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 ABSTRACT  
A poly(m-phenylene diamine) (PmPDA)/sulfonated 
single-walled carbon nanotubes (SWCNT-SO3H) 
nanocomposite was synthesized via in situ 
polymerization. Successful incorporation of SWCNT-
SO3H into the PmPDA matrix was confirmed through 
Fourier transform infrared spectroscopy, X-ray 
diffraction, energy-dispersive X-ray spectroscopy, 
scanning electron microscopy, UV-visible 
spectroscopy, and thermogravimetric analysis. The 
nanocomposite exhibited a red shift of 6 nm in the UV-
visible spectrum compared to the pristine polymer, 
attributed to the conductivity of the incorporated 
nanotubes. The thermogravimetric analysis also 
showed improved thermal stability for the nanocomposite over the polymer. Importantly, the nonlinear optical properties were studied via 
Z-scan measurements. The nanocomposite displayed a nonlinear refractive index on the order of 10−3 m2/W and a nonlinear absorption 
coefficient on the order of 10−5 m/W, demonstrating self-defocusing behavior. Varying the concentration from 0.3 to 0.7 mg/mL and input 
laser intensity from 6.2 to 164.5 mW/cm2 tuned the optical nonlinearity. Overall, the easy integration of carbon nanotubes makes the 
PmPDA nanocomposite a useful self-defocusing material for optical limiting and switching applications. 
 
Keywords: Optical properties, poly(m-phenylene diamine), sulfonated singel-walled carbon nanotubes, 
nanocomposite 

1. Introduction  

In the realm of materials science and polymer nanocomposites, the amalgamation of distinct components to 

develop novel materials has led to groundbreaking advancements [1]. Poly(m-phenylene diamine) (PmPDA), a 

member of the aromatic amine polymer family, stands as an intriguing material known for its exceptional properties. 

Its structure, characterized by the presence of phenyl rings linked by diamine moieties, contributes to its intrinsic 

conductivity, mechanical robustness, and thermal stability[2]. These attributes render PmPDA a promising candidate 

in various technological applications, spanning from electronics to biomedical engineering[3].On the other hand, the 

advent of nanotechnology has fostered the exploration of carbon-based nanomaterials. Singel-walled carbon 

nanotubes (SWCNTs) have received considerable interest for their extraordinary mechanical, electrical, and optical 

properties [4]. However, pristine carbon nanotubes are hydrophobic and tend to aggregate due to strong van der Waals 

interactions, limiting their utilization in composites. Surface functionalization of carbon nanotubes has been shown to 

improve dispersion and interfacial interactions with polymer matrices. Sulfonated single-walled carbon nanotubes 

(SWCNT-SO3H) feature anionic groups that can interact with cationic polymers through electrostatic interactions [5].  

In recent years, many studies on the optical properties of nanocomposites have been made based on conductive 

polymers. Dhole and Co-workers studied the optical properties of a nanocomposite of polyaniline with ZnO 

nanoparticles [6]. Khairy et al. studied the optical and electrical properties of a polyaniline nanocomposite with nickel 

ferrite nanoparticles [7]. Zhang et al. investigated dielectric properties and piezoelectric properties of a nanocomposite 

of poly(vinylidene difluoride) and graphite for use in lasers [8]. Nowruzi and coworkers investigated the nonlinear 
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properties of nanofluids made from poly(aniline-co-pyrrole) zinc oxide [9]. Dadkhah et al studied the enhancement of 

thermo-optical properties of poly (aniline-co-ortho phenylenediamine)@TiO2[10]. Liu and co-workers investigated a 

one-dimensional coordination polymer [11]. Muller et al. focus on the optical limiting behavior of a series of polymer-

dye nonlinear nanocomposites [12]. 

Therefore, the merging of PmPDA with SWCNT-SO3H engenders a new paradigm in the realm of nanocomposites. 

The synergistic interplay between these constituents holds immense promise, offering a platform to explore and 

harness a spectrum of advantageous properties, particularly in the realm of optics. The blending of these materials 

aims not only to enhance the intrinsic properties of the individual components but also to explore and engineer new 

functionalities that arise from their unique synergy. 

This study endeavors to fabricate a poly(m-phenylene diamine)/sulfonated Multi-walled Carbon Nanotubes 

(PmPDA/SWCNT-SO3H) nanocomposite and systematically investigate its optical properties. By meticulously 

characterizing and analyzing the optical behavior, this research aims to elucidate the impact of SWCNT-SO3H on the 

optical properties of PmPDA and delineate the potential applications of this nanocomposite in various optoelectronic 

and photonic domains. 

 

2. Materials and methods 

2.1. Materials and instruments  

Meta-phenylenediamine with 98% purity, ammonium persulfate with 98% purity, hydrochloric acid, 37% dimethyl 

sulfoxide, 98% sulfuric acid, and tetrahydrofuran were purchased from Merck, Germany. Single-wall carbon 

nanotubes (SWCNTs) were purchased from Neutrino (Iran). 

A Fourier transform infrared spectrometer (FTIR) model PerkinElmer, made in Germany, was used to study the 

chemical structure of the samples in the range of 4000-400 cm-1. Crystallinity behavior and irregularities of samples 

were studied by X-ray diffraction (XRD model Bruker D8 Advance) made in Germany with a scanning speed of 

5°/min in the range of 5-80°. Field emission scanning electron microscopy with an energy dispersive X-ray 

spectroscopy detector, MIRA3 XMU model (FE-SEM/EDX) made in the Czech Republic, was used to study 

morphology and elemental composition. The thermal stability of samples was studied with a thermogravimetric 

analyzer (TGA) model TG209F3 from NETZSCH, made in Germany, with a heating rate of 10°C/min under argon. 

The optical properties of samples were studied with a Cecil 5000 ultraviolet-visible (UV-vis) spectrometer made in 

England. Linear and nonlinear optical properties were studied using a Z-scan device and solid-state neodymium-doped 

yttrium aluminum garnet (Nd: YAG) laser made in Iran with an output of green light at a wavelength of 532nm. 

  

2.2. Sulfonation of carbon nanotubes (SWCNT-SO3H) 

Sulfonation of carbon nanotubes was performed based on the reports presented in relevant articles (Figure 1a) [13]. 

0.4 g of SWCNT was added to a flask containing 14 mL of a 1:1 volume ratio sulfuric acid and nitric acid mixture 

and placed on a magnetic stirrer for 5 hours. Then, the reaction container was placed in an ultrasonic bath for 15 

minutes. The contents of the flask were then washed with distilled water to neutral pH using a centrifuge and placed 

in an oven at 70 °C for 12 hours to dry. After that, the dried material was mixed with 2 mL of sulfuric acid and placed 

under a hot water bath at 70 °C on a magnetic stirrer for 2 hours. In the end, the obtained sediment was washed several 

times with distilled water using a centrifuge and dried in an oven at 70 °C. 

 

      2.3. Fabrication of poly(meta-phenylenediamine)/SWCNT-SO3H (PmPDA/SWCNT-SO3H)    

 In Poly(meta-phenylenediamine)/SWCNT-SO3H nanocomposites with different weight percentages of SWCNT-

SO3H (5% and 10%) were fabricated by an in situ polymerization method (Figure 1b). First, 1 g of meta-

phenylenediamine monomer was dissolved in 50 mL of hydrochloric acid (1 M). Then, 0.1 g of SWCNT-SO3H 

nanoparticles were poured into 5 mL of distilled water and placed in an ultrasonic bath for 15 minutes to disperse the 

nanoparticles. In the next step, the mixture containing the nanoparticles was gradually added to the vessel containing 

the monomer. In another separate container, 2.11 g of APS initiator was dissolved in 20 mL of distilled water and 

added dropwise to the container containing monomer and nanoparticles over 15 minutes. The resulting solution was 

placed on a magnetic stirrer at room temperature for 24 hours to form the final composite. Next, the obtained sediment 
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was washed with water and acetone and separated by centrifuge, and finally, the obtained sediment was dried at room 

temperature. 

 
Figure 1. Schematic of sulfonation of carbon nanotubes (a) and preparation of nanocomposite (b). 

 

 2.4. Collecting data from samples using the Z-scanning method 

The nonlinear properties of materials were evaluated by the Z-scan method. In this research, a Gaussian beam from 

a continuous Nd: YAG laser with a wavelength of 532 nm, with a power of 165 mW, and a beam waist diameter of 

5.6 × 10-6 m was focused to a doublet lens with a focal distance of 19 cm on a 1 mm thick cell containing the nonlinear 

material. During the path before reaching the focal point, intensity filters were used to attenuate the optical power of 

the laser to 6.2, 17, 57.44, and 164.5 mW to evaluate the nonlinear refractive index and nonlinear absorption 

coefficient of the materials. In this method, three intensity detectors, D2 is the closed aperture, D3 is the open aperture, 

and D1 measures the light intensity before the focal point. When executing the Z-scan setup, data collection was 

performed with a MATLAB program, recording and storing the intensity changes with an intensity detector (PM100). 

 

2.5. Nonlinear absorption coefficient 

An open-aperture light receiver was used to measure the nonlinear absorption coefficient of the samples by the Z-

scan method. In this way, instead of an aperture, a lens captures all light transmitted through the thin sample. In this 

method, as the light beam passes through the focal point of the sample area, the detector measures the total transmitted 

intensity. The normalized change in transmitted intensity is obtained using equation (1) [10]: 

3/2
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In this equation, ΔT is the difference between the peak and valley in the graphs, I0 is the intensity of the laser light 

at the focal point, and Leff is the effective length of the sample, which is obtained from the following equation[10], 

where α is the linear absorption coefficient obtained from the UV-Vis spectrum. 
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2.6. Nonlinear refractive index 

A closed aperture light receiver was used to measure the nonlinear refractive index of the samples by the Z-scan 

method. In this method, as the sample passes through the focal beam area, the detector measures the fraction of 
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intensity passing through both the aperture and the sample. In this case, the detector shows measured maximum and 

minimum light intensity. The magnitude of the phase change can be obtained from the normalized transmittance 

change ΔTpv using equation (3) [14]: 

0 0.27
| |

0.406(1 )

p vT

s

−
 =

−
 

 

In this equation, s is the fraction of the beam transmitted through the aperture. When the light received by the 

detector shows a minimum and maximum value, or the so-called peak and valley, the following equation can be used 

to obtain the nonlinear refractive index [14]. 

 

 

3. Results and discussion  

3.1. Characterization 

FT-IR spectroscopy: The molecular structure of the samples was investigated by FT-IR spectroscopy. As shown 

in Figure 2, in the spectrum related to PmPDA, two peaks between 3111-3411 cm-1 are related to the stretching 

vibration of N-H bonds. The absorption peaks at 1651 cm-1 and 1511 cm-1 can be attributed to the stretching vibrations 

of quinoid and benzenoid structures, respectively[15]. The corresponding peak in the region of 1551 cm-1 is related to 

C-N bond vibrations [15]. A comparison of the spectra of SWCNTs and SWCNTs-SO3H shows that in the FT-IR 

spectrum of SWCNTs, there is a peak around 1651 cm-1 which can be related to carbonyl stretching vibrations [16]. 

This is a common feature related to the oxidation of SWCNTs, which has been reported by many other research groups 

[16]. The peak in the region of 3441 cm-1 is related to the stretching vibrations of the hydroxyl group in COOH. In the 

FT-IR spectrum of SWCNTs-SO3H, one of the most obvious changes is observed in the range of 1611 cm-1 to 1011 

cm-1, which indicates modifications of carboxyl groups. Peaks in the regions of 1390 cm-1 and 1090 cm-1 are related 

to the asymmetric and symmetric vibrations of SO2 in the -SO2OH group, respectively [16]. The peaks at 684 cm-1 

and 551 cm-1 are related to S=O and C-S stretching vibrations, respectively. The presence of indicator peaks related 

to SWCNTs-SO3H and PmPDA in the composite spectrum indicates the successful preparation of the composite. 

 

 
Figure 2. FTIR spectra of PmPDA, SWCNTs, SWCNTs-SO3H, and PmPDA/SWCNTs-SO3H nanocomposite. 

 

X-ray diffraction (XRD): X-ray diffraction patterns were used to characterize the crystallinity of the samples. Figure 

3 shows the X-ray diffraction patterns of PmPDA, SWCNTs-SO3H, and PmPDA/SWCNTs-SO3H. The XRD pattern 
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related to PmPDA shows a semi-crystalline structure with peaks at 25, 29, 39, and 53 degrees [17]. The XRD patterns 

related to the SWCNTs-SO3H sample show a fully crystalline structure [18]. The XRD pattern related to the composite 

sample is more similar to the PmPDA pattern with very minor changes, which indicates that the presence of SWCNTs-

SO3H nanoparticles does not significantly change the crystallinity of the composite. 

 
Figure 3. XRD patterns of PmPDA, SWCNTs-SO3H, and PmPDA/SWCNTs-SO3H nanocomposite. 

 

Energy-dispersive X-ray (EDX) spectroscopy: In addition to FT-IR spectroscopy, energy-dispersive X-ray (EDX) 

spectroscopy was also utilized to confirm successful sample synthesis. Figure 4 shows the EDX spectra for PmPDA, 

SWCNTs-SO3H, and PmPDA/SWCNTs-SO3H. The presence of N and C elements in the EDX spectrum of the 

PmPDA sample indicates the structure of PmPDA. The presence of S, Cl, and O elements in the polymer is due to the 

presence of a HCl acid solution and ammonium persulfate initiator utilized in the polymer synthesis. The presence of 

C, O, and S elements in SWCNTs-SO3H indicates the successful synthesis of this material [18]. The presence of C, 

O, and S elements in the composite EDX spectrum proves the incorporation of SWCNTs-SO3H nanoparticles into the 

composite. 

 

 
Figure 4. EDX spectra of PmPDA, SWCNTs-SO3H, and PmPDA/SWCNTs-SO3H nanocomposite. 

 

Scanning electron microscope (SEM) images:  A scanning electron microscope was used to examine the 

morphology of the samples. Figure 5 shows 500 nm magnification SEM images of SWCNTs-SO3H, PmPDA, and 

PmPDA/SWCNTs-SO3H samples. Irregular and aggregated structures with diameters between 200 and 400 nm can 

be seen in the PmPDA sample SEM image [19]. Tubular structures that were deformed or broken in some areas (due 

to functionalization) are observed in the SWCNTs-SO3H SEM image, indicating nanotube diameters between 10 and 

20 nm [16]. The dispersion of functionalized carbon nanotubes on the polymer surface in the composite SEM image 

indicates the presence of carbon nanotubes in the composite. 
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Figure 5. SEM images of PmPDA, SWCNTs-SO3H, and PmPDA/SWCNTs-SO3H nanocomposite. 

UV-Vis spectroscopy: Ultraviolet-visible spectroscopy was utilized to study the optical properties of the prepared 

samples. Figure 6 shows the UV-Vis spectra of PmPDA, SWCNTs-SO3H, and PmPDA/SWCNTs-SO3H samples. In 

the PmPDA spectrum, the peak observed at 335 nm is related to π → π transitions of quinoid rings and is associated 

with the degree of conjugation between phenyl rings along the polymer chain [20]. In the SWCNTs-SO3H spectrum, 

there are two peaks at 251 nm (visible region) and 351 nm, corresponding to C=C bonds and the presence of sulfone 

groups on the nanotube surface, respectively [21]. The PmPDA/SWCNTs-SO3H composite spectrum shows that due 

to the incorporation of SWCNTs-SO3H nanoparticles, the 335 nm region peak in the PmPDA polymer is slightly red-

shifted to 341 nm. These changes can be attributed to the conductivity of the sulfonated carbon nanotubes. 

 

 
Figure 6. UV-Vis spectra of PmPDA, SWCNTs-SO3H, and PmPDA/SWCNTs-SO3H nanocomposite. 

Thermogravimetric analysis (TGA): Thermogravimetric analysis (TGA) was utilized to study the thermal stability 

of the samples. Figure 7 shows the TGA curves of PmPDA, SWCNTs-SO3H, and PmPDA/SWCNTs-SO3H samples. 

In the PmPDA TGA curve, two weight losses were observed in the temperature ranges of 100-280°C and 350-700°C. 

