polymer content for this

sample is almost 50% more than that for the high lime

C–S–H/polyaniline sample. This is most likely due to the

higher surface area of the C–S–H (C/S = 0.8) that provides

more sites for the interaction with the polymer. Moreover,

a larger content of monomer may have been initially

interacted with the C/S = 0.8 C–S–H in comparison to the

C/S = 1.2 C–S–H. The remainder of monomers not

interacted with the C–S–H have been possibly removed

during the washing process, and thus a lower amount of

monomer was available for polymerization in the case of

C/S = 1.2 C–S–H. The nitrogen BET surface area of the

C–S–H is about 186 and 30 m2/g for C/S = 0.8 and 1.2,

respectively. An estimate shows that the polyaniline load-

ing was about 20% of the surface monolayer coverage in

C/S = 0.8 C–S–H/polyaniline preparation, or about

40% of the available intercalation volume. In the C/S =

1.2 C–S–H/polyaniline preparation, the estimated polyan-

iline loading was even higher, at about 60% of the

monolayer coverage, or 120% of the estimated intercala-

tion capacity.

There is a final mass loss in all samples at about 810 �C,

which is likely associated with the transformation of

C–S–H to b-wollastonite [31].

29Si MAS NMR spectroscopy

The 29Si NMR is a powerful technique for probing the

nanostructure of the layered silicate hydrates including

C–S–H [32]. It has also been employed to provide evidence

for the interaction of organic substances with C–S–H [33].

The 29Si MAS NMR spectra obtained for various C–S–H

systems are shown in Fig. 5. The spectra of high C/S ratio

C–S–H preparations (C/S = 1.2) contain two peaks at

about -79.3 and -84.9 ppm. These peaks correspond to

Q1 (end chain silicate tetrahedra) and Q2 (middle chain and

bridging silicate tetrahedra), respectively [32]. It is

observed that the relative intensity of Q2 to Q1, which

serves as an indication of the silicate polymerization,

changes when the C–S–H is organically modified. In order
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Fig. 4 The derivative of the mass loss curves in TGA experiment for

C–S–H, C–S–H/aniline, and C–S–H/polyaniline systems prepared at

C/S ratios of 0.8 and 1.2. The curves are offset along y-axis for clarity
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to examine the extent of silicate polymerization in these

materials quantitatively, the spectra were deconvoluted

using DMfit software [34]. The integral intensity of the

simulated Q1 and Q2 peaks using Lorentzian line-shapes

(not shown) are presented in Table 1. It is noted that the

Q2/Q1 ratio increases from 0.21 for the pristine phase

pure sample to 0.63 in the polymer-modified C–S–H

(C/S = 1.2). The increase in the silicate polymerization of

modified C–S–H system is attributed to the shielding effect

of organic materials adsorbed at defect locations on the

surface of the C–S–H as suggested previously for several

other organically modified C–S–H nanocomposites [33].

Partial decalcification of the C–S–H during the polymeri-

zation (caused by the immersion in excess water and

relatively low pH of the solution) as examined using

EDX may partially be responsible for the increase in the

silicate polymerization of the C–S–H [35]. It is noted,

however, that a similar increase in the degree of silicate

polymerization of C–S–H–polymer nanostructures has

been previously reported even when the reagents are not

interacted in an aqueous solution [33].

The deconvolution of the spectra for the low C/S ratio

C–S–H systems (C/S = 0.8) suggests that in addition to the

relatively small Q1 peak at -79.8 ppm three other peaks

exist having more negative chemical shift values. Contrary

to the C–S–H (C/S = 1.2), two peaks at about -83.4 and

-85.6 ppm are identified for the C/S = 0.8 C–S–H sam-

ples in the region for Q2 sites (Fig. 5). Both of these peaks

are attributed to the Q2 sites at different silicate structural

locations [36]. Their combined integral intensities were

thus considered in calculating the extent of silicate poly-

merization. As shown in Table 1, the Q2/Q1 ratio increases

from 10.1 in the control C–S–H(C/S = 0.8) to 24.7 and

28.1 in the C–S–H/aniline and/polyaniline preparations,

respectively. The peak at -95.4 ppm is assigned to the Q3

site. This peak that does not exist in the high C/S ratio

systems (C/S = 1.2) is because of the cross-linking of

some of the silicate tetrahedra between the C–S–H sheets

[37]. The integral intensity of Q3 is increased while it is

broadened when the C–S–H is organically modified.

Simultaneously, the integral intensity of Q2 is decreased. It

is interesting to note that an additional very broad peak in

the chemical shift range of -100 to -120 ppm is formed in

aniline and polyaniline preparations having C/S = 0.8. The

existence of a peak in this area that represents Q4 sites [38]

has not been reported previously for polymer-modified

C–S–H systems. This is indicative of a significant increase

in the silicate polymerization of the C–S–H structure. The

formation of Q4 sites may also imply that the structural

integrity and mechanical performance of the polymer-

modified C–S–H nanocomposites would be increased.

