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Abstract 

In order to optimize the technology with respect to maximum conductivity, transmittance and 

optical homogeneity, the time-controlled chemical bath deposition process was used to 

prepare polyaniline (PANI) thin films on glass substrate. Two different precursors have been 

used for PANI thin films preparation: anilinium sulfate and aniline hydrochloride. Optical 

homogeneity has been evaluated by transmittance maps obtained using spectrometer equipped 

with light collecting multimode optical fibers. Results showed the strong dependence of 

conductivity and optical homogeneity on the deposition time during early stages of films 

growth. Increase of conductivity during deposition time is accompanied with the increase of 

optical inhomogeneity. Optimum deposition time has been estimated about 30 minutes with 

maximum optical homogeneity, keeping still the reasonable transmittance and conductivity 

values. 
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1. Introduction 
 

Polyaniline (PANI) is nowadays the most studied conducting polymer exhibiting unique 

electrical and optical properties, good redox reversibility and high environmental stability 

[1,2]. These features, together with the low cost and wide availability of aniline and its 

derivatives, make it an ideal candidate in many practical applications such as gas sensing 

[3,4,5], pH sensing [6], electrochromic devices [7,8], light-emmiting diodes [9] or corrosion 

protection [10,11]. The most frequently studied form of PANI is thin film deposited on 

various substrates: gold [12], quartz [13], zinc selenide [14], polyvinyl chloride [15], 
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polyamide [16] and many others. For more informations see, for example, the review 

published by Stejskal et al. [17]. Besides the above mentioned supports, many research groups 

used glass slides which are transparent and chemically stable. The coating of glass surface 

with a thin PANI film was achieved by using various preparation procedures [5,6,18-22], but 

they are all quite complex and slow. In addition, no monitoring of transmitance and optical 

homogeneity of PANI film in dependence on the deposition time can be found in literature 

although these are important factors in optoelectrical applications. In this paper we present the 

method of monitoring the optical homogeneity during the PANI film growth. Other related 

properties (thickness of PANI film, degree of protonation, conductivity) were characterized 

using atomic force microscopy, conductivity measurement, UV-VIS spectroscopy and Raman 

spectroscopy.  

 

2. Experimental details 

 

2.1. Sample preparation 

Aniline, sulfuric acid, aniline hydrochloride and ammonium peroxydisulfate were purchased 

from Lach-Ner, Czech Republic, and used as received. 

The glass slides (76 mm × 26 mm × 1 mm) were washed in a soap solution, rinsed with 

distilled water, then with ethanol and dried. The contact angle of water droplets on the surface 

of glass slides was about 20º which is higher than 12° reported by Li and Ruckenstein [18]. In 

order to prevent the two-sided coating of glass slides with PANI film, one side of the glass 

slides was covered by a scotch tape. PANI films on such treated glass slides were prepared in 

two different ways: 

 (1) In situ chemical polymerization of aniline by mixing two solutions. The first one 

containing 0.2 M anilinium sulfate prepared in 0.5 M sulfuric acid (serves as cationic source) 

and the second one containing 0.1 M ammonium peroxydisulfate dissolved in distilled water 

at room temperature (acts as oxidizing agent). Resulting PANI thin films are denoted PANI1. 

(2) In situ chemical polymerization of aniline by mixing two solutions. The first one 

containing 0.2 M aniline hydrochloride dissolved in distilled water (serves as cationic source)  

and the second one containing 0.25 M ammonium peroxydisulfate dissolved in distilled water 

at room temperature (acts as oxidizing agent). Resulting PANI thin films are denoted PANI2. 

Glass slides attached by clips and hanging on strings were introduced into the beaker before 

the polymerization started.  Once the reactants were added, the PANI thin film started to grow 

Thin solid films. 2013, vol. 537, p. 58-64. http://dx.doi.org/10.1016/j.tsf.2013.04.048

DSpace VŠB-TUO http://hdl.handle.net/10084/100589 8/11/2013



 

3 

 

on the glass slides. During the polymerization process, the glass slides were pulled out from 

the reaction mixture one by one after 5, 10, 15, 20, 30 and 40 minutes, rinsed with 0.2 M 

hydrochloric acid, then with ethanol and dried.   

All prepared samples are denoted either as PANI1/T or PANI2/T, where 1 and 2 means the 

preparation method (1 - precursor anilinium sulfate, 2 - precursor aniline hydrochloride) and 

T is the deposition time (i.e. the immersion of glass slide in the reaction mixture).  