The first weight loss is attributed to residual water, HCl, and oligomers. The second weight loss is related to the 

removal and destruction of NH2 pendant groups and the decomposition of benzenoid and quinoid units in the PmPDA 

chain [22]. In the SWCNTs-SO3H TGA curve, two weight losses occurred above 100°C and 400°C, corresponding to 

moisture/solvent loss and decomposition of -SO3H groups on the carbon nanotube surface, respectively [16,23]. In 

the PmPDA/SWCNTs-SO3H curve, an increase in stability is observed compared to PmPDA, which is due to the 

presence of SWCNTs-SO3H nanoparticles. 
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Figure 7. TGA cureves of PmPDA, SWCNTs-SO3H, and PmPDA/SWCNTs-SO3H nanocomposite. 

 

3.2. Nonlinear optical properties 

The rapid development of nanoscience and nanotechnology has provided several new opportunities for nonlinear 

optics [24]. A growing number of nanomaterials have been shown to possess remarkable nonlinear optical properties 

(NOPs); this promotes the design and fabrication of nano and nano-scale optoelectronic and photonic devices [25]. 

Nonlinear optics is widely used in many fields such as in laser technology, light aspects of communication, information 

and image processing and storage, and optical computing [26]. Since nonlinear optics has been widely used in these 

areas, nonlinear optics has great value and far-reaching scientific significance [27]. To do this, there are several 

methods for experimentally determining nonlinear optical parameters [28,29]. Nonlinear refraction and nonlinear 

absorption of the materials are the phenomena of major interest [30]. The Z-scan technique can be considered the gold 

standard for measuring nonlinear refraction and nonlinear absorption coefficients [31,32] and it has been used to study 

the nonlinear properties of a wide range of optical materials.  In this paper, to prevent sedimentation of the 

nanoparticles, nanofluids of each sample were prepared. A two-step method was used to prepare the nanofluids from 

each sample. To prepare a nanofluid with a concentration of 0.3 mg/mL, the first 0.3 mg of each sample was added to 

1 mL of dimethylsulfoxide (DMSO) solvent. The mixtures were then subjected to magnetic stirring, initially without 

agitation, then at specified time intervals until stable nanofluids were obtained. Nanofluids with concentrations of 0.5 

and 0.7 mg/mL were also prepared similarly. 

To investigate the change in nonlinear refractive indices with beam intensity, this experiment was performed at 

four different initial intensities. Two intensity-reducing filters were utilized to generate the different intensities, which 

were measured using a PM 100 intensity meter. The four incident intensities were 6.2, 17, 57.44, and 164.5 mW. The 

sample solution was then poured into a 1 mm thick cell and placed in the test arrangement. After measuring and 

recording the intensities passing through the sample using detectors, normalized intensity plots were obtained as a 

function of sample position along the Z-axis for the PmPDA, SWCNTs-SO3H, and PmPDA/SWCNTs-SO3H samples. 

Table 1 shows the nonlinear optical parameters of the PmPDA sample at different concentrations (0.5, 0.3, and 0.7 

mg/L) and incident laser intensities. Each concentration was tested four times with varying incident intensities. The 

results demonstrate the effect of intensity on the nonlinear optical response, with the nonlinear refractive index and 

nonlinear absorption coefficient dependent on the intensity. The negative nonlinear refractive index indicates self-

defocusing behavior and nonlinear pulse reshaping capacity. Additionally, the negative nonlinear absorption 

coefficient (β > 0) signifies saturated absorption. Similar trends were observed for the SWCNTs-SO3H and 

PmPDA/SWCNTs-SO3H samples shown in Tables 2 and 3. The increasing optical transmission with higher intensity 

enables potential incorporation into optical limiters and switches in lasers. Since the materials exhibit self-defocusing, 

they can provide beam divergence control, being useful in the design of optical components and industrial/medical 
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laser systems. Importantly, the concentration and intensity changes were found to modulate the nonlinear properties 

of all three samples. As shown in Tables 1, 2, and 3, variations in both parameters altered the nonlinear response of 

the PmPDA/SWCNTs-SO3H, SWCNTs-SO3H, and PmPDA samples. This affords flexibility in tailoring their 

nonlinear performance for laser engineering applications. 

