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Abstract

The possibility of applying the spin probe and label method to the investigation of
semiconductive polymer materials at 2 mm waveband EPR has been shown. Advantages
of this method in the study of polymer structural, conformational and electrodynamic
characteristics have been exemplified by polypyrrole modified by nitroxide radicals as
a probe. The distance between nitroxide radical and spinless charge carriers on polymer
chain, effective dipole momentum and size of spinless charge carriers as well as the
bipolaronic charge transfer mechanism in doped polypyrrole have been determined. The
use of the spin probe and label method with a high spectral resolution EPR technique
has permitted a detailed analysis of mobility, nature and size of charge carriers in polymer
semiconductors.

Introduction

The spin probe and label method is widely used to investigate the
structure and dynamic properties of organic and biological polymers [1, 2].
This method is based on introducing a spin probe or label into the system
studied to report its molecular dynamics and structure as well as effective
polarity of its microenvironment.

Nitroxide radicals (NR) of a different structure are generally used as
spin probes or labels for this purpose. NR with ah irregular distribution of
unpaired electron between N and O cores are characterized by anisotropy
of the g factor and hyperfine interaction (HFI) of electron with the nitrogen
nucleus. The radical microenvironment affects this electron distribution. The
EPR spectra of such modified systems therefore depend on the above
properties. At present, approaches have been developed to study various
properties of spin-modified systems of high viscosity based on analysis of
their EPR spectra[1, 2].

Such investigations are usually carried out at 3 cm and rarely at 8 mm
waveband EPR. However, the EPR spectra of organic free radicals in these
bands are registered in a narrow range of the magnetic field. This leads to
a weak spectral resolution of complicated EPR spectra, overlapping of its
components and makes it difficult and sometimes impossible to apply such
a method to the study of condensed-phase systems. For example, spectra
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taken at 3 cm and 8 mm wavebands do not always enable correct interpretation
of the cause of relaxation changes in the spectrum (e.g., slow anisotropic
movements of the radical as a whole or fast rotation of the N—O fragment
within the cone) as well as determination of micropolarity in real polymers.
Thus, the study of polymer and other condensed matrices by the spin probe
and label method faces a considerable limitation at a low operation frequency.

The millimetric waveband EPR has proved to be a more efficient and
precise technique to study model [3] and real biological polymer [4] systems
of high viscosity using spin probes and labels. At this waveband the absolute
sensitivity and spectral resolution increase considerably for polyoriented
paramagnetic centres (PC). That is why it becomes possible to determine
all components of the g and A tensors as well as to use them for a more
correct investigation of structure and dynamic processes in modified high
viscosity matrices.

Particular interest in semiconductive polymers has arisen because of
their possible application in molecular electronics [5]. They are usually
paramagnetic. In low magnetic fields, however, the EPR spectra of such
compounds are featureless [6] and therefore unsuitable for the study of
semiconductive polymers. The spin probe and label method is therefore likely
to be more effective for this purpose. Only a few papers have been devoted
to the study of conductive polymers using spin probes [7, 8] and labels [9].
However, the low spectral resolution at 3 cm waveband EPR did not allow
the registration of all components of the g and A tensors and thus the
separate determination of the magnetic susceptibility of both labels and PC
localized on the polymer chain, as well as the measurement of the dipole—dipole
broadening via interaction of PC of a different nature. Polypyrrole (PP)
modified during electrochemical synthesis by nitroxide doping anions as
probes [8] or labels covalently joined to the pyrrole cycle [9] has been
studied. However, in spite of a large number of nitroxide radicals introduced
into PP, its spectrum did not contain label or probe lines.

We have shown earlier [10, 11] that the study of some semiconductive
polymers was more efficient when the 2 mm waveband EPR was used. This
paper demonstrates the possibility of studying doped PP by the spin probe
method at 3 cm and 2 mm waveband EPR.

Experimental

Pyrrole electropolymerization in water solutions using salts of organic
acids as electrolyte was earlier utilized [12]. If pK, of the acid is above 3.4,
thin nonconductive and electrically inactive films are formed. Nevertheless,
nitroxide radicals can be oxidized into cations at 0.6 V [9]. We have therefore
attempted either to electropolymerize pyrrole using the usual electrolyte with
suitable nitroxide radicals (or its Na salt) or to obtain a composite with PP
after immobilizing the radical in the polychlorovinyl film. The multicomponent
spectrum of nitroxide radicals, however, was not registered in this case. So,
we have used an aqueous radical solution as electrolyte to polymerize pyrrole
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in the region of electrolyte discharge assuming that the possible degradation
product of the radical does not exert sufficient influence on the EPR spectra
of the synthesized PP.

The 2,2,6,6-tetramethyl-1-oxypiperid-4-ylacetic acid was used as a radical
probe and counterion. The synthesis was carried out on a platinum el ectrode
(approximately 10 cm?) in an agueous solution of 0.2 M pyrrole and 2x102 M
radical using a PI-50-1 potentiostat either under constant potential conditions
(1.3 V versus Ag/AgCI) or with a scanning potential at -0.1-1.3 V with a
scan rate of 50 mV s*. The PP was a thin black film with high adhesion
to Pt. After synthesis the PP film was washed off by water, alcohol and
acetone, and then dried.

The spectra of the n|trOX|de radicals introduced to the PP and its frozen
solution in toluene (10 M) were recorded using 3 cm (EPR-V) and 2 mm
[13] Waveband EPR spectrometers. In the latter case the PP sample of
5x10 mm? volume was placed in the centre of a thin (0.6 mm d|ameter)
quartz capillary filled with argon. The 9 factor and magnetic field scanning
calibration was performed using the Mn™" standard with magnetic parameters
of g«s = 2.001 02, a = 87.4 G and the second-order correction to the effective
resonant field that does not exceed 0.65 G at 2 mm waveband EPR [4].

Results and discussion

The probe spectra in PP at room temperature and those in a frozen
unpolar model system taken at 3 cm and 2 mm waveband EPR are shown
in Fig. 1. One can see that in the PP spectrum with the probe at 3 cm
waveband EPR the lines of nitroxide radicals with the rotating correlation
time of t3107 s overlap with the singlet of PC (R) localized on the PP
chains. Such overlapping via low spectral resolution hinders separate de-
termination of the magnetic parameters of the probe and R radical in PP
as well as dipole—dipole broadening of its spectral components.

Indeed, the spectra of both model and modified polymer systems are
expected to be more informative at 2 mm waveband EPR (Fig. I(b)). In
this case, all the canonic components of the EPR spectra of the probe in
PP and toluene are completely resolved, and values of anisotropic g and A
tensors can consequently be directly measured. Nevertheless, the asymmetrical
spectrum of R radicals with magnetic parameters of g = 2.003 80,

=2.002 35 and the linewidth of 5.7 G were registered in the Z-component
reg|on of the probe spectrum. The difference Dg =g;f-gf = 1. 45x10°
corresponds to an excited electron configuration in R with DE = 2| /Dg = 4.7
eV (I isthe congtant of the spin—orbital interaction of an unpaired electron
with a carbon nucleus). The shape of the R spectrum indicates the localization
of R radicals on the polymer chain and charge transport in PP by spinless
carriers, possibly bipolarons [5] as it was proposed in the case of poly(p-
phenylene) BF, [14].

In toluene the probe is characterized by the following magnetic parameters:
0xx=2.009 87, 9,y,=2.006 37, g, = 2.002 33; Ax=Ay=6G, A,=33.1G. In
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Fig. 1. Nitroxide probe EPR spectrain frozen (120 K) toluene (dotted lines) and probe-modified
polypyrrole spectra at room temperature (solid lines) taken at 3 cm (a) and 2 mm (b) waveband
EPR. The measured magnetic parameters are shown. The anisotropic spectrum of localized

paramagnetic centres marked by the symbol R and taken at smaller amplification is also shown
on the lower Figure.

