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High conducting polyaniline films were readily prepared 

by in-situ chemical oxidative polymerization/deposition 

of aniline in the presence of a very small amount of 

organic additive such as phenol.  The conductivity of thin 

(~ 150 nm) polyaniline film synthesized in the presence 

of 0.01 wt% of phenol (r-PANI) is an order of magnitude 

higher (as well as better conducting homogeneity) 

than that (PANI)  obtained from the conventional 

method without an additive.  r-PANI also has a better 

adhesion and electrochemical stability/reversibility, more 

transparency in the visible-light region and faster/easier 

doping/dedoping response compared to PANI.  The 

function of phenol molecule is to avoid the formation of 

the inter- and/or intra-chain hydrogen bonding during 

the growth of the polyaniline chains.  The de-aggregation/ 

reducing intra-chain hydrogen bonding of polyaniline 

chains by phenol molecules was revealed with IR, SAXS, 

and SEM data.

Beamline 

17B3 Small Angle X-ray Scattering

Authors 

C. G. Wu and C. H. Chiang
National Central University, Jhongli, Taiwan

 U.  Jeng
National Synchrotron Radiation Research Center, 
Hsinchu, Taiwan

Flexible electronics will be one of the most important 

technologies in the 21 century.  Highly conducting, good 

transparency flexible electrode is a key component for 

flexible electronics.  Conducting polymers are the promising 

candidates for flexible electrode, due to their plastic and 

conducting in nature.  Amongst the conducting polymer, 

polyaniline family (PANI) has been the subject of wide 

investigation because of its diversity in the structure, 

optical, electrochemical, and electric properties as well as 

applications.  Many physicochemical properties of PANI 

largely depend on the structure of the polymeric backbone 

and the packing of the polymer chains.  It was also known 

that the conductivity of PANI was affected by the chain 

length, morphology, texture, and degree of crystallization 

of the polymer films.  A lot of approaches were used to 

adjust the structure/ conformation of polyaniline chains 

to further increase the conductivity of the polymer film.  

Furthermore, polymer films were generally prepared 

by casting or spin coating from the polymer solution.  

Polyaniline film prepared from the spin coating of NMP 

solution is a dense film, therefore, doing inside the film will 

be difficult, resulting in lower conductivity. 

 Previously1,2, our laborator y had used in-situ 

polymerization/deposition method to fabricate polyaniline 

film on ITO substrate.  Polyaniline films prepared from the 

in-situ polymerization/deposition method had a better 

properties compared those fabricate from spin coating and 

then doping.   Nevertheless, the conductivity of polyaniline 

method prepared from in-situ polymerization/deposition 

method using the conventional reaction condition is not 

high enough for flexible electrode application.  In this 

article3, we used another strategy to prepare polyaniline 

with higher conductivity, at the same time increase the 

transparency of the polymer film.

The strategy we used for increasing the conductivity 

of polyaniline film was to add a very small amount of 
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functional additive, such as 

phenol, in the reaction media 

during the process of the 

polymerization/ deposition 

of polyaniline films on ITO 

substrate.  The conducting 

Atomic Force Microscope 

(C-AFM), Infrared (IR) and 

small angle X-ray Scattering 

(SAXS) were used to probe 

the structure-related con-

ductivity of polyaniline films.

F i g u r e  1  s h o w s  t h e 

typical topographic (left), 

and current (right) images 

obtained simultaneously 

for an identical part of the 

polyaniline films prepared 

in the presence of various 

addit ives.  The globular-

s h a p e d  i m a g e  w h i c h  i s 

a  typical  topography for 

polyaniline films prepared 

from HCl(aq).  The morpho-

logy observed in the topo-

graphic images is similar 

but the conductivity is dif-

ferent for polyaniline films 

prepared with and without 

an additive.  Polyaniline film 

prepared in the presence 

o f  p h e n o l  h a s  a  h i g h e s t 

co n d u c t i v i t y  a n d  b e t te r 

conducting homogeneity.  

The average conductivity of 

polyaniline thin film (~150 nm) 

prepared in the presence 

of 0.01 % phenol (r-PANI) is 

an order of magnitude higher than that (PANI) prepared 

with a conventional method (without additive).  Adding 

methanol will also increase the conductivity of polyaniline 

Fig. 1:  The AFM (left) and C-AFM (right, applied 
voltage: 3mV) diagrams of polyaniline films 
prepared in the presence (a) none.  (b) phenol.  
(c) toluene.  (d) methanol.
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film nevertheless the conducting homogeneity decreased.  

