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1. Experimental section 

1.1. Materials and reagents. 

All reagents and solvents were purchased from Sigma-Aldrich, BDH, and Merk were performed utilizing 

materials and solvents as it purchased.  The list of reagent, molecular formula and supplier of chemicals 

were tabulated in Table SI, 1. 

Table SI, 1. Molecular formula and supplier of all reagents used. 

Reagent Molecular formula            Supplier 

Para-phenylenediamine C6H4(NH2)2 (Aldrich Chemical Co. Ltd) 

Ortho-aminophenol C6H4(NH2)(OH) (BDH, England). 

Sodium dodecyl sulfate surfactant NaC12H25SO4 Merck 

Ferric chloride anhydrous 99.99 % FeCl3 Merck Millipore 

Ethanol C2H5OH Aldrich 

Anhydrous dimethyl formaldehyde (DMF) C3H7NO Merck 

Dimethyl sulfoxide C2H6SO Merck 

Hydrochloric and Hydrofluoric acid HCl and HF Sigma &Aldrich 

p-Si (Single crystal) p-type  

 Hydrochloric acid and nitric acid  HCl and HNO3 Merck 

 

1.2. Synthesis of doped [P4A2AP] copolymer 
 

2.18 g 4-phenylenediamine and 2.16 g 2-aminophenol were dissolved in 50 ml ethanol under 

magnetic stirrer.  4 ml conc. HCl is added to the C2H5OH solution followed by distilled water until the 

total volume of the solution up to 100 ml (the initial volume before polymerization between ethanol and 

water was 1:1). At pH=0, sodium dodecyl sulphate surfactant (2.88g) was dissolved in 160 ml from 

FeCl3(0.5M). Ferric chloride solution containing the surfactant was added drop by drop into the 

comonomer solution under magnetic stirrer at 800 rpm for around 2 hours at 25 °C. The ratio between the 

monomer to initiator is 1:2. The pH value for the resulting precipitated copolymer was adjusted to be 1.3. 

The resulting precipitate copolymer was left 24 h. The [P4A2AP] copolymer was filtered and washed 

five times by ionized water followed by C2H5OH solution and dried in the oven at 60°C. Finally, the 

calculated yield of doped copolymer [P4A2AP] was 2.64g (Scheme SI, 1). The purpose to use a doped-

copolymer with hydrochloric acid instead of the pure copolymer due to the pure copolymer is considered 

insulator material while doped copolymer is the conductor. the doping with chloride ions creates mobility 

charge through the polymer chains between quinoid and benzoid structures through the copolymer chains. 

The polymerization mechanism can be advised according to scheme 1. 

 
Scheme SI, 1.  The suggested mechanism for the polymerization of the [P4A2AP] copolymer 
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1.3. Fabrication of the [P4A2AP]TF thin film 

The quartz substrate was cleaned by ultrasonication in the following, soap, deionized H2O, and 

C2H5OH solution, respectively. Then, the cleaned substrate is dried under nitrogen gas in a stream. 0.01 g 

of the [P4A2AP] was dissolved in an anhydrous DMF (around 10 ml) at room temperature using a 

magnetic stirrer at 60 °C for 1h. The cleaned and dried quartz substrate was coated by resulting 

copolymer solution using spin coater at 2000 rpm per 30 sec. The resulting fabricated films were stored 

for testing and characterization in an evacuated desiccator to keep away from dust and moisture. The film 

thickness is around  100 ± 2 nm which is determined by the M-2000 Ellipsometer. On the other hand, a 

thin film of [P4A2AP] was deposited on the front side of the cleaned and dried substrate by spin-coater at 

25 °C (p-Si wafer). The [P4A2AP]TF /p-Si cell building is represented in Figure SI, 1. After the spin 

coating procedure was completed, the film was dried on a hot sheet at 50 oC/10 mins, so that the solvent 

evaporated, and organic residues were removed. After the operation, the solid films collected were 

separately annealed in a 100 oC and 200 oC air furnace for1h, this process was repeated six times. 

 
Figure SI, 1. Fabrication of the thin film of the copolymer by using spin-coater,  

 

1.4. Computational study 

The applications of DMol3 and CASTEP software for free molecules, the general gradient 

approximation (GGA) functional correlations, Perdew–Burke–Ernzerh (PBE) exchange, the pseudo-

conserving norm, and the DNP base set were calculated. 1,2 The plane wave cutoff energy value which 

utilized in the simulation calculations of the structure matrix was 550 eV. DMol3 and CASTEP frequency 

computation outcomes at the gamma point (GP) were utilized for the development of structural and 

spectroscopic characteristics of the [P4A2AP] including XRD system and optical properties. The 

functional Becke's non-local based interchange correlation with the functional B3LYP3 and 

WBX97XD/6-311G was conducted on doped [P4A2AP] copolymer in the gas phase for optimized 

geometry and vibrating frequency (IR) measurements. The GAUSSIAN 09W software system measures 

geometric parameters, vibration modes, optimized structure visualization, and energies for 

nanocomposite compounds processed.4 The results of our previous investigation5 demonstrated that DFT 

calculations depend on WBX97XD/6-311 G using the B3LYP method, which has provided numerous 

great results for the correlation of structural spectrum, involving some important experimental 

observations. The Gaussian Potential Approximation System (GAP) identifies a range of descriptors, the 

overall power and derivatives model, and the concurrent use of several different uncertainty models to 

measure doped [P4A2AP] copolymer models of the Gaussian and CASTEP models in the gas phases. 

Ultrasonic Cleaner 

p-Si Substrate 
In Varian Cary®  50 UV-Vis Spectrophotometer 
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2. Results and discussion 
 
2.1.Combined experimental and simulated XRD. 

The acquired XRD pattern from the fabricated [P4A2AP]TF thin films had related to the isolated 

system matrix. The computed crystallite-size (D) and miller index (hkl) are depending on the absolute 

values of FWHM as illustrated in Table SI, 2. The lattice parameters (a, b, c) for the [P4A2AP]TF 

nonclinical phase are determined, and their values are revealed in Table SI, 2.  The interplanar distances 

d−spacing are in good accord with the data recorded in database code amcsd 0004494.6 Our methods for 

the fabricated [P4A2AP]TF are successful based on our experimental results. Implementation of the 

TDDFT-DFT and Crystal Sleuth Microsoft applications used to denote peak lines estimated by 

diffraction close to the measured results.7 The Debye-Scherrer was utilized to calculated XRD for 

[P4A2AP]TF, the range of 5≤2θ≤ 45 with 1 dhkl⁄ =  0.0566Å−1 − 0.7446Å−1, λ =  1.540562 Å, and 

I2/I1 = 0.5. From Scherer’s formula, D =  0.9λ/(FWHM. cosθ), and λ=1.541838 Å .8 For the fabricated 

[P4A2AP]TF copolymer. the XRD pattern was utilized to assess parameters and features such as the 

crystallite size (D), d-spacing (d), FWHM, hkl indices, and peak intensity as summarized in Table 2. The 

crystalline size is Dav =  71.87 nm, was within the range of 19.77–142.86 nm. Moreover, the dislocation 

density is estimated by using the following equation δ =  1/D. The theoretical X-ray diffraction models 

have been determined by Polymorph in content studio software calculations (version 7.0) [see (Figure SI, 

2)]. Inset Figure SI, 2, the integrals were conducted on the Brillouin zone with 2x2x1 (Polymorph 

[P4A2AP]TF). The corresponding experimental X-rays and measured PXRD patterns for [P4A2AP]TF 

were compared. Although the intensities and the locations of certain peaks are minorly variable in 

experimental vs. PXRD models, the focus here is primarily on their main similarity. Thus, only the key 

characteristics of comparison between the experimental and the measured data should be considered. It is 

known that in addition to the instrumentation and data collection process, the experimental PXRD design 

can be influenced by several parameters related to the powder sample's micro-structural properties. The 

simulated [P4A2AP]TF nanocomposite position in polycrystalline and provide an orthorhombic structure 

in the space group Pmcn. For [P4A2AP]TF, the main peaks at hkl (111), hkl (044), and hkl (018) at 2θ 

values of 12.98◦, 23.80◦, and 27.77◦, respectively.9, 10 For an experiment, a full assessment indicates good 

agreement between the computed PXRD and experimental patterns for [P4A2AP]TF, confirming that the 

PXRD patterns of the fabricated material are accurate. A combination of experimentally based diffraction 

and DFT computations gives a good estimation of the atomic scale of the [P4A2AP]TF copolymer (2θ at 

hkl (111, 044, 018)) which is depicted from Figure SI, 2.  
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Table SI, 2. The effect of thermal annealing and computation data resulted from the application Refine 

Version 3.0 Software Program (Kurt Barthelme’s & Bob Downs) on the fabricated [P4A2AP]TF. 

Symmetry/Compound 
2 d hkl 

At 25 oC At 100 oC At 200 oC 

FWHM Dav a FWHM Dav a FWHM Dav a 

[P4A2AP]TF 
12.98 6.78 111 0.0585 142.86 0.7 0.0477 175.34 0.570 0.0432 193.51 0.5168 

ORTHORHOMBIC 
17.48 5.05 015 0.1698 49.48 2.02 0.1382 60.77 1.646 0.1253 67.03 1.4918 

a= 7.58(2); b= 18.09(6) 
20.15 4.39 034 0.4266 19.77 5.06 0.3474 24.28 4.119 0.3149 26.78 3.7337 

and c= 26.09(4) nm 
20.68 4.28 042 0.1749 48.26 2.07 0.1424 59.27 1.687 0.1291 65.39 1.5293 

=== 90° 23.80 3.72 044 0.0833 101.87 0.98 0.0679 125.06 0.799 0.0615 138.02 0.7245 

V= 3500(17)  
25.38 3.50 220 0.0947 89.88 1.11 0.0771 110.34 0.906 0.0699 121.75 0.8214 

rmse(a)= 0.000505 
27.22 3.27 008 0.2450 34.87 2.87 0.1995 42.83 2.334 0.1808 47.25 2.1165 

= 1.541838 Å  27.77 3.20 018 0.060 142.56 0.70 0.0488 175.17 0.571 0.0443 193.17 0.5177 

Machine Error= 0.075 
28.93 3.08 224 0.3126 27.43 3.65 0.2545 33.69 2.968 0.2307 37.17 2.6907 

 
30.42 2.93 137 0.1394 61.73 1.62 0.1135 75.81 1.319 0.1029 83.64 1.1956 

Average    0.1765 71.87 2.078 0.1437 88.256 1.692 0.1303 97.317 1.534 

a =  102  
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Figure SI, 2. Combination between the experimental and simulated [PpPDoAP]TF XRD patterns, 

inset Fig is lattice type: 3D Orthorhombic by using Polymorph computation method. 

 

The average crystallite size of [P4A2AP]TF is 71.89 nm. In addition, the average estimated 

crystallite size was 88.256 nm, and 97.317 nm at annealing temperatures 100 oC and 200 oC, 

correspondingly. Whilst the dislocation density is found to be 3.65 for the deposited [P4A2AP]TF at room 

temperature which decreases with an enhancing the annealing conditions are 2.968 and 2.6907, 

respectively. It is noticed that the grain size has increased with enhanced thermal annealing. On the other 

hand, the average dislocation density for the dislocation density has decreased with increased annealing 

temperature for the [P4A2AP] TF. The grain size value increased after annealing the film at 100 oC and 

200 oC. Which the NH and OH groups tend to form a hydrogen bond between the copolymer chains. The 

annealing causes the breakage of the H-bond throughout the film. This is followed by the molecular 

chains are free to rotate and enhancement of the ordering characteristic of the copolymer thin films. 
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2.2. Geometry computations (ED), (P) and (MEP) for [P4A2AP] isolated molecule 

The three dimensions (3D) of Electron-density (ED), Potential (P), and electrostatic-potential (MEP) 

are used to study the chemical and physical similarities of [P4A2AP]. Application of the resulted data 

from DMOl3/DFT essential rule Fig. 6(a-c), for [P4A2AP] copolymers in an isolated gas state, it will also 

be discussed how electron density is the critical element to describe the ground conditions in multi-

electron systems. The MEP was applied to describe the electrostatic potential. A 3D diagram in Fig. 6c 

displays the active position of the MEP for the [P4A2AP] isolated molecule. The blue color is the 

optimal region of the nuclear attract, while the ideal field for electrophilic attacks is the red one. In 

isolated models and crystalline molecules, the potential spectrum [MEP] of P4A2AP] is -1.24610--  