PP the gy« value of the probe decreases down to 2.009 06 and its X- and Y-
components are broadened by 40 G (Fig. [(b)). In addition, the shape of the
probe spectrum in the latter case shows the absence of molecular motion in
PP with correlation time t£107 s at room temperature [3, 41 and the size
of the pocket where the probeislocalized does not exceed 1 nm.

The g« and A; values, as was earlier shown [4], are more sensitive to
changes in the radical microenvironment in biopolymers. Aslong as fragments
with a considerable electric dipole momentum are a priori absent, the above
change in the probe magnetic parameters may be caused by Coulomb
interaction of the probe with the spinless charge carriers, bipolarons, formed
at the PP film on doping. The effective electric dipole momentum of bipolarons
nearest to the probe has been determined from the shift of gy value as
described inref. 4 and is equal to my = 2.3 D. The electrostatic perturbation of
both the Hiickel molecular orbit and the Coulomb integral are the reason for
changes in the main values of the A tensor [15]. Using the correlation



Dgux =3x10™A; calculated for six-member nitroxide radicals in ref. 4, the
expected shift of gy may be calculated within the frames of dipole—dipole
interaction of the bipolaron with probe as

Dgyxx = 6x10 %ernop Eq (1)

where e is the electron charge, ryo is the distance between O and N nuclei
of the probe, B is the overlapping resonant integral of the C=C bond and
Eq is the potential of the electric field of the bipolaron in the probe location.
The E4 value can be calculated from the following equation

Eq = KTni' [x coth(x) — 1] (2)

where x = 2mynv(4peer3) ™! my and m, are electrical dipolar momenta of
the radical and its microenvironment, respectively, k is the Boltzmarm
constant, T is the absolute temperature, e and g are the dielectric constants
of PP and vacuum, respectively, and r is the distance between the bipolarons
and O nucleus of the probe. Substituting egn. (2) into egn. (1), one may
write the equation for the shift of the gxx value as

Dgxx = 6x107ernop KT ! [x coth(x) — 1] (3)

Usngm, =2.3D, my=2.7D [15], rno = 0.13 nm [16], the value of r = 0.92
nm is obtained.

The spin-spin relaxation rate which determines the radical linewidth
may be written as T,' =T,;, +T,5, Where T,;, is the relaxation rate of a radical
noninteractive with the environment and T3, is the growth in the relaxation
rate via electrostatic dipole—dipole interaction. Thus, the characteristic time,
t., of such a dipole—dipole interaction between the probe and the
bipolarons may be calculated [17] from the spectrum broadening, dDHy v, as

5t 2t, U

3a-m)o 2.6
= gdDH,, = hor e, o 4
%y = 50§ Sap g: 23 1+\/\/2'[ 1+4w§t§H (4)

where my is the magnetic susceptibility for vacuum, g. is the hyromagnetic
ratio for an electron, h is the Planck constant, w, is the angular operating
frequency and r is the disance between the dipoles. The inequality wet . >> 1
isvalid in the case of a condensed matrix with high viscosity. Thus, the
latter equation may be ssimplified as

_ 9am 8 4o
TZ(E) =g,dDH, , :Ogjé; gth?r %t (5)

Using g.dDHy y=7. OxlO8 st and r = 0.92 nm determined from eqgn. (3), the
value of t. = 5.5x10™'° s is obtained.

The average delay between the translative jumps of the charge carriers
Is determined by the diffusive coefficient D and by the average jump distance
equal to part of the polymer chain occupied by the carrier, <d>, ast. = 6<d*>D™
[17]. Using D »10® m? s, typical value for a spinless charge carrier, the
average carrier size <d>= 2. 35 nm equal to six pyrrole cyclesis also determined.
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Conclusions

The interaction between spinless charge carriers with an active fragment
of the probe thus results in redistribution of the spin cloud between the N
and O nuclei in the probe and therefore in a change of its magnetic parameters.
This makes it possible to determine the distance between the radical and
the conductive chain as well as a typical bipolaron length in doped PP and
possibly in other semiconductive compounds. The shape of the probe spectrum
displays a very slow molecular motion and a high density of the polymer
matrix.

