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Abstract, The results of studies on the streciural, conlformational,
and dymamic properties of organic comducting polymers by 2mm
FPR spectroscopy are Lpsated systematically and surveyed. The
structural and dynumic features of the paramagnetic centrey as
woll ax the mechanism of charge trunsfer in the conducting
plymers are discussed. The bibliography includes 73 referonces.

1. Introduction

Various orpanie coniuckimg wonmeunds are Xoown at the present
time: charge-transter complexes and radical-ion salts. plalinum
complenes  with cyanide ligands, philhalocyanizes, dyes,
raetal-filled palymers, et l-3 These compounds are of interes
from the standpoint of 2 study of the Tundamental principles of
charpe transfer, Among them, ooe shonld distinguish particularly
organwe conducting palvmers such as polyparsphenyiens (FPF,
poebythivphene (171, pelypyrmole (PF), the smeraldine bass (EB)
and emeraldine salt (ES} form of polyaniline (FANI}, pelytetra-
thiafulvalzne {PTTF), polyacetvlens (PA), ete,, which may prave
promising in molecular glectronics {the spin charge CATTICTS
seabilized in the polymers are shown below) 57

N/ . 7 BEE
f i A BT (R = &)
4ﬂ—k » PP (R - N

I,IR R RH

% I Kdndchnyi. Labortory for Electrically Conducting Compounds.
Instiwute of Chemicsl Physics in Chemognlovica, Russiun Aeademy of
Sejences, 192437 Chernogalovks, Moszow Region, Rusian Federalivm,
Foax (=086 515 3588, Tel, (7-00A] S24 50133

Received & July 1933
Lisgedoire Bofrirris 6% (R) 64 - 580 (1998): transluted by A K Grevbawski

j2l
511
523
]
R
332
§1%

PAaMN ES

OOt

TTTF-1 (R = Er)

FLLI-2

These compounds are chardererised by an apisolropic
quas-one-dimensonal {177 m-conjugsled strocture and. in con-
trast to classical palymers, exlibit anclectricel conductivily which
varies oy more than 19 orders of magnitode when the polvmer is
dopod  with  earigus  counzerions®  The introduciion  of
BF; . (10, Asky, I7 FeClo. Mnl)y . ele. andons indness a pos-
itive chargs on 15 chaing, ie ieacs to @ p-tvpr wondusiiviy.
whartas a-type conductivity is schicved by doeping the polviner
with varicus alkudl metals, o example Lit, X7 and Ma ',

The clectrodynammic properties »f conducting pevlymers are
sipnicicandy influenced by their stractare, confonpation, aod the
packing of their chaing. The glabular strueture of the polymers i
made wp of tbrils with a typaes, diameter of 100w, the tTbrls
cansisring fn their twm of eryetallites. Vhe paramreters of the
carresponding unit cells of such crystallites are lseed in Tabls |,
The dihedral anale & between the plames ol the fratomer WHits in
the polyvimer, for exsemple it PPP.is ~23°.'2 Ihevalue of thisangple
is aresult of o vompranise balanee betwaer the sonjugstion effect.
tending too bring the systan to 4 plandr cenlommation. and the
weric replsion of the hydregen utoms in the orthe-positions,
which mles out a planar conlommation. The elsetron denity
tramsfer mtegrad T ohetweesn the monomer doily B8 pgiven by
F~ros 6, so that the probahiliny of the |D-rharge rransfor in
the polymer ineresses wilh incteasa in the plananity of the vhuia.
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Table 1. Tle wnil vel]l purmelecs ofconducting palymