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A high-resolution 13C n.m.r, spectrum of soluble polyaniline in DMF-d7 solution was recorded. The 
assignment for the various resonance peaks in the spectrum was tentatively performed and the chain 
structure of polyaniline was analysed. It has been shown that the main chain of pristine state polyaniline 
is composed of alternating benzoid-quinoid and successive benzoid-quinoid sequences with the former 
being present in greater concentration. The sequence distribution is random. In addition to the benzoid-type 
and quinoid-type structures, there is a small amount of other structural units in the main chain. 
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I N T R O D U C T I O N  

Polyaniline has attracted considerable interest as an 
electrically conducting polymer of practical potential 1-4. 
However, all polyanilines so far reported in the literature 
are insoluble and infusible, so their proper characterization 
is very hard to carry out. For  example, all solid state 
high-resolution 13C n.m.r, spectra of the reported 
polyanilines have very poor  resolution and cannot be 
used to analyse the detail of the chain structure of 
polyaniline 3. This is due to the poor molecular mobility 
of polyaniline resulting from chain stiffness and from 
strong intermolecular interactions. There may also be 
some paramagnetic structural units or impurities in the 
polymer that can lead to a relaxation broadening of 
n.m.r, linewidths. In order to perform a detailed analysis 
of chain structure of polyaniline, an adequately resolved 
13C n.m.r, spectrum of this polymer must be obtained. 

Recently, a soluble polyaniline was successfully 
synthesized in our laboratory 5, making it possible to 
investigate the chain structure of polyaniline by n.m.r. 
and other techniques. In this work, the 13C n.m.r. 
spectrum and nuclear Overhauser enhancement (NOE)  
of the soluble polyaniline in the pristine state were 
measured in DMF-d  7 solution. The assignment for the 
resulting spectrum was tentatively performed and an 
analysis of the chain structure of polyaniline was carried 
out. 

EXPERIMENTAL 

Soluble polyaniline was synthesized through chemical 
oxidation of aniline by (NH4)2S20 s in a 6 mM aqueous 
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solution of HC1. The molar ratio of anil ine/(NH4) 2S2Os 
was 2:1. The polymer thus obtained had a conductivity 
of 4 S cm-  1. The product was converted into the pristine 
state by treatment with NH4OH. 

N.m.r. measurements were made at 50.3 MHz with a 
Varian XL-200 n.m.r, spectrometer. The sample was 
dissolved in a 10mm n.m.r, tube in DMF-d  7 to a 
concentration of 10% (w/v). NOE was determined by 
comparing the intensities of the resonances obtained 
from completely proton-decoupled and proton-coupled 
spectra. The measurements were performed at 21-22°C. 

RESULTS AND DISCUSSION 

High-resolution 13C n.m.r, spectrum of  polyaniline 
Figure 1 shows the 50.3 MHz 13C n.m.r, spectrum of 

pristine state polyaniline in DMF-d7 solution. The 
resolution of this solution spectrum is much higher than 
that of the 13C CP-MAS spectrum of solid polyaniline3 ; 
at least 25 resonance peaks are resolved in the former 
while only five appear in the latter. 

A set of resonance peaks between 110 and 123 ppm 
appearing in the solution spectrum is highly informative 
but it could not be resolved in the solid state. In 
accordance with the 13C CP-MAS spectrum recorded 
and assigned by Hjertberg et al. 3, it is clear that the 
resonance peaks centred at 124.5, 137.7 and 158.6 ppm 
are the resonances of the protonated carbons in the 
benzoid ring and the protonated and unprotonated 
carbons in the quinoid ring, respectively. However, there 
has not been a report on the assignment for the other 
resonance peaks observed in the solution spectrum. In 
this work, we try to make assignments for these resonance 
peaks using the additivity rule of substituent chemical 
shift parameters for benzene derivatives in conjunction 
with NOE and lineshape analyses. 
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Figure 1 a3C n.m.r, spectrum at 50.3 MHz  of the pristine state 
polyaniline in DMF-dT:  10000 scans 

Calculation of  chemical shift 
The main chain of pristine state polyaniline is mainly 

composed of two types of structural units: a substituted 
benzene-type 

-NH-~NH- 
and its oxidized form, a substituted quinone-type 

- - N = ~ N - -  

The assignment for the resonance peaks of the carbons 
in the quinoid ring has already been reported. However, 
the assignment for the resonance peaks associated with 
the carbons in the benzoid ring remains to be performed. 
The chemical shift of a carbon in a substituted benzoid 
ring 

3 2 

can be predicted by the additivity rule of substituent 
chemical shift parameters for benzene derivatives 6-8 

according to the following relation: 

6i = 128.5 + Zi 

where Zi is the additivity parameter of the substituent X 
on the ith carbon in the benzoid ring. The additivity 
parameters of many substituents are readily available 
from the literature 6'7. 