The high spectral resolution EPR technique combined with the spin
probe method has been shown to be effective for a detailed investigation
of organic semiconductive compounds; in particular, the distribution of charge
carriers by local electric weighing, determination of electric momentum and
intermolecular distances of a small part of an extensive polymer sample as
well as a verification of theoretical models of charge transport in PP and
other semiconductive polymers.

Acknowledgements

We would like to thank Dr A. B. Shapiro for the presentation of nitroxide
radical and Dr O. N. Efimov for his interest and useful discussions. This
work was partly supported by a Grant-in-Aid for young researchers from the
U.S.S.R. Academy of Sciences.

References

1 L. Berliner (eel.)) Spin Labeling: Theory and Application, Vol. 1, Academic Press, New
York, 1976; L. Berliner (ed.), Spin Labeling: Theory and Application, Vol. 2, Academic
Press, New York, 1979.

2 A. M. Vasserman and A. L. Kovarsky, Spin Probes and Labelsin Physics and Chemistry
of Polymers, Nauka, Moscow, 1986.

3 M. A. Ondar, 0. Ya. Grinberg, A. A. Dubinsky and Ya. S. Lebedev, Khim. Fiz., 3 (1984)
527, in Russian.

4 V. 1. Krinichnyi, Zh. Prikl. Spektrosk., 52 (1990) 887; Appl. Magn. Reson., in press.

5 T. A. Skotheim (ed.), Handbook of Conducting Polymers, Marcel Dekker, New Y ork, 1986.

6 F. Bernier, in T. A. Skotheim (ed.), Handbook of Conducting Polymers, Marcel Dekker,
New York, 1986, p. 1099.

7 H. Winter, G. Sachs, E. Dormann, R. Cosmo and H. Naarmann, Synth. Met., 36 (1990)
353.

8 H. Winter, B. Gotschy, E. Dormann and H. Naarmann, Synth. Met., 38 (1990) 341.

9 P. Audebert, G. Binan, M. Lapkowski and D. Limosin, in H. Kuzmany, M. Mehring and S.
Roth (eds.), Electronic Properties of Conjugated Polymers, Springer, Berlin, 1987, p.
366.

10 V. I. Krinichnyi, 0. Ya. Grinberg, |I. B. Nazarova, G. |. Kozub, L. I. Tkachenko, M. L.
Khidekel and Ya S. Lebedev, Jzv. Akad. Nauk SSSR, Ser. Khim., 2 (1985) 467.

11 V. I. Krinichnyi, O. N. Eremenko, G. G. Rukhman, V. A. Geskin and Ya. A. Letuchiy,
Visokomolek. Soedin., 31 (1989) 1656; A. E. Pelekh, V. I. Krinichnyi, A. Yu. Brezgunov,
L. I. Tkachenko and G. |I. Kozub, Visokomolek. Soedin., 33 (1991) 1731.



211

12 S. Kuvabata, J. Nakamura and H. Y oneyama, J. Chem. Soc, Chem. Commun., (1988)
779.

13 A. A. Gdkin, O. Ya Grinberg, A. A. Dubinski, N. N. Kabdin, V. N. Krimov, V. I. Kurochkin,
Ya S. Lebedev, L. G. Oranski and V. F. Shuvalov, Prih. Tekh. Eksp., 4 (1977) 284.
14 L. M. Goldenberg, A. E. Pelekh, V. I. Krinichnyi, O. S. Roschupkinag, A. F. Zueva, R. N.

Lyubovskaya and O. N. Efimov, Synth. Met., 36 (1990) 217.
15 A. Reddoch and S. Konishi, J. Chem. Phys., 70 (1979) 2121.
16 A. L. Buchachenko and A. M. Vasserman, The Stable Radicals, Nauka, Moscow, 1973.
17 A. Abragam, The Principles of Nuclear Magnetism, Clarendon Press, Oxford, 1961.