 
Table 1. Nonlinear optical parameters of PmPDA 

 

 

 

 

 

 

 

 

 

 

 

Table 2.Nonlinear optical parameters of SWCNTs-SO3H 

C(mg/L) I(w/m2)×103 (𝒏𝟐 ± 𝟎. 𝟏) × 𝟏𝟎−𝟑(𝐦𝟐/𝐰) (𝜷 ± 𝟎. 𝟏) × 𝟏𝟎−𝟓(𝒎/𝐰) 
0.3 164.5 

57.44 

17 

6.2 

-0.2536 

-0.2099 

-0.2680 

-0.1967 

-0.2962 

-0.4225 

-0.2607 

-0.2606 

0.5 164.5 

57.44 

17 

6.2 

-0.1853 

-0.1204 

-0.1481 

-0.1639 

-0.2004 

-0.1377 

-0.2028 

-0.1966 

0.7 164.5 

57.44 

17 

6.2 

-0.1735 

-0.1949 

-0.1397 

-0.1414 

-0.2890 

-0.2735 

-0.2496 

-0.1829 

 

Table 3. Nonlinear optical parameters of PmPDA/ SWCNTs-SO3H 

C(mg/L) I(w/m2)×103 (𝒏𝟐 ± 𝟎.𝟏) × 𝟏𝟎−𝟑(𝐦𝟐/𝐰) (𝜷 ± 𝟎. 𝟏) × 𝟏𝟎−𝟓(𝒎/𝐰) 
0.3 164.5 

57.44 

17 

6.2 

-0.1101 

-0.1171 

-0.0541 

-0.0543 

-0.1687 

-0.1620 

-0.0616 

-0.0417 

0.5 164.5 

57.44 

17 

6.2 

-0.0966 

-0.1714 

-0.1988 

-0.2058 

-0.1379 

-0.1573 

-0.1858 

-0.2784 

0.7 164.5 

57.44 

17 

6.2 

-0.1260 

-0.1458 

-0.1226 

-0.1378 

-0.1705 

-0.1992 

-0.1581 

-0.1760 

4. Conclusions 
In summary, an optically nonlinear poly(m-phenylene diamine) nanocomposite with incorporated sulfonated single-

walled carbon nanotubes has been successfully developed. Materials characterization validated the fabrication 

methodology and modification of polymer properties like thermal stability and optical absorption upon nanotube 

addition. Notably, the nanocomposite was found to exhibit useful self-defocusing nonlinear optical behavior which 

could be tuned through simple variation of concentration and laser intensity parameters, unlike the pristine polymer. 

This platform presents opportunities for further fundamental studies elucidating the optical nonlinearity mechanisms 

C(mg/L) I(w/m2)×103 (𝒏𝟐 ± 𝟎. 𝟏) × 𝟏𝟎−𝟑(𝐦𝟐/𝐰) (𝜷 ± 𝟎. 𝟏) × 𝟏𝟎−𝟓(𝒎/𝐰) 

0.3 

164.5 

57.44 

17 

6.2 

-0.2289 

-0.1668 

-0.1600 

-0.1569 

-0.2411 

-0.2196 

-0.0646 

-0.1066 

0.5 

164.5 

57.44 

17 

6.2 

-0.1171 

-0.1139 

-0.1659 

-0.1881 

-0.1009 

-0.0881 

-0.1635 

-0.2244 

0.7 

164.5 

57.44 

17 

6.2 

-0.0415 

-0.2048 

-0.0527 

-0.2035 

-0.2844 

-0.2750 

-0.0412 

-0.2189 
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arising from synergistic effects between the conductive polymer matrix and integrated carbon nanotubes. Furthermore, 

harnessing the capacity for controlled self-defocusing by optimizing the distortion tolerance over wider intensity 

ranges and response times will enhance real-world applicability. With tailored nonlinearity, this nanocomposite 

material can serve as an optical limiter or switch to protect optics in laser systems from damage. Overall, these results 

represent progress toward fully unlocking the potential of carbon-polymer nanocomposites for photonic technologies 

through detailed understanding and control over the optical properties. 
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