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Synopsis 

The charge transfer (CT) interactions between polyemeraldine (PEM) and six organic electron 
acceptors were studied. The complexing ability of the acceptors, based on the maximum attainable 
electrical conductivity of the resulting complex, could be arranged in the following ascending order: 
tetrachloro-p-benzoquinone (p-chloranil) , tetrafhoro-p-benzoquinone (p-fluoranil) , tetrabromo- 
o-benzoquinone (0-bromanil ) , 2,3-dicbloro-5,6-dicyano-p-benzoquinone ( DDQ ) , tetrachloro-o- 
benzoquinone (0-chloranil) , and tetracyanoethylene (TCNE). Conductivity in the order of lo-’ 
S/cm was achieved in the PEM/TCNE complex. The complexes were also characterized by infrared 
( IR) absorption spectroscopy, thermogravimetric (TG ) analysis, and X-ray photoelectron spec- 
troscopy (XPS). In most complexes, the CT interactions have proceeded further than the formation 
of pure molecular complexes. However, the mechanism of CT interaction was found to be analogous 
to that of protonation of PEM by protonic acids. 

INTRODUCTION 

In recent years, a great amount of renewed ~ o r k l - ~  has been done on the 
century-old5 aniline family of polymers. This is partly because of the interesting 
ways in which the oxidation states of polyaniline can be varied from the fully 
oxidized “pernigraniline,” through the 50% oxidized “emeraldine” to the fully 
reduced ‘‘leucoemeraldine.21’ In addition, the electrical conductivity of the 
polymer could be increased from about 10-l’ S/cm to over 1 S/cm by proton- 
ation with protonic acids, such as HC1’s2 or by electrochemical doping.496 The 
former differs from the “doping” process of other conjugated polymers in that 
protonation does not involve a change in the number of electrons associated 
with the polymer backbone. 

Most of the recent work on polyaniline has been centered on the protonation 
of polyemeraldine (PEM) with HC1. In the past, organic electron acceptors 
such as the various benzoquinones have been used to enhance the conductivity 
of electroactive polymers like polypyrrole, polyphenylacetylene, and polyvi- 
nylpyridines.’ Accordingly, it should be interesting to examine how these organic 
electron acceptors influence the electrical properties of polyaniline. The organic 
electron acceptors used in this work include tetrachloro-o-benzoquinone ( o- 
chloranil) tetrachloro-p -benzoquinone (p -chloranil) , tetrabromo-o-benzo- 
quinone (0-bromanil) , tetrafluoro-p -benzoquinone (p-fluoranil) , 2,3-&chloro- 
5,6-dicyano-p-benzoquinone (DDQ) and tetracyanoethylene (TCNE) . When- 
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ever possible, comparisons will be made between the organic acceptor “doping” 
and the protonic acid “doping.” 

EXPERIMENTAL 

Polymer Samples 

Polyemeraldine hydrochloride was prepared at  0 4 ° C  by the oxidative po- 
lymerization of aniline in l M aqueous HC1 by ammonium per~ulfate .~,~ It was 
converted to the emeraldine base by treatment with excess 0.5 M aqueous 
NH40H and dried by pumping under reduced pressure. Complex formation 
with the organic acceptors was carried out by dispersing the finely ground PEM 
in the acetonitrile solution of the acceptor containing various amounts of the 
acceptor. Each reaction mixture was vigorously agitated under a nitrogen at- 
mosphere. The solvent was then allowed to evaporate at room temperature. 
The final drying of the sample was achieved by pumping under reduced pressure. 
The organic acceptors used consisted of o-chloranil, p -chloranil, o-bromanil, 
p-fluoranil, DDQ, and TCNE, obtained from Aldrich Chemical Co. All acceptors 
were recrystallized from appropriate organic solvents before use. 

Polymer Characterization 

Electrical conductivities of the PEM / organic acceptor complexes were mea- 
sured using both the standard collinear four-probe and two-probe techniques 
on compressed pellets. Conductivities below room temperature were measured 
in situ in a liquid nitrogen cryostat and in the presence of an inert atmosphere. 
The infrared (IR) absorption spectra were measured on a Perkin-Elmer Model 
682 spectrophotometer with the polymer samples dispersed in KBr. Thermo- 
gravimetric analyses (TGA) were carried out using a Netzsch Model STA 409 
simultaneous TG-DTA apparatus, at a heating rate of 10°C min-’ in nitrogen. 
X-ray photoelectron spectroscopy ( XPS ) measurements were performed for 
the various PEM/organic acceptor complexes. Sample measurements were 
made on a VG ESCALAB MkII spectrometer with a MgKa X-ray source (1253.6 
eV photons). The X-ray power supply was run at  12 kV and 10 mA. All core- 
level spectra were referenced to the Cls neutral carbon peak at 284.6 eV. In 
spectral deconvolution, the peak width ( f.w.h.m.) was maintained constant for 
all components in a particular spectrum. 

RESULTS AND DISCUSSION 

Electrical Properties 

The electrical conductivity of the polyemeraldine ( PEM ) /organic acceptor 
complexes is strongly dependent on the type and amount of the acceptor in- 
corporated into the complexes. Figure 1 shows how the conductivity of the six 
complexes varies with the acceptor/monomer mole ratio. For each complex, 
there appears to be an optimum amount of acceptor incorporated to achieve 
maximum conductivity. With TCNE, DDQ, o-chloranil and p -fluoranil, the 
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Fig. 1. Electrical conductivity (u) of polyemeraldine/organic acceptor complexes as a function 
of acceptor concentration. 

maximum conductivity occurs close to an acceptor/monomer mole ratio of 0.5. 
For o-bromanil and p -chloranil the corresponding ratio for maximum conduc- 
tivity is about 0.3. The decline in conductivity as the acceptor concentration 
increases beyond the optimum may be due to the presence of unreacted or 
loosely complexed acceptor molecules. 

At optimum acceptor/monomer ratio, the highest conductivity measured is 
of the order of 10-1 S/cm, and this is achieved in the PEM/TCNE complex. 
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The maximum conductivity of the complexes decreases in the order PEM/ 
TCNE > PEM/o-chloranil > PEM/DDQ, PEM/o-bromanil > PEM/p-fluor- 
anil > PEM/p-chloranil. The electrical conductivity can be expected to be 
affected by the nature and extent of the charge transfer interaction between 
the acceptor and the polymer. Comparison of the conductivity data from the 
four halobenzoquinones (0- and p -chloranil, o-bromanil, and p -fluoranil) sug- 
gests that the "ortho structure" presents less steric hindrance to the charge 
transfer interaction. 

The variation of electrical conductivity (a) with temperature ( T )  for the 
PEM/TCNE complex of high conductivity was measured at  and below room 
temperature. An apparent linear fit of the experimental data is obtained when 
In a is plotted vs. T-'I4 for the temperatures between 120 and 300 K in four- 
probe conductivity measurements [ Fig. 2 ( a )  ]. The : power temperature de- 
pendence has also been observed in the protonated PEM, lo~ l l  as well as in other 
polymers with conjugated backbone, such as polyacetylene l2 and the 
electrochemically l3 and chemically l4 synthesized polypyrrole complexes. This 
behavior has been interpreted in terms of Mott's model15 of variable range 
hopping between localized states near the Fermi surface. The physical signif- 
icance of the $ power temperature dependence, however, should be interpreted 
with care in view of the fact that 1 power temperature dependence16 has also 
been reported for the emeraldine salt polymer. Furthermore, the inadequacy 
of the ordinary four probe conductivity measurements in overcoming the in- 
terfibrillar, intergranular, and intercrystallitic contact resistance of polymer 
samples with metal-like conductivity has also been reported and partially re- 
solved using the voltage shorted compaction technique." The activation energy 
E, of the present TCNE complex can be obtained from the In a vs. 1/T plot, 
as shown in Figure 2 (b)  . An E, value of about 0.07 eV is observed. This value 
is comparable to that of 0.05 eV reported for some of the polyemeraldine salts.'' 

Thermogravimetric Analysis 

The thermogravimetric (TG) scans of the PEM/organic acceptor complexes 
generally show a small initial weight loss ( -  5%) followed by a plateau and 

1.6 

Fig. 2. Temperature dependence of the electrical conductivity of the polyemeraldine/TCNE 
complex in four-probe conductivity measurements. 
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then another weight loss step. This is illustrated by the TG scans of the PEM/ 
TCNE and PEM/DDQ complexes in Figure 3. These two complexes have an 
acceptor/monomer ratio of about 0.5 and at  this ratio, the conductivity is max- 
imum. For comparison purposes, the TG scans of emeraldine hydrochloride 
and emeraldine base are also plotted in Figure 3. The initial weight loss which 
occurs below 100°C is probably due to residual solvent (and/or HC1 in the case 
of emeraldine hydrochloride ) from the synthesis and doping processes. The 
emeraldine base exhibits the highest thermal stability with minimal weight loss 
below 500”C, and even at  700°C it retains 75% of its original weight. In contrast, 
the emeraldine hydrochloride sample decomposes at  around 225°C. The TG 
scans of the PEM/organic acceptor complexes at acceptor/monomer ratios 
which resulted in maximum conductivity indicate that the PEM/o-bromanil, 
PEM /DDQ, and PEM/TCNE complexes decompose at  temperatures almost 
identical to that of emeraldine hydrochloride, while the remaining three com- 
plexes decompose at lower temperatures. With the exception of the PEM/p- 
chloranil complex, the decomposition temperatures of these complexes are 
higher than those of the respective organic acceptors and hence this indicates 
that there is insignificant amount of unreacted acceptor in the complexes at  
the acceptor /monomer ratios which result in maximum conductivity. 

Infrared Absorption Spectroscopy 
Some gradual changes in the IR absorption spectra of PEM are observed 

upon progressive “doping” with the organic acceptors. In PEM base, absorption 
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bands at  1590 and 1502 cm-’ have been associated with the aromatic ring 
stretching The peaks are broadened and shifted somewhat towards 
the longer wavelength upon gradual incorporation of the organic acceptors. For 
example, the absorption frequencies of these two peaks gradually shift, respec- 
tively, from 1590 to 1570 cm-l and from 1500 to 1492 cm-l upon increasing 
the o-chloranil/monomer ratio from 0.02 to 0.25 [Figs. 4 ( a )  and ( b )  1. Similar 
red shifts have also been observed in the IR spectrum of PEM upon acid pro- 
tonation and have been associated with the conversion of quinoid rings to ben- 
zenoid rings.” Thus, similar changes in the IR absorption spectra of PEM are 
observed upon charge transfer interaction with the organic acceptors and upon 
protonation. These readily suggest that the structural changes associated with 
the two “doping” processes must closely resemble one another. 

Furthermore, the absorption band at 1145 cm-’ , which has been associated 
with electrical conductivity in polyaniline, 17~19 strengthened and broadened 
gradually upon progressive incorporation of the organic acceptors. It is also 
red shifted to about 1130 cm-’ a t  high dopant concentration [Fig. 4 (b)  1. These 
observations are consistent with an increase in the degree of delocalization of 
electrons on the polymer and the corresponding increase in the conductivity 
of the sample as the acceptor level increases. 

An interesting feature of the IR absorption spectrum of the PEM-TCNE 
complex is the position of the CGN stretching mode in the region of 2100- 
2300 cm-l [Fig. 4 (c )  1. By comparing the C-N stretching of molecular TCNE 
with that of the PEM/TCNE complex, the absorption doublet at 2240 and 
2230 cm-’ has shifted to below 2200 cm-’ in the latter. Similar peak features 
but of reduced intensity could also be observed in complexes involving DDQ 
as an acceptor. Thus, the IR results are consistent with the formation of the 
cyano radical anions2’ in both PEM/TCNE and PEM/DDQ complexes. 

With the exception of the absorption due to the C=N group, the absorption 
bands due to the organic acceptors are not clearly visible in most of the com- 
plexes. The absence of anionic absorption bands has also been reported in other 
conjugated polymer complexes involving inorganic 21 and organic  acceptor^.^ In 
fact, for organic complexes, the degree of changes in the IR absorption spectrum 
on complex formation, compared with the sum of the spectrum of the two 
components, has been used to distinguish between weak charge transfer com- 
plexes and the products of electron-transfer reaction.22 

XPS Measurements 

The Nls  XPS core-level spectrum of all the present PEM/organic acceptor 
complexes shows the presence of a high binding energy (BE) tail a t  energies 
above 401 eV, in addition to the main component peak at  about 399.3 eV. 
Similar line-shape and BE have also been observed in the protonated PEM 
and the high BE tail has been attributed to the formation of positively charged 
n i t r ~ g e n . ~ ~ . ~ ~  The halogen core-level spectra for all the complexes involving the 
halobenzoquinone, such as o-chloranil, p -chloranil, o-bromanil, p -fluoranil, and 
DDQ, can be fitted with peak components at BE positions corresponding to 
those for covalent and ionic halogen species. As an example, Figures 5 ( a )  - (c  ) 
show the respective Nls, Br3d, and 01s core-level spectra for a PEM/o-bro- 
manil complex at an acceptor/monomer ratio of 0.27. The presence of halogen 
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Fig. 4. IR absorption spectra: ( a )  and (b )  the polyemeraldine/o-chloranil complexes at ac- 
ceptor/monomer ratios of 0.02 and 0.25, respectively, and (c )  the polyemeraldine/TCNE complex 
at acceptor/monomer ratio of 0.51. 

anions in the present PEM / halobenzoquinone complexes suggests that the 
charge transfer interactions must have proceeded further than the formation 
of pure molecular complexes. Thus, some of the halogen atoms of the haloben- 
zoquinone acceptor may have been replaced by the formation of linkage between 
the polymer and the acceptor. Furthermore, the 0 1 s  XPS core-level spectra 
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Fig. 5. ( a )  Nls, (b)  &3d, and ( c )  01s XPS core-level spectra of a polyemeraldinelo-bromanil 

complex at an acceptor/monomer ratio of 0.27. 
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for all of the complexes reveal the presence of three environments for oxygen. 
The peak component, which is shifted by about -1.5 eV from the neutral car- 
bonyl peak a t  about 531.5 eV, is attributable to the formation of benzoquinone 
or semi-benzoquinone a n i ~ n . ~ ~ , ~ ~  On the other hand, however, a +1.5 eV shift 
in BE strongly suggests that some of the carbonyl oxygen are involved in the 
formation of C-0- structure, such as the formation of linkage between car- 
bonyl oxygen and positively charged nitrogen of the polymer.25 Furthermore, 
surface oxidation products and contaminants may also have contributed to 
some extent to the present 01s spectrum, as in the case of electrochemically 
prepared polyaniline c ~ m p l e x e s . ~ ~  In all of the present halobenzoquinone com- 
plexes, the proportion of the oxygen anion does not appear to vary substantially 
from sample to sample. However, the ease of the formation of halogen anion 
shows a strong dependence on the type of acceptor. It decreases in the order 
of o-chloranil > DDQ > o-bromanil > p-fluoranil, p-chloranil, as in the case 
of electrical conductivity. Thus, the formation of halogen anions is facilitated 
by the ortho structure, probably as a result of substantially less steric hinderance 
encountered at  the C4 position. 

Finally, the CT interaction involving the cyano group of DDQ and TCNE 
cannot be easily resolved from the XPS results. The Nls  envelope of the polymer 
which consists of the imine, amine,28 and positively charged nitrogen overlaps 
with that of the neutral cyano group and the cyano radical anions of the TCNE 
acceptor. Thus, although the presence of cyano anions has been suggested by 
the IR absorption spectra and is required to account for the formation of pos- 
itively charged nitrogen in the PEM/TCNE complexes, the proportion of the 
cyano anion cannot be quantitatively and unambiguously determined. 

Upon treatment of the present PEM /organic acceptor complexes with 1.0 
M NHIOH solution, the polymer returned to the violet-blue color characteristic 
of PEM. This is accompanied by a complete loss of the electrical conductivity 
of the sample. This agrees with the UV-visible absorption spectra of the resulting 
NH40H solutions which show that a substantial amount of the acceptor mol- 
ecules has been stripped off the polymer complexes. However, in the case of 
PEM/TCNE and PEM/DDQ complexes, the IR absorption peaks due to the 
cyano groups at  around 2200 cm-’ persisted even after rigorous treatment of 
the complex with 5 M NH40H solution for more than 20 h. 

Based on the present experimental evidence, the possible mechanisms in- 
volved in the charge transfer between PEM and the halobenzoquinones are 
shown in Figure 6. Similar complex structures have been suggested for the CT 
interactions between p -chloranil and the nitrogen atom of molecular pyridine 
( =N- structure) to account for the presence of positively charged pyridinium 
nitrogen and the chloride and benzoquinone anion.25 Careful examination of 
the structure proposed in Figure 6 ( a )  suggests that the charge transfer inter- 
action between PEM and the halobenzoquinones is analogous to that of pro- 
tonation by HCI, with the hydrogen atoms in the latter replaced by the partially 
dehalogenated halobenzoquinone rings. The structure of the PEM /TCNE 
complexes cannot be resolved without further experimental evidence. The 
presence of the cyano groups and their persistence even after vigorous treatment 
with a base would probably suggest a covalently bonded TCNE anion structure 
similar to that postulated during the charge transfer complex formation between 
TCNE and N-methylaniline or NJV-dirneth~laniline.~’ 
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Fig. 6. Possible mechanisms of charge transfer interaction involving polyemeraldine and the 

halobenzoquinones. 

CONCLUSION 

Charge transfer complexes involving polyemeraldine and o-chloranil, p - 
chloranil, o-bromanil, p -fluorad, DDQ, and TCNE have been successfully 
prepared. In all cases, the electrical conductivity showed a strong dependence 
on the acceptor concentration at low acceptor loadings. Conductivity as high 
as lo-' S/cm was observed in the TCNE complexes. The physicochemical 
properties of the complexes were studied by low temperature conductivity mea- 
surements, IR absorption spectroscopy, TG analysis, and XPS. The CT inter- 
action between PEM and most of the organic acceptors was found to resemble 
the process of protonation in certain aspects. 

The authors wish to thank Professor K. L. Tan and the Surface Science Laboratory of the 
National University of Singapore for performing the XPS measurements. 
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