[MEP]  +2.34610-1, though its growth the order: red < brown < blue. 11, 12 The MEP diagram displays 

the negative potential of nitrogen electronic atoms and the positive potential of hydrogen atoms.13, 14 The 

lone pair of electronegative atoms was aligned with regions of negative V(r). Negative regions in the 

[P4A2AP] molecule was found in the nitrogen atoms from the MEP title molecule maps, but maximum 

positive regions are local to the protonated (ph=NH-ph) groups in pyrazine 2-one, which can be 

considered as potential nucleophilic attack sites with a maximum value of +3.87 a.u. The MEP map 

revealed negative potential sites for N-atoms and positive potential sites around the H-atoms, according 

to the subsequent calculations. These sites provide useful knowledge relating to the compound’s 

intermolecular interactions.  

The measured ∆Eg
Opt

values were built on HOMO and LUMO discrepancy by applying the 

DMol3/DFT procedure as demonstrated in insert Figure SI, 3c. HOMO and LUMO are important factors 

in quantum chemical simulations to analyse complexes known as the boundary molecular orbits in the 

molecular orbit (FMOs). The computed EHOMO, ELUMO and  ∆Eg
Opt

 energies are summarized in Table SI, 

3. Application the following equations can be computed and tabulated μ = EHOMO + ELUMO 2⁄ , η =

EHOMO − ELUMO 2⁄ , χ = − μ , S = 1 2η⁄ , ω = μ2 2η⁄ , σ = 1 η⁄  and ΔNmax = −μ η⁄ .15 The EHOMO  and 

ELUMO energies that have taken negative values can be attributed to product stability for the [P4A2AP] 

matrix. The coordinate position simulation for molecular orbital coefficients with the greatest magnitude 

was considered. A significant quantum chemical feature is the electrophilicity index (𝛿) that measures 

energy stability when the device gets additional electronic charge.16 

Table SI, 3. Geometry constant [P4A2AP] isolated molecule in a gaseous phase 

Compound EHOMO  ELUMO  ∆Eg
Opt

 χ (eV) µ (eV) η (eV) S(eV) ω(eV) DNmax 𝛿 ( eV-1) 

[P4A2AP] -4.895 -2.372 2.523 3.634 -3.63 1.262 0.396 5.233 2.880 0.793 
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Figure SI, 3. a) 𝐸𝐷 of [P4A2AP]; b) 𝑃 of [P4A2AP], c) MEP of [P4A2AP] by applying DFT 

computations program. 

 

Abbreviations 

 
P4D2AP Poly(4-phenylenediamine-co-2-aminophenol) μ Chemical Potential 

FTIR Fourier-transform Infrared Spectroscopy  η Global Hardness  

UV-Vis Ultraviolet- Visible spectroscopic   Sharp Soret Band Appears at 𝑆𝑥 

TGA Thermogravimetric Analysis χ Electronegativity 

k(λ) Absorption Index 𝑆 Global softness 

n(λ) Refractive Index ω Global electrophilicity index 

XRD X-ray Diffraction σ Softness 

SEM Scanning Electron Microscope ΔNmax Maximum Value of Electronic Charge 

DFT Density Function Theory 𝛿 Electrophilicity Index 

DMOl3 Atomic Orbital DFT Code 𝑅() Reflectance 

CASTEP  Cambridge Serial Total Energy Package 𝑇() Transmittance 

TD-DFT Time-Dependent Density-Functional Theory α Absorptivity  

Tg Glass Transition Temperature h Plank constant 

DMF Dimethylformamide ν Frequency 

GGA General Gradient Approximation  ℎ𝜈 Photon Energy 

PBE Perdew–Burke–Ernzerh ε1 Real Dielectric Constant 

DNP Gaussian Double Zeta Plus Polarization Function ε2 Imaginary Dielectric Constant 

GP Gamma Point σ1 Real Conductivity 

GAP Gaussian Potential Approximation System σ2 Imaginary Conductivity 

(a) (b) 

(c) 
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Eg
Opt

 Optical Energy Gap 𝑆𝐸𝐿𝐹 Surface energy loss 

EHOMO Energy Highest Occupied Molecular-Orbital  𝑉𝐸𝐿𝐹 Volume Energy Loss Function 

ELUMO Energy Lowest Unoccupied Molecular-Orbital 𝑡𝑎𝑛𝛿 Loss Factor 
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