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A dependence of electrical conductivity and some properties of paramagnetic
centers on the doping level of poly(4�aminoazobenzene) with iodine
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The dependences of the electrical conductivity, ESR spectral linewidths, spin concentra�
tions, and g�factor on the level of iodine doping of poly(4�aminoazobenzene), synthesized by
the oxidative polymerization of 4�aminoazobenzene with iodine, were studied for the first time.
The polymers were studied by ESR and UV spectroscopy. With an increase in the level of iodine
doping, the electrical conductivity of the polymers increases from 3•10–10 to 4•10–1 S m–1, the
ESR linewidth increases from 0.96 to 1.94 mT, and the g�factor increases from 2.004 to 2.007.
The spin concentration changes ambiguously, depending on the doping level. In the iodine�
doped polymers, spins are mainly localized on two nitrogen atoms of the azo groups.
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Polyaniline (PANI) evokes great interest as an electro�
active polymer due to its unique properties.1,2 PANI is
used as an anticorrosion agent,3,4 in accumulator batter�
ies,5—7 for separation of gases and poorly separable liq�
uids,8—10 as bio� and chemosensors,11—13 etc.14—16

Polymers containing azobenzene groups are studied
with the purpose of using in optical devices, in particular,
for data detection, conversion of the length of light waves,
in optical computational technique, and in other areas.17—22

Since the polymers containing amino and azo groups
in the main polymer chain combine the properties of PANI
and polyazoarylenes and can possess new important prop�
erties, it was of interest to study poly(4�aminoazobenzene)
synthesized using the electrochemical techniques23—25 and
the chemical method.26

In the present work, we studied the electrical proper�
ties of poly(4�aminoazobenzene) synthesized by the oxi�
dative polymerization of 4�aminoazobenzene (AAB) with
iodine in an ethanolic solution. The results obtained were
compared with the known literature data.

Experimental

A sample of AAB was synthesized using a known procedure27

and purified by recrystallization from ethanol, m.p. 397—399 K.
The electrical conductivity of the samples as pressed pellets was

measured on a Teraommetr E6�137 instrument using the two�
contact method. ESR spectra were recorded on an SE/X�2543
instrument (Radiopan) (microwave bridge, X range (9 GHz),
power to 300 mW, ambient temperature of measurements). Opti�
cal spectra were measured using a Specord�50 spectrometer.

Synthesis of polyaminoazobenzene (PAAB).26 A mixture of
AAB (3.0 g), EtOH (33 mL), and iodine (3.87 g) was refluxed
with stirring in a water bath for 63 h. Then a saturated aqueous
solution of sodium hydrocarbonate (3.0 g) was added, and the
mixture was kept for 3 days. The precipitate was filtered off and
washed with water until I– ions disappeared and the neutral pH
was achieved. The precipitate was dried in air, extracted with
petroleum ether, and separated into two fractions. The fraction
soluble in petroleum ether was obtained in a yield of 0.42 g and
2.6 g of the insoluble fraction was obtained. The fraction insoluble
in petroleum ether was purified by reprecipitation from a DMF
solution with water. Of 2.6 g of the fraction insoluble in petro�
leum ether, 1.8 g are dissolved and 0.8 g is not dissolved in DMF
and DMSO. The yield of the polymer was 2.6 g (87 %).

Polyaminoazobenzene [PAAB(K�1)] was obtained similarly
to PAAB. A mixture of AAB (3.0 g), EtOH (33 mL), iodine (3.85 g),
and potassium hydrocarbonate (3.04 g) was refluxed for 23 h and
then water (60 mL) was added. The fraction soluble in petro�
leum ether was obtained in a yield of 1.9 g and 1.6 g of
the insoluble fraction were obtained. The conversion to polymer
was 53.3%.

Polyaminoazobenzene [PAAB(К�1.5)] was synthesized simi�
larly to PAAB(К�1). A mixture of AAB (1.5 g), EtOH (17 mL),
iodine (2.9 g), and potassium hydrocarbonate (2.28 g) was heat�
ed for 40 h to obtain 0.38 g of the fraction soluble in petroleum
ether and 1.1 g of the insoluble fraction. The conversion to poly�
mer 73.3%.

Polyaminoazobenzene [PAAB(Са)] was synthesized similarly to
PAAB. A mixture of aminoazobenzene (1.01 g), EtOH (12 mL),
iodine (1.3 g), and calcium carbonate (0.51 g) was heated for 110 h
to obtain 0.69 g of the fraction soluble in petroleum ether and
0.4 g of the insoluble fraction. According to the data of 1Н NMR
spectroscopy, 0.22 g of unreacted AAB was obtained and the
conversion was 78%. The yield of polymer was 0.40 g (40%).
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Doping with iodine. The calculated amount of a 0.18 М solu�
tion of I2 in CCl4 was added to a certain amount of the powdered
polymer. After 3 days the precipitate was filtered off and washed
with a small amount of CCl4.

To determine the amount of absorbed iodine, the filtrate was
titrated with a 0.1 М solution of sodium thiosulfate and the poly�
mer was dried in vacuo (0.2 kPa/P2O5) to a constant weight.

The doping level (Y) was calculated from the data of iodine
titration and a change in the polymer weight upon doping by the
formula

Y = Nd/Nm,

where Nd and Nm are the number of moles of the dopant and
monomeric units of PAAB, respectively.

Results and Discussion

Polymers were obtained from AAB by the oxidative
polymerization with iodine in an ethanol solution in the
presence of potassium hydrocarbonate at the molar ratio
of AAB and iodine equal to 1 : 1 (PAAB(K�1)) and 1 : 1.5
(PAAB(К�1.5)), as well as in the presence of calcium car�
bonate (PAAB(Са)) and in the absence of salts (PAAB).
The reaction follows Scheme 1.26

Scheme 1

The dependences of the electrical conductivity, con�
centrations of paramagnetic centers (PC), ESR spectral
linewidths, and g�factor on the level of iodine doping of
the synthesized polymers were studied. The electrical con�
ductivity of the undoped polymers varies from 3•10–10 to
10–8 S m–1 and increases to 4•10–1 S m–1 with an in�
crease in the doping level to 1.0 (Fig. 1), which is not
inferior to the electrical conductivity of iodine�doped
PANI in the oxidation state of emeraldin (1.83•10–1 S m–1)28

and exceeds that of poly(azo�p�phenylene) (10–2 S m–1).29

According to the published data, when PANI is doped
with iodine vapor, a polymer with an I3

– content of
8.2 mol.% and electrical conductivity to 50 S m–1 is
formed. The authors of Ref. 30 believe that hydrogen iodide
formed during doping also participates in the doping pro�
cess. It should be mentioned that the conductivity of PANI
doped with hydrochloric acid with the dopant content
~8 mol.% is only ~10–2 S m–1.31

It is known28 that the dependence of the conductivity
of PANI on the level of doping with an ethanolic solution
of iodine passes through a maximum at a molar ratio I : N
of 1. In the case of poly(azo�p�phenylene) doped with

iodine vapor at 390 or 320 K, the conductivity maximum
is observed in 8•103 min or is not achieved even for
9•104 min, respectively, depending on the doping duration.

In the case of poly(4�aminoazobenzene) synthesized
by the oxidative polymerization of AAB with iodine, the
conductivity increases and does not pass a maximum with
an increase in the doping level to Y = 1. Therefore, a higher
electrical conductivity at greater doping levels is possible
in this case.

In some cases, the electrical conductivity of the iodine�
doped polymers measured at room temperature after heat�
ing to 343—350 K increases to two orders of magnitude
(see Fig. 1), which can be due to a change in the supermo�
lecular structure (morphology) of the doped polymer.

With an increase in the doping level, the ESR spectral
linewidth between the points of maximum steepness (Fig. 2)
for the polymer samples obtained increases from 0.96—1.1

Fig. 1. Electrical conductivity (σ) at 290—298 K vs level of
iodine doping (Y) for the samples PAAB(K�1) (1); PAAB(Ca) (2),
PAAB (3), and PAAB(K�1.5) (4). Arrows show the change in
the electrical conductivity after heating of the sample to 343 K.
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Fig. 2. ESR spectral linewidth (ΔBpp) vs level of iodine doping
(Y) for the samples PAAB(K�1) (1), PAAB(Са) (2), PAAB (3),
and PAAB(K�1.5) (4).
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to 1.58—1.85 mT. Analogously, in the case of poly(azo�p�
phenylene), the ESR signal width increases to ∼1.7 mT,
i.e., the lower the conductivity, the narrower the signal
width.30 An almost rectilinear dependence of the loga�
rithm of conductivity (logσ) on the ESR linewidth (Fig. 3)
is observed in our case, which can be explained from the
viewpoint of the theory of electrical conductivity32 by an
increase in the rate of collisions of moving spin that is
proportional to the mobility of the spin carrier (polaron).
In other words, the electrical conductivity probably in�
creases due to an increase in the mobility of polarons.

No dependence is observed between the concentration
of spins of electrons and electrical conductivity, as it was
observed for poly(azo�p�phenylene).30 It follows from the
data obtained that PC of doped and undoped polymers
differ strongly. It is most likely that undoped polymers
contain uncharged PC, whereas doped polymers include
charged PC. The latter, unlike uncharged PC, strongly
increase electrical conductivity.

As in the described cases,29 on doping of the polymer
with iodine the value of g�factor increases from 2.004 to
2.007 with an increase in the iodine amount in the poly�
mer. The g�factor should change depending on the nearest
environment of an unpaired electron.

The ESR spectra of solutions of the undoped polymers
and their complexes with iodine in DMF were recorded.
In the case of the undoped polymers, no hyperfine struc�
ture is observed, while for the iodine�doped polymer the
hyperfine structure appears and consists of five compo�
nents (Fig. 4). These data show that, in the latter case, the
unpaired electron in solution is mainly localized on two
nitrogen atoms of the azo group.

The splitting constant on these nitrogen atoms is
0.67 mT, which is comparable with the data for poly(1�p�

dimethylaminophenylimino�2�p�dimethylaminophenyl�
amino�1.4�butanediyl): 0.73 mT,33 whereas for N,N´�di�
n�octyl�p�phenylenediamine and N,N´�di�sec�octyl�p�
phenylenediamine the splitting constant is 0.51 and
0.62 mT (see Ref. 34).

The results obtained indicate the formation of a charge�
transfer complex between iodine and the polymers
(Scheme 2).

Scheme 2

This conclusion is confirmed by the data of UV spec�
troscopy (Fig. 5): new very intense absorption band ap�
pear at 296 and 366 nm due to the interaction of iodine
with the polymer in DMSO. These absorption bands also
appear in a solution of potassium iodide and iodine in
DMSO (see Fig. 5) and are assigned to the absorption of
ions I3

– and I5
–. It was shown28 that iodine�doped PANI

includes ions I3
– and I5

– and the relative concentration of
anion I5

– increases with an increase in the iodine con�
centration.

Fig. 3. Electrical conductivity (σ) vs ESR spectral linewidth
(ΔBpp) for the samples PAAB(K�1) (1), PAAB(K�1.5) (2),
PAAB(Са) (3), and PAAB (4).
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Fig. 4. ESR spectra (solutions in DMF) of PAAB(K�1)
(0.13 mol L–1) (1) and the complex of PAAB(K�1) (0.13 mol L–1)
with iodine (0.12 mol L–1) (2).
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Thus, upon doping with iodine the mainly soluble poly�
mers obtained by the oxidative polymerization of AAB
with iodine form charge�transfer complexes manifesting
semiconduction properties with the medium and low elec�
trical conductivity.

References

1. Handbook of Conducting Polymers, 2nd ed., Eds T. A. Skot�
heim, R. L. Elsenbaumer, J. R. Reynolds, Marsel Dekker
Inc., New York—Basel—Hongkong, 1998.

2. A. Pron, P. Rannou, Prog. Polym. Sci., 2002, 27, 135.
3. A. G. MacDiarmid, Short Cours on Conductive Polymers,

SUNY, New Paltz (NY), 1985.
4. G. Gordon, J. Wallace, Solid State Electrochem., 2002, 6, 73.
5. A. G. MacDiarmid, S. L. Mu, M. L. D. Somasiri, W. Wu,

Cryst. Liq. Cryst., 1985, 121, 187.
6. M. S. Rahmanifar, M. F. Mousavi, M. Shamsipur, H. Heli,

Synth. Met., 2005, 155, 480.
7. Abdolreza Mirmohseni, Reza Solhjo, Eur. Polym. J., 2003,

39, 219.
8. M. G. Kanadtzidis, Chem. Eng. News, 1990, 68, 46.
9. B. R. Mattes, M. R. Anderson, H. Reiss, R. B. Kanner, ACS

Polym. Mater. Sci. Eng., 1991, 64, 336.
10. G. Illing, K. Hellgardt, M. Schonert, R. J. Wakeman,

A. Jungbauer, J. Membrane Sci., 2005, 253, 199.
11. M. Gerard, A. Chaubey, B. D. Malhotra, Biosensors Bioelec�

tronics, 2002, 17, 345.
12. A. A. Karyakin, L. V. Lukachova, E. E. Karyakina, A. V.

Orlov, G. P. Karpachova, Anal. Commun., 1999, 36, 153.

13. M. Kaempgen, S. Roth, J. Electroanal. Chem., 2006, 586, 72.
14. M. Angelopoulos, J. M. Shaw, R. D. Kaplan, S. Perreaullt,

J. Vac. Sci. Technol., 1989, B7, 1519.
15. Jyongsik Jang, Joonwon Bae, Moonjung Choi, Seong�Ho

Yoon, Carbon, 2005, 43, 2730.
16. Tzung�Hua Lin, Kuo�Chuan Ho, Solar Energy Materials and

Solar Cells, 2006, 90, 506.
17. P. S. Ramanujam, S. Hvilsted, F. Ujhelyi, P. Koppa, E. Lö-

rincz, G. Erdei, G. Szarvas, Synth. Met., 2001, 124, 145.
18. Zh. Junqing, X. Shijie, H. Shenghao, Y. Zhiwei, Y. Lina,

Y. Tianlin, Synth. Met., 2000, 114, 251.
19. P. A. Blanche, Ph. C. Lemaire, C. Maertens, P. Dubois,

R. Jerome, Polym. Eng. Sci., 1999, 39, 406.
20. J. Minabe, K. Kawano, Y. Nishikata, Appl. Optics, 2002,

41, 700.
21. B. M. Schulz, M. R. Huber, T. Bieringer, G. Krausch, S. J.

Zilker, Synth. Met., 2001, 124, 155.
22. P. M. Lundquist, R. Wortmann, C. Geletneky, R. J. Twieg,

M. Jurich, V. Y. Lee, C. R. Moylan, D. M. Burland, Science,
1996, 274, 1182.

23. H. A. Abd El�Rahman, T. Osaka, F. Kitamura, K. Tokuda,
J. Electroanal. Chem., 1991, 315, 161.

24. M. Jamkowski, A. Kudelska, J. Bukowska, K. Jackowska,
Pol. J. Electroanal. Chem., 1995, 385, 177.

25. K. Jackowska, J. Bukowska, M. Jamkowski, A. Kudelska,
Synth. Met., 1995, 72, 201.

26. A. A. Durgaryan, R. A. Arakelyan, N. A. Durgaryan,
Zh. Obshch. Khim., 2009, 79, 264 [Russ. J. Gen. Chem.
(Engl. Transl.), 2009, 79, 252].

27. Beilst., 1933, 16, 308.
28. Xing�Rong Zeng, Tze�Man Ko, J. Polym. Sci., 1997,

B35, 1993.
29. F. Barbarin, J. P. Blanc, M. Dugay, C. Fabre, C. Maleysson,

Synth. Met., 1984/1985, 10, 71.
30.  М. Gizdavic�Nikolaidis, G. A. Bowmaker, Polymer, 2008,

49, 3070.
31. V. I. Krinichnyi, I. B. Nazarova, L. M. Gol´denberg, N. K.

Rov, Vysokomol. Soedin., A, 1998, 40, 1334 [Polym. Sci. A
(Engl. Transl.), 1998, 40, 1259].

32. R. Payerne, P. Rannou, D. Djurado, F. Genoucf, J. P.
Travers, Synth. Met., 2005, 152, 193.

33. A. A. Durgaryan, R. A. Arakelyan, N. A. Durgaryan, R. A.
Asaturyan, R. M. Beginyan, Vysokomol. Soedin., A, 2000, 42,
1361 [Polym. Sci., A (Engl. Transl.), 2000, 42, 910].

34. M. B. Neiman, A. A. Medzhidov, E. G. Rozantsev, L. A.
Skripko, Dokl. Akad. Nauk SSSR, 1964, 154, 387 [Dokl. Chem.
(Engl. Transl.), 1964].

Fig. 5. Optical absorption spectra (DMSO): 1, PAAB + I2
(4•10–5 mol L–1); 2, PAAB (4•10–5 mol L–1); 3, potassium
iodide (7.1•10–6 mol L–1), iodine (10.25•10–6 mol L–1).

1.4

1.2

1.0

0.8

0.6

0.4

0.2

A

1

400 600 800 λ/nm

3

2

Received March 17, 2010;
in revised form December 7, 2010


	A dependence of electrical conductivity and some properties of paramagneticcenters on the doping level of poly(4�aminoazobenzene) with iodine
	Abstract
	Experimental
	Results and Discussion
	References


<<
  /ASCII85EncodePages false
  /AllowTransparency false
  /AutoPositionEPSFiles false
  /AutoRotatePages /PageByPage
  /Binding /Left
  /CalGrayProfile (Gray Gamma 2.2)
  /CalRGBProfile (sRGB IEC61966-2.1)
  /CalCMYKProfile (U.S. Web Coated \050SWOP\051 v2)
  /sRGBProfile (sRGB IEC61966-2.1)
  /CannotEmbedFontPolicy /Warning
  /CompatibilityLevel 1.4
  /CompressObjects /Off
  /CompressPages true
  /ConvertImagesToIndexed true
  /PassThroughJPEGImages true
  /CreateJobTicket false
  /DefaultRenderingIntent /Default
  /DetectBlends true
  /DetectCurves 0.1000
  /ColorConversionStrategy /LeaveColorUnchanged
  /DoThumbnails true
  /EmbedAllFonts true
  /EmbedOpenType false
  /ParseICCProfilesInComments true
  /EmbedJobOptions true
  /DSCReportingLevel 0
  /EmitDSCWarnings false
  /EndPage -1
  /ImageMemory 524288
  /LockDistillerParams true
  /MaxSubsetPct 25
  /Optimize true
  /OPM 1
  /ParseDSCComments true
  /ParseDSCCommentsForDocInfo false
  /PreserveCopyPage true
  /PreserveDICMYKValues true
  /PreserveEPSInfo false
  /PreserveFlatness true
  /PreserveHalftoneInfo false
  /PreserveOPIComments true
  /PreserveOverprintSettings true
  /StartPage 1
  /SubsetFonts false
  /TransferFunctionInfo /Apply
  /UCRandBGInfo /Remove
  /UsePrologue false
  /ColorSettingsFile (Color Management Off)
  /AlwaysEmbed [ true
    /CourierA
    /CourierA-Bold
    /CourierA-BoldOblique
    /CourierA-Oblique
    /MathFont1
    /NewStandardA
    /NewStandardA-Bold
    /NewStandardA-BoldItalic
    /NewStandardA-Italic
    /NewtonC
    /NewtonC-Bold
    /NewtonC-BoldItalic
    /NewtonC-Italic
    /PragmaticaC
    /PragmaticaC-Bold
    /PragmaticaC-BoldOblique
    /PragmaticaC-Oblique
  ]
  /NeverEmbed [ true
  ]
  /AntiAliasColorImages false
  /CropColorImages true
  /ColorImageMinResolution 150
  /ColorImageMinResolutionPolicy /OK
  /DownsampleColorImages true
  /ColorImageDownsampleType /Bicubic
  /ColorImageResolution 202
  /ColorImageDepth -1
  /ColorImageMinDownsampleDepth 1
  /ColorImageDownsampleThreshold 1.50000
  /EncodeColorImages true
  /ColorImageFilter /DCTEncode
  /AutoFilterColorImages true
  /ColorImageAutoFilterStrategy /JPEG
  /ColorACSImageDict <<
    /QFactor 0.40
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /ColorImageDict <<
    /QFactor 0.76
    /HSamples [2 1 1 2] /VSamples [2 1 1 2]
  >>
  /JPEG2000ColorACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 15
  >>
  /JPEG2000ColorImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 15
  >>
  /AntiAliasGrayImages false
  /CropGrayImages true
  /GrayImageMinResolution 150
  /GrayImageMinResolutionPolicy /OK
  /DownsampleGrayImages true
  /GrayImageDownsampleType /Bicubic
  /GrayImageResolution 202
  /GrayImageDepth -1
  /GrayImageMinDownsampleDepth 2
  /GrayImageDownsampleThreshold 1.50000
  /EncodeGrayImages true
  /GrayImageFilter /DCTEncode
  /AutoFilterGrayImages true
  /GrayImageAutoFilterStrategy /JPEG
  /GrayACSImageDict <<
    /QFactor 0.40
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /GrayImageDict <<
    /QFactor 0.76
    /HSamples [2 1 1 2] /VSamples [2 1 1 2]
  >>
  /JPEG2000GrayACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 15
  >>
  /JPEG2000GrayImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 15
  >>
  /AntiAliasMonoImages false
  /CropMonoImages true
  /MonoImageMinResolution 1200
  /MonoImageMinResolutionPolicy /OK
  /DownsampleMonoImages true
  /MonoImageDownsampleType /Bicubic
  /MonoImageResolution 605
  /MonoImageDepth -1
  /MonoImageDownsampleThreshold 1.48760
  /EncodeMonoImages true
  /MonoImageFilter /CCITTFaxEncode
  /MonoImageDict <<
    /K -1
  >>
  /AllowPSXObjects true
  /CheckCompliance [
    /None
  ]
  /PDFX1aCheck false
  /PDFX3Check false
  /PDFXCompliantPDFOnly false
  /PDFXNoTrimBoxError true
  /PDFXTrimBoxToMediaBoxOffset [
    0.00000
    0.00000
    0.00000
    0.00000
  ]
  /PDFXSetBleedBoxToMediaBox true
  /PDFXBleedBoxToTrimBoxOffset [
    0.00000
    0.00000
    0.00000
    0.00000
  ]
  /PDFXOutputIntentProfile (None)
  /PDFXOutputConditionIdentifier ()
  /PDFXOutputCondition ()
  /PDFXRegistryName ()
  /PDFXTrapped /False

  /Description <<
    /RUS ()
  >>
>> setdistillerparams
<<
  /HWResolution [2400 2400]
  /PageSize [595.001 840.999]
>> setpagedevice