 

2.2. Characterization methods 

Conductivity of the samples has been measured by static applied voltage in DC regime using 

linear copper electrodes (copper wire with a triangular cross-section, see Fig. 1). This special 

apparatus has been developed in order to eliminate the effect of structural inhomogeneity on 

the conductivity of PANI films. The value of DC voltage was determined as an average of 

values measured during 30 sec interval (300 values). The DC voltage used for measurements 

was 9.5 V. The measured section (distance between electrodes × width of the glass slide, see 

Fig. 1) was in the middle of thin PANI film (length ~ 60 mm). The design of the measuring 

apparatus guarantee the same distance between electrodes (20 mm, see Fig. 1) as well as the 

perfect fit of electrodes and surface for all measurements. During and after repeated 

measurements, there was no visible damage of the PANI thin films caused by the electric 

current flowing through the samples.  

 

 

 

Fig. 1. Experimental apparatus for measuring the DC conductivity. 1) sample - thin PANI film deposited on a 

glass slide (see the dimensions of glass slide  in the upper left corner); 2) Cu-electrodes (distance 20 mm); 3) 

flexible insulator; 4) voltage terminals; 5) weights to ensure a constant load; 6) measuring card; 7) PC + 

software. 
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The morphology of the surfaces of thin PANI films was studied using SolverNEXT (NT-

MDT) atomic force microscope (AFM) operated in contact mode. The contact probe PPP-

CONTR (Nanosensors) was used for imaging. The images were evaluated using Gwyddion 

2.28 software.   

UV-VIS was used for the characterization of optical properties. UV-VIS spectra of the PANI 

thin film were registered using spectrophotometer CINTRA 303 (GBC Scientific Equipment). 

The optical transmittance spectra of PANI films were measured at normal incidence at room 

temperature in the spectral range of 800-300 nm: speed was 1000 nm·min
-1

 with step size 

0.427 nm, slit width was 2.0 nm. 

Raman spectra of all thin PANI films were measured in order to control the degree of 

protonation during the immersion of glass slides in reaction mixture using a Smart Raman 

Microscopy System XploRA
TM

 (HORIBA Jobin Yvon, France). Raman spectra were acquired 

with 532 nm excitation laser source, 100x objective and using 1200 gr./mm grating. 

Optical homogeneity has been investigated via transmittance scanning across the sample. 

Transmittance measurements have been carried out using Spectrometer Optic Ocean 

USB2000+VIS-NIR equipped with light collecting large diameter (200 μm) optical fibers.  

Multi-mode optical fibers were used for precise definition of the measured points. Optical 

fibers were excited by halogen light source (λ = 420 nm). Both excitation and collecting fibers 

(50 μm in diameter) were fixed and the position of the sample was changed by micro sliding. 

The microscope glass slides made from BK7 (borosilicate glass) were used as film substrates. 

Transmittance of PANI thin film samples was measured simultaneously in three lines using 

three pairs of excitation/collecting fibers along the longitudinal axis of sample. One line was 

situated directly on the longitudinal axis and the other two lines were on both sides of the first 

one. Distance of these lines was 5 mm. Fifty measurements of transmittance were carried out 

in fifty points for each line (mutual distance between points on each line was 2.5 mm). 

Therefore, each PANI film was characterized by one hundred and fifty values of 

transmittance. Transmittance scanning with the same step along three parallel lines has been 

repeated thirteen times with starting points shifted at about 200 μm in order to cover 

completely the sample’s surface. These data were used for evaluation of optical 

inhomogeneity of samples. Optical inhomogeneity ΔT = Tmax – Tmin has been determined as 

the difference between maximum and minimum transmittance for each deposition time.  
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3. Results and discussion 

 

Optical transmittance in dependence on wavelength for PANI1 and PANI2 is shown in Figs. 

2a and b.  

 

 

 

 

Fig. 2. Optical transmittance spectra of (a) PANI1 and (b) PANI2 thin films. 

 

For an empty glass the transmittance value was nearly 100% in the whole wavelength range 

300-800 nm. The transmittance of samples after 5 minutes of deposition was close to that for 

an empty glass. Transmittance for 10 minutes deposition exhibits maximum significantly 

shifted to short wavelengths. Starting from 15 minutes all the transmittance spectra have the 

same shape but the spectrum for 20 minutes exhibits the highest intensity in the maximum 
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transmittance (83% for 520 nm; see Table 1).  Correlation of transmittance with conductivity 

values can be seen in the Table 1.  

 

Table 1  
Results for PANI1 samples prepared from anilinium sulfate: the time dependence of temperature of the reaction 

mixture, PANI1 film thickness, DC conductivity, optical inhomogeneity (expressed as difference between 

maximum and minimum transmittance ∆T=Tmax-Tmin) and maximum transmittance T
AV

max obtained from UV-

VIS spectra. 
________________________________________________________________________________________ 

 PANI1         deposition        temperature of the       film thickness        σPANI1        ΔT [%]          T
AV

max [%] 

samples        time [min]      reaction mixture [°C]           [nm]                 [S/cm]       for 420 nm         (λ [nm])  

________________________________________________________________________________________ 

PANI1/5              5                          23.5                          10.0                   0.000               5                      - 

PANI1/10           10                         25.5                          62.0                   1.279              12                69 (460) 

PANI1/15           15                         26.5                          64.0                   1.633              14                77 (505) 

PANI1/20           20                         26.1                          65.0                   1.828              36                83 (520) 

PANI1/30           30                         25.6                          64.0                   1.491              11                78 (520) 

PANI1/40           40                         25.3                          74.0                   1.354              16                78 (520) 

________________________________________________________________________________________ 

 

The transmittance spectrum for PANI2 is in the Fig. 2b. Spectra for 5 – 20 minutes exhibit 

similar profiles as spectrum for PANI1/10. Spectra for PANI2/30 and PANI2/40 are similar to 

those of PANI1/15-40. Comparison of transmittance spectra for various deposition times 

supports the conclusion of previous work [23] that there is a significant change in the 

nanostructure during the deposition time. According to the published data, the absorption 

peak observed around 350 nm is attributed to π–π* transition [24].  

Two examples of transmittance maps obtained by Spectrometer Optic Ocean USB2000+VIS-

NIR equipped with multi-mode optical fibers are presented in the Figs. 3 and 4.  

 

 

Fig. 3. Transmittance mapping of PANI1 films for λ = 420 nm in dependence on deposition time (5-40 minutes). 

The color bar on the right shows the transmittance in [%].  
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Fig. 4. Transmittance mapping of PANI2 films for λ = 420 nm in dependence on deposition time (10-40 

minutes). The color bar on the right shows the transmittance in [%]. 

 

These maps illustrate clearly the optical inhomogeneity for PANI1 and PANI2 using 

transmittance values at the wavelength 420 nm.  

Calculated values of inhomogeneity ΔT = Tmax – Tmin are summarized in Tables 1 and 2.  

 
Table 2  
Results for PANI2 samples prepared from aniline hydrochloride: the time dependence of temperature of the 

reaction mixture, PANI2 film thickness, DC conductivity, optical inhomogeneity (expressed as difference 

between maximum and minimum transmittance ∆T=Tmax-Tmin) and maximum transmittance T
AV

max obtained 

from UV-VIS spectra. 
________________________________________________________________________________________ 

 PANI2         deposition        temperature of the       film thickness        σPANI2        ΔT [%]          T
AV

max [%] 

samples        time [min]      reaction mixture [°C]           [nm]                 [S/cm]       for 420 nm         (λ [nm])  

________________________________________________________________________________________ 

PANI2/5              5                          20.1                            9.0                   0.000               -                       - 

PANI2/10           10                         21.0                          17.0                   0.000              11                89 (421) 

PANI2/15           15                         24.5                          39.0                   0.004               7                 76 (421) 

PANI2/20           20                         27.8                          74.0                   0.001               7                 58 (448) 

PANI2/30           30                         27.5                        101.0                   0.242               7                 59 (492) 

PANI2/40           40                         27.2                        101.0                   0.227              10                59 (500) 

________________________________________________________________________________________ 

 

All the results for samples PANI1 (i.e. prepared from anilinium sulfate) are summarized in the 

Table 1, where can be found the time dependence of temperature in reaction mixture, film 

thickness, DC conductivity σ, optical inhomogeneity ΔT, and maximum transmittance T
AV

max 

(obtained from UV-VIS spectra displayed in the Fig. 2a) together with corresponding 

wavelength (λ). In spite of the nearly constant film thickness for deposition time in the range 

10-30 minutes one can see the extreme values of reaction temperature, conductivity, optical 

homogeneity and maximum transmittance for deposition time 20 minutes. The position of 
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maximum transmittance in UV-VIS spectrum was gradually shifted with the deposition time 

up to 520 nm for 20 minutes deposition and for longer deposition is constant. This trend of all 

characteristics reflects the changes in nanostructure during the deposition. The polymerization 

phase ends when the maximum of the temperature is reached [25]. Table 1 shows that for 

PANI1 the maximum of temperature occurs in time ~ 15 minutes. After this time the 

oxidative polymerization phase is completed and the incorporation of PANI precipitate into 

the film begins [25]. This is probably the cause of the highest optical inhomogeneity, while in 

longer time, as the incorporation of the PANI precipitate continues (see the increasing 

thickness of PANI film in Table 1), the surface roughness decreases and the optical 

inhomogeneity decreases as well. 

The Raman spectra revealed the dependence of protonation degree on the deposition time, 

which correlates with the trend of conductivity. 

Unfortunately, the maximum conductivity for 20 minutes corresponds to the maximum 

inhomogeneity. The time dependence of conductivity suggests the optimum deposition time 

20 minutes (maximum conductivity 17 S/cm). On the other hand, 30 minutes deposition 

exhibits the optimum homogeneity keeping still the acceptable conductivity and transmittance 

T
AV

max. AFM image of PANI1/20 sample can be seen in Fig. 5.  

 

 

Fig. 5. AFM image of the PANI1/20 sample shows the step made by scratching because of the height 

measurement of PANI film. Dark part in the foreground represents the glass surface. Area 55 m is displayed. 
 

The thickness of the PANI films was evaluated as a height of the step which was obtained 

after the scratching of the PANI film using sharp scissor.  

In spite of the higher thickness the conductivity values for PANI2 films are much lower. The 

conductivity values are negligible up to 20 minutes and very low even for longer deposition 

times. Unfortunately, this conductivity do not match the conductivity of polyaniline 

hydrochloride (4.4 ± 1.7 S/cm as an average of 59 samples) reported in [26], although the 

preparation procedure was similar to that in [26]. The time dependence of PANI2 film 
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thickness and averaged maximum transmittance T
AV

max is in the Table 2. Inhomogeneity ΔT is 

quite low for PANI2. For the same film thickness PANI2 exhibits much lower transmittance 

than PANI1 (compare T
AV

max for 40 and 20 minutes). Temperature reaches its maximum in 20 

minutes and decreases slowly than in case of PANI1. One can see that the difference in time 

course of reaction temperature for two methods of preparation PANI1 and PANI2 led to very 

different optical and electrical properties.  

Raman spectra of PANI films were measured in dependence on deposition time in five 

separate points on the sample. Positions of characteristic bands for various vibrational and 

rotational modes of PANI functional groups and molecular parts for all PANI1 samples are 

listed in Table 3.  

 

Table 3 
Positions of characteristic bands for various vibrational and rotational modes of PANI1 functional groups and 

molecular parts. B – benzene. 
_______________________________________________________________________ 

                                         characteristic bands [cm
-1

]                       Refs. 

                                    ___________________________________ 

                                     PANI1/10       PANI1/15      PANI1/20-40  

_______________________________________________________________________ 

C-C stretching                  1609                1607                1610                         [27] 

C=C stretching                 1581                1579                1582                         [27] 

C=N stretching                 1496                1484                1490                      [28,29] 

C-N+• stretching              1321                1321                1326                         [28] 

C-N stretching                  1213                1211                   -                             [30] 

C-H bending                     1153                1156                1160                         [31] 

deformations of           736,769,797       796,813                -                             [32] 

substituted                                

aromatic rings  

benzene ring                        -                      -                     800                          [33] 

deformations  

out-of-plane                    413,512           410,509           505,410                      [32] 

deformations (B)  

___________________________________________________________ 

 

Fig. 6 shows Raman spectra for the three following samples: PANI1/10 (Fig.6a), PANI1/20 

(Fig.6b) and PANI1/40 (Fig.6c). Fig. 6a corresponds to the spectrum of the most deprotonated 

PANI form (PANI base), which is reflected by high intensity of 1496 cm
-1

 band
 
(C=N 

stretching) and low intensity of 1321 cm
-1 

band (C-N
+ · 

stretching), band at 1213 cm
-1 

(C-N 

stretching) is also clearly visible. This suggests that PANI chains contain higher amount of 

uncharged quinones (protonated quinones are missing). A broad structured band around 800 

cm
-1

 containing multiple maxima which correspond to the deformation vibrations of various 

substituted aromatic rings can be found in this spectrum.  
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Fig. 6. Raman spectra of samples (a) PANI1/1, (b) PANI1/20 and (c) PANI1/40. 
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The polymerization process is completed for PANI1/20 as one can see from the lower 

intensity of 1490 cm
-1 

(C=N stretching), higher intensity of 1326 cm
-1 

(C-N
+ · 

stretching) and 

the lack of band 1213 cm
-1 

(C-N stretching). PANI1/20 is more protonated than PANI1/10, as 

one can see from the comparison of the peak intensities. Peak hight at 1321 cm
-1 

band (C-

N
+· 

stretching) is now much higher. This increase of protonation leads to higher conductivity 

(see Table 1). For the sample  PANI1/40 the conductivity decreased, which manifests itself by 

the decrease of the peak height at 1326 cm
-1 

(C-N
+ · 

stretching). 

For all deposition times of the PANI2 sample the band intensity at 1326 cm
-1 

(C-N
+ · 

stretching) is much lower indicating the low degree of protonation and consequently low 

conductivity. Positions of characteristic bands for various vibrational and rotational modes of 

PANI functional groups and molecular parts for all PANI2 samples are listed in Table 4.  

 

Table 4 

Positions of characteristic bands for various vibrational and rotational modes of PANI2 functional groups and 

molecular parts. B – benzene, Q – quinone. 

______________________________________________________________________________ 

                                                                characteristic bands [cm
-1

]                            Refs. 

                                    _____________________________________________ 

                                       PANI2/10        PANI2/15       PANI2/20       PANI2/30-40  

______________________________________________________________________________ 

C-C stretching (B)              1612                   -                   1607                  1607                [27] 

C=C stretching                    1581               1581                1582                  1582                [27] 

C-C stretching (Q)              1554           1549,1407        1552,1411        1552,1411      [27,28,34] 

N-H bending                       1554               1549                 1552                  1551             [27,34] 

C=N stretching                   1484                1484                1486                  1490             [28,29] 

C-N+• stretching                1319                1322                1319                  1324                [28]  

C-N stretching                    1210                1211                1210                  1208                [30] 

C-H bending                       1158                1155                1152                  1152                [31] 

deformations of                776,803        738,770,797    736,767,800      736,773,797         [32] 

substituted                                

aromatic rings   

out-of-plane                      407,510           404,508           410,512             408,506             [32] 

deformations (B)  

______________________________________________________________________________ 
 

The degree of protonation indicating the conductivity is given by the intensity of Raman band 

C-N
+ 

 (1326 cm
-1

). Comparison of the Raman spectra for all samples showed that increasing 

conductivity is accompanied by an increase in the intensity of C-N
+ 

 band. Comparison of 

these results with transmittance measurements revealed that the maximum of conductivity and 

consequently the maximum of C-N
+ 

 Raman band intensity corresponds to maximum 

transmittance and simultaneously maximum optical inhomogeneity. These optical effects are 

a consequence of structural changes, which take place during deposition and at early stages 
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are strongly time dependent. This effect has been observed also by synchrotron structure 

analysis [23].  

 

4. Conclusions 

 

Present results showed that PANI film properties vary with the deposition time as a 

consequence of the structural changes. This work was focused on the study of conductivity 

and optical homogeneity by mapping the transmittance using spectrometer equipped with 

light collecting multi-mode optical fibers. Optical homogeneity has been confronted with UV-

VIS and Raman spectroscopy and conductivity measurements. Two different preparation 

methods have been compared: (1) using anilinium sulfate as a precursor – PANI1 and (2) 

using aniline hydrochloride as a precursor – PANI2. Results revealed the first method based 

on anilinium sulfate as more efficient as to the conductivity – in shorter time one can get 

PANI films with high conductivity. Method based on aniline hydrochloride leads to better 

optical homogeneity but, unfortunately, also to the much lower conductivity. For PANI1 the 

maximum conductivity has been observed for 20 minutes deposition and this maximum 

conductivity corresponds to the highest degree of protonation observed in Raman spectra 

(high intensity peak at ~ 1300 cm
-1

). Present study confirmed the results of structure analysis 

[17,23] and the finding that the nanostructure of thin films is changing during deposition time, 

confirming the previous results showing that in early stages of film growth the structure 

differs from that after 30 minutes deposition [17,23]. These structural changes affect all the 

properties / conductivity and optical homogeneity. The time dependence of reaction 

temperature agrees with the time dependence of conductivity and inhomogeneity. Color maps 

give the more detailed information than the UV-VIS transmittance measured by classical 

methods, averaging a limited area on the sample. On the base of present results we can 

conclude that conductivity and optical homogeneity are parameters exhibiting different trends 

in dependence on deposition time, anyway one can find the compromise with acceptable 

values of conductivity and optical homogeneity using anilinium sulfate as precursor.    
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