On the other hand, some additives, such as hexane and 

toluene will not affect the conductivity of polyaniline films.  

Polyaniline film prepared in the presence of phenol 

has not only higher conductivity but also better adhesion 

and electrochemical stability/ reversibility, faster/easier 

doping/dedoping response toward acid/base and more 

transparency in the visible range compared to those 

obtained without phenol additive.   The UV/Vis/NIR spectra 

of doped r-PANI and PANI films (at the thickness of ~ 

150 nm) are displayed in Fig. 2.   It was found that all three 

absorption peaks of r-PANI are red-shifted compared to 

those of PANI film.  The decrease in the intensity of the 

peak at ~ 430 nm and the red-shift of the polaron peak (the 

lowest energy peak) makes the film more transparent in 

the visible light region.  We do not know exactly why the 

intensity of the peak at 430 nm decreased, nevertheless 

the red-shift of the polraon peak of r-PANI suggested that 

polymer chains in r-PANI film existed as a more expanded 

coil-like conformation.  The higher conductivity and more 

transparent in the visible region of r-PANI film were 

attributed to the more expanded coil-like 

conformation (less intra-chain hydrogen 

bonding) of polyaniline chains formed in 

the presence of phenol additive.  

I t  wil l  be a great value to know 

about the function of phenol molecule 

in the process of the chemical oxidation 

polymerization of aniline.  The poly-

merization of aniline is an exothermic 

process, it has long been recommended 

to be carried out at low temperatures 

under vigorous stirring.  The resulting 

polymer powder has an aggregated 

granular morphology.  It seems that the 

aggregation, during chemical oxidation, 

nucleation, chain growth, and precipitation, 

of polyaniline chains is caused by the 

agitation or fast reaction of aniline oligomers, since more 

hydrogen-bonding can be formed when polymer chains 

have a more chance to contact with each other or bend 

(folded back) themselves.   This is probably also the reason 

that loose nano-rod or nano-fiber can be obtained when 

the chemical polymerization was performed at room 

temperature or without stirring4 or inter-facially.5  Then, 

what is the function of additive such as phenol molecule in 

the polyaniline chain growing and film formation process?  

We found that the initial polymerization time (the 

time need to observe the formation of the blue-green 

fiber in the solution after the aniline and oxidant were 

mixed) is longer and the polymerization releases less heat 

when the phenol molecule was added into the reaction 

solution.   Phenol molecules also affect the film growing 

rate: the higher phenol concentration, the slower film 

growing speed.  These phenomena seem to indicate that 

phenol molecules involved in the chain growing process 

of polyaniline.  Phenol reduced the rate of polymerization 

by breaking the intra and inter-chain hydrogen bonding 

during the growth of polyaniline chains.  In order to further 

address the aggregation of the polyaniline chains, the 

molecular weight of both powder and film (prepared with 

Fig. 2:   he Uv/Vis/NIR spectra of doped PANI and 
r-PANI films. (film thickness: 161 nm).
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or without phenol additive) were also measured in the 

presence of LiCl and the data were listed in Table 1.  GPC 

data showed that the molecular weight of polyaniline 

measured from LiCl/NMP solution is smaller than those 

measured from pure NMP solution.  LiCl was known as 

a salt to de-aggregate the polyaniline chain.  GPC data 

revealed that compared to r-PANI, PANI de-aggregated 

more in the presence of LiCl suggesting that PANI chains 

are more aggregated.  Although the aggregation of the 

polyaniline chains can not be observed directly from the 

SEM micrographs of r-PANI and PANI films, we found 

that thinner and longer polyaniline nano-rod powder was 

obtained when the polymerization was carried out in the 

presence of phenol (see Fig. 3).  When the polymer chains 

were less aggregated they could grow longer before 

precipitating from the solution.  Therefore, if the intra-chain 

hydrogen bonding was reduced, thinner and longer (more 

homogeneous in size) nano-rods (or fibers) will be formed.  

However, the length of the polyaniline nano-rod observed 

in the SEM micrographs is not consistent with the chain 

length calculated from the GPC data.  For example, 

based on the GPC data, polyaniline chain prepared in the 

presence of 0.01 mole % phenol contains 204 aniline units, 

which is ca 100 nm in length.  Nevertheless, SEM revealed 

that the nano-rod is ca. 50 nm in diameter and the length 

is much longer than 100 nm.  These results suggested that 

the mechanism for the formation of polyaniline nano-

rods is a very complicated.  It may involve the intra- and 

inter-chain interactions: mainly hydrogen-bonding or 

may beπ-π interaction.   If these chemical interactions 

were interrupted during the chain growing process, then 

polyaniline chains and therefore polyaniline with varied 

physical/ chemical properties can be prepared. 

To further address the presence of the hydrogen 

bonding, polyaniline films deposited on Si wafers were 

prepared and the IR spectra were taken (as showed in 

Fig. 4).  It was found that the intensity of the absorption 

peaks at ~ 3297 cm-1 and ~ 3391 cm-1, which have been 

assigned to the H-bonded N-H stretching and free N-H 

bond, respectively6 are similar for PANI (EB) film.  On the 

other hand, the absorption peak at ~ 3391 cm-1 is strong 

but the peak at ~ 3297 cm-1 is rather weak for r-PANI (EB) 

film.  The result suggested that more hydrogen bonded 

N-H groups were present in PANI film.  Furthermore, the 

absorption at ~ 3391 cm-1 (the free N-H bond) of r-PANI (ES) 

Fig. 3:  SEM micrographs of 
polyaniline powder 
obtained from the 
solution without 
( a )  a n d  w i t h  ( b ) 
additive.

Table 1:  The GPC data of polyaniline film and powder

 Sample LiCl Mw PDI

 
r-PANI film

 no 17600 1.2

  yes 12800 1.3

 
PANI film

 no 18400 1.2

  yes 11800 1.3

 r-PANI powder
 no 18000 1.2

  yes 13500 1.4

 PANI powder
 no 20000 1.2

  yes 15800 1.4
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film is very broad and much stronger than that of PANI 

(ES) after being doped (see Fig. 4 (b)) indicating that r-PANI 

film has a higher degree of protonation when it was 

doped with acid.  Although a quantitative determination 

of the degree of hydrogen bonding cannot be made only 

by the IR data.  The IR data do support that polyaniline 

chains with less hydrogen bonding were formed when the 

polymerization was carried out in the presence of phenol 

additive, although we do not know the reducing in the 

hydrogen bonding by phenol molecules occurs during 

the polymer chain growing process or nano-rod formation 

process.  Surprisingly, the phenol assisted de-aggregation 

of polyaniline chains happened at phenol to aniline mole 

ratio as low as 0.01 %.  However, when the concentration 

of phenol in the reaction mixture is higher than 10 %, no 

conductivity enhancement was found.  When the amount 

of phenol is upto 100 %, the polymerization became very 

slow; almost no polyaniline film was formed on the ITO 

substrate.

In order to directly explore the conformation or 

ordering of polyaniline chains of the films on ITO substrates, 

small angle X-ray scattering (SAXS) measurements 

using a synchrotron radiation source were performed 

and the results are displayed in Fig. 5.  The radius of 

gyration (Rg) of the particles in polyaniline films was 

evaluated with the Guinier theory7 at low angles using 

the equations shown below:

The Rg values obtained from the slope of the 

ln[I(q)] vs q2 curves at both xy plane and z axis direction 

suggested that longer and thinner polyaniline rods were 

formed when the polymerization was carried out in the 

presence of phenol (although the exact Rg values are not 

calibrated in this study).  The results are similar to what 

was observed on polyaniline powder isolated from the 

polymerization solution (see Fig. 3). 

We discovered a very simple method to enhance 

the quality of polyaniline thin fi lms by adding an 

additive, such as phenol, in the reaction medium during 

the polymerization/deposition process.  The specific 

interactions involved hydrogen bonding andπ -π 

interaction between phenol and aniline oligomer/or 

polymer during the growth of the polymer chains were 

proposed.  These specific interactions may be critically 

Fig.  4:   The IR spectra of (a) EB form of PANI and r-PANI.  
(b) ES form of PANI and r-PANI films on silicon 
substrates.
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important for the conformation of the polyaniline chains 

and therefore the conductivity and physicochemical 

properties of the resulting polymer film.  Aligning 

polyaniline chains to achieve higher conductivity has 

been pursued in the conjugated polymer community for 

many years.  We found a very simple and reproducible 

way to straighten the polyaniline chains.  Moreover, in the 

application of plastic electrode on the flexible electronic 

devices, there is a challenge to increase the conductivity 

of polymer to match the existing conventional materials.  

Fabricating high conducting polymer thin films in a 

simple and reproducible way makes the plastic electrode 

proceeds a step further to the reality.◆

Fig.  5:  Guinier plots (ln I(q) vs q2) of the SAXS patterns 
for PANI and r-PANI films (a) on XY plane.  (b) 
on Z direction.
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