Fourier transform infrared spectroscopy (FTIR)

The FTIR spectra of the phase pure and organically mod-

ified C–S–H systems are shown in Fig. 6. The character-

istic set of bands in the range of 750–1,250 cm-1 in all

Chemical Shift, ppm
-120-110-100-90-80-70 

C-S-H, C/S=1.2 

C-S-H/aniline, C/S=1.2

C-S-H/polyaniline, C/S=1.2 

C-S-H, C/S=0.8

C-S-H/aniline, C/S=0.8 

C-S-H/polyaniline, C/S=0.8 

 
Q1 

 
Q2 

Q2 

 
Q3 

 
Q1 

 
Q2 

Fig. 5 The 29Si MAS NMR spectra of the phase pure and organically

modified C–S–H systems

Table 1 Integral intensity (%) of the deconvoluted peaks in the 29Si

MAS NMR spectra using Lorentzian lines

Sample Q1 Q2 Q3 Q4 Q2/Q1

C/S = 1.2

C–S–H 82.6 17.4 – – 0.21

C–S–H/aniline 87.4 12.6 – – 0.14

C–S–H/polyaniline 61.3 38.7 – – 0.63

C/S = 0.8

C–S–H 8.6 86.6 4.8 – 10.1

C–S–H/aniline 3.1 75.9 11.4 9.6 24.7

C–S–H/polyaniline 1.7 48.9 28.8 20.6 28.1
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samples is due to stretching vibrations of Si–O bonds in the

C–S–H [39–41]. The location of the main high intensity

band in this region is indicated in Table 2 for various

C–S–H materials. This band is associated with the Q2 sil-

icon sites [40, 41]. The average values of the frequency for

this vibration are about 967 and 957 cm-1 for the C–S–H

systems having a C/S = 0.8 and 1.2, respectively. The

somewhat higher vibration frequency of this band for lower

C/S ratio material is an indication of higher level of silicate

polymerization in the C–S–H [40]. It is also observed that

the location of this band is slightly shifted toward higher

frequencies when the C–S–H is interacted with aniline and

during the subsequent formation of polyaniline, again

suggesting the increase in the polymerization of the silicate

structure in organically modified C–S–H systems. In

addition, the intensity of the bands at higher frequencies on

the left shoulder of the main Q2 band increases. It is also

noted that a high frequency band appears at about

1,210 cm-1 in the C–S–H/polyaniline sample (C/S = 0.8,

Fig. 6c). This band is most likely due to the existence of Q3

silicate sites [41]. These results are consistent with the

observations from the 29Si MAS NMR (discussed in the

previous section) indicating that the interaction of C–S–H

with organic molecules increases the polymerization extent

of the silicate tetrahedra. Samples having C/S = 1.2 con-

tain double bands at 790 and 815 cm-1 that are assigned to

the Si–O stretching of the Q1 tetrahedra. These bands are

not present for C/S = 0.8 materials.

The FTIR spectrum of pure polyaniline (not shown)

contains a main band at about 1,110 cm-1 due to the

vibration of C–N groups [17, 42]. This band appears on the

shoulder of the primary band of the C–S–H/polyaniline

sample (C/S = 1.2, Fig. 6f) which is easily identified when

compared with the spectra of the C–S–H and C–S–H/ani-

line (Fig. 6d, e). For C/S = 0.8 preparations, this band

overlaps with the band in the phase pure C–S–H sample.

However, it appears that its relative intensity increases in

the polymerized systems. This may be indicative of an

interaction between polyaniline and the surface of C–S–H.

The presence of other polyaniline bands in the C–S–H–

polymer materials can not be distinguished due to their low

intensity and overlap with the bands from C–S–H. Never-

theless, the absorption bands at about 2,300–2,800 cm-1

and 3,200–3,400 cm-1, could be attributed to the interac-

tion of NH and NH? groups present in polyaniline chains

on the C–S–H surface [43].

The set of bands in the region 400–750 cm-1 is char-

acteristic of Si–O–Si deformation. These bands are well-

defined in the C/S = 1.2 samples. The stretching bands due

to water are located at 1,650 and 3,550 cm-1 [39]. The

Ca–OH vibration results in the formation of a band at

3,750 cm-1. This band becomes sharper in the organically

modified C–S–H samples. The remaining bands at about

870, 1,430, and 1,500 cm-1 are associated with the

carbonates [41].

Concluding remarks

C–S–H based polymer modified nanostructures were pre-

pared by in situ polymerization method. Two different

C–S–H systems (C/S = 0.8 and 1.2) were investigated.

C–S–H was produced in the presence of aniline monomers

that were subsequently polymerized by an oxidant. There

are several indications, obtained using a variety of ana-

lytical methods, which suggest the organic phases are

intimately interacted with the nanostructure of C–S–H. It is

observed that the C–S–H/polyaniline samples have a

higher level of silicate polymerization, the extent of which

depends on the stoichiometry of the C–S–H. It is therefore

possible to engineer various types of cement-based nano-

composite systems by varying the chemical composition of
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Fig. 6 The FTIR spectra of (a) C–S–H (C/S = 0.8), (b) C–S–H/

aniline (C/S = 0.8), (c) C–S–H/polyaniline (C/S = 0.8), (d) C–S–H

(C/S = 1.2), (e) C–S–H/aniline (C/S = 1.2), (f) C–S–H/polyaniline

(C/S = 1.2). The location of the main band in C–S–H is identified by

the dotted line. Bands marked as 1 and 2 are associated with the Si–O

(in Q3 and possibly Q4 sites) and polyaniline, respectively

Table 2 The frequency (cm-1) of the main FTIR band for the

C–S–H

C/S = 0.8 C/S = 1.2

C–S–H 964 957

C–S–H/aniline 968 957

C–S–H/polyaniline 968 960
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the inorganic host. The interaction of polyaniline with the

C–S–H may be improved through various methods such as

conducting the reactions at temperatures higher than

ambient, increasing the concentration of the monomer in

the solution or increasing the hydration and polymerization

times. The experimental characterizations presented in this

study provide indirect evidence for further potential

enhancement of the mechanical performance and durability

of the C–S–H/polymer nanohybrids. A more detailed

investigation in this regard is the subject of a separate

study.
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