The chemical shifts of the carbons in the benzoid ring 
of polyaniline are affected not only by groups - N H -  or 
= N -  directly bonded to it, but also by the benzoid or 
quinoid rings neighbouring it and separated by - N H -  
or = N - .  So the major substituents at the benzoid ring 
in pristine state polyaniline should be 

- N H - ~ N H -  - - N = ~ N - -  

In other words, each of the structural units in the 
molecular chain would act as a substituent on the 
adjacent benzoid ring. However, the additivity par- 
ameters of these two types of substituents are not 
available in the literature. In this work, we have obtained 
them from the ~3C n.m.r, measurements of solid 
polyaniline by Hjertberg et al. 3 and aniline oligomers by 
Cao et al. 9 These values are listed in Table 1. 

I.r. analysis s shows that there are possibly five 
structural units with benzoid ring as centre in the main 
chain of pristine state polyaniline. The chemical shifts of 
the carbons in each of these structural units were 
calculated by the additivity rule; the values are listed in 
Table 2. The chlorine content in the polyaniline used in 
this work is rather high. Elemental analysis indicates that 
every three benzoid or quinoid rings contain one chlorine 
atom on average 5. We therefore considered the 
chlorinated benzoid rings to be among the major 
structural units in the polymer. 

The assignment of  resonance peaks 
The assignment of the 13C n.m.r, spectrum (Figure 1) 

is summarized in Table 3. The resonance peaks can be 
divided into two groups by NOE values: one at 
114-142 ppm with NOE values greater than 2.06; the 
other at 142.6-158.6 ppm with NOE values smaller than 
1.5. Because 13C NOE originates from 13C-1H dipolar 
interaction, NOE values are larger for protonated 
carbons than for unprotonated carbons. The resonance 
peaks from 114 to 142 ppm are therefore associated with 
protonated carbons, and those from 142.6 to 158.6 ppm 
with unprotonated carbons. 

Table 1 Chemical shift parameters of some substituents 

Substituent Zt  Z2 Z3 Z4 

.• a 

- N H  N H -  19.1 - 1 3 . 0  1.2 - 5 . 2  

- - N  N - -  21.5 - 6 . 4  2.3 - 3 . 6  

- N H 2  b 19.2 - 12.4 1.3 - 9 . 5  

- C P  6.4 0.2 1.0 - 2.0 

a Obtained from 13C n.m.r, measurements  of solid polyaniline by 
Hjertberg et al. a and aniline oligomers by Cao et al. 9 

b From ref. 8 
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Table 2 Structural units in pristine state polyaniline and the predicted chemical shifts 

No. Structural unit C1 C2 C3 C4 C5 C6 

3 2 

1 --Q=N ...~/ \'k~. N=Qa 146.4 124.4 124.4 146.4 
~--k=J 

124.4 124.4 

3 2 

2 -- B-- N H .-4/ , -- ,~-  NH--B b 142.4 116.7 116.7 142.4 116.7 116.7 4 ~kL.L/ 

3 2 

3 - Q =  N .--{~--p~- N H--B--  144.5 117.8 123.3 144.8 123.3 117.8 
q k ~ L /  

32 CI 
4 --  Q :  N a-4~C/~- N H--B - 144.7 124.2 123.5 145.4 1 21 .3 1 18.8 

5 6 

32  Cl . . , ,__~/ 
5 --B--N H ~--ff(C/'~" NH--B-- 142.6 123.1 116.9 143.4 1 14.7 117.7 

5 6 

Q represents : ~  

b B represents 

Table 3 Assignment of t 3 C n.m.r, spectrum of polyaniline 

5 (ppm) 

Peak Observed Predicted NOE Assignment a 

1 114.7 114.7 C55 
2 116.2 116.7 2.30 C22 , C23 , C25 , C26 
3 118.1 117.8 2.24 C32 , C36 
4 119.3 118.8 2.35 C46 
5 121.7 121.3 2.44 C45 
6 122.2 123.3 C33 , C35 
7 122.7 123.5 2.27 C43 
8 124.5 124.4 2.06 C12, Caa, C15, C16 
9-12 125.8-131.0 Unclear 

13-19 132.0-142.4 C~2, Cqa, Cqs, Cq6 
20 142.6 142.4 1.49 C2a , C24 
21 143.1 144.5 1.29 C31 
22 144.2 144.8 C34 
23 145.4 146.4 C11, C14 
24 156.7 1.50 Cqx, Cq4 
25 158.6 1.17 

a First subscript number refers to structural unit in Table 2; second 
subscript number refers to carbon on the benzoic ring 

b Cq represents a carbon in the quinoid ring 

The assignment for the resonance peaks with high 
resonance intensities from 124 to 158.6ppm in the 
solution spectrum is in agreement with the solid state 
spectral assignments made by Hjertberg et  al. 3, except 
that the chemical shift of Clx and C14 is about 2.6 ppm 
smaller than that in the solid state spectrum. Now we 
explain the assignment for the resonance peaks that do 
not appear in the solid state spectrum. 

As seen in Figure 1, at least two resonance peaks close 
to 142.6 ppm can be resolved in the solution spectrum 
of polyaniline, one at 142.4ppm and the other at 
142.6 ppm, while only one peak can be observed at about 
142.6ppm in the solid spectrum. Hjertberg et  al. 5 

assigned the peak at 142.6 ppm to C 2 and C 5 on the 
quinoid ring in the trans conformation 

3 2 

/ N = ~ N  / 
5 6 

and the peak at 137.7 ppm to C 3 and C 6 o n  the same 
ring. In the solution spectrum, the peak at 142.6 ppm 
has a quite different NOE value and linewidth from the 
peak at 137.7 ppm, so it is not expected to arise from a 
quinoid ring carbon. This peak may be assigned to C21 
and C24 based upon the chemical shift calculation and 
the analysis of NOE and linewidth. The magnetic 
inequivalence between C2, C5 and C3, C6 in the quinoid 
ring in the trans conformation would be smaller in 
solution than in the solid state, owing to the quicker 
reorientation motions of chain segments in solution, and 
consequently the difference between the chemical shifts 
of C2, C5 and C 3, C 6 would be smaller in solution than 
in the solid state, hence the peak at 142.4 ppm in the 
solution spectrum is more likely to belong to C 2 and C5 
on the quinoid ring in the trans conformation. 

1H and I3C n.m.r, spectra of the model compounds 
of polyaniline indicate that there are syn  and trans 
conformations about the quinoid ring1°'11 : 

1 2 4 4 

/ N = ~ N  / " N : = ( ~ N  / 
21  3 3  
trans syn 

Carbons 1, 2, 3 and 4 would all resonate at distinct 
frequencies (i.e. distinct chemical shifts). The resonance 
peaks from 132.0 to 142.4 ppm may be associated with 
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these carbons, but the exact assignments for them cannot 
be made with the present data alone. 

A new resonance peak at 156.7 ppm appears in the 
solution spectrum compared with the solid state 
spectrum 3. The low NOE value and larger chemical shift 
of this peak indicate that it belongs to the unprotonated 
carbon in the quinoid ring, as does the resonance peak at 
158.6ppm. The appearance of two resonance peaks 
associated with the unprotonated carbon in the quinoid 
ring may also be a result of the presence of trans and syn 
conformations around it, but the exact origin of these 
two peaks is, at present, unclear. 

A set of resonance peaks from 114 to 123 ppm appear 
in the solution spectrum but are not observed in the solid 
state 3. These peaks have larger NOE values and narrower 
linewidths, showing them to be associated with 
protonated carbons which have high mobility. Based on 
the 13C n.m.r, spectrum of an aniline tetramer in 
completely reduced form 9, and on the prediction of 
chemical shifts by the additivity rule, these resonance 
peaks were assigned to the carbons on the benzoid rings 
in the successive benzoid-benzoid sequence in the main 
chain of polyaniline. 

The assignment for the resonance peaks from 125 to 
131 ppm is unclear at present. They may be related to 
the carbons in some complex structural units rather than 
those given in Table 2. I.r. analysis has shown the 
presence of such complex structural units in polyanilineS. 

Analysis  o f  the chain structure o f  polyaniline 

From the assignment of the 13C n.m,r, spectrum of 
pristine state polyaniline in solution, the chain structure 
of polyaniline was analysed. The following conclusions 

may be drawn. 

1 The main chain of pristine state polyaniline is mainly 
composed of alternating benzoid-quinoid and succes- 
sive benzoid-benzoid sequences with the former being 
present in greater concentration. 

2 The relatively strong resonances of the carbons in the 
benzoid rings of structure 3 (Table 2), a structure unit 
linking the alternating benzoid-quinoid and successive 
benzoid-benzoid sequences, imply that the sequence 
distribution is random. 

3 In addition to the main structural units in Table 2, 
there is a small amount of other structural units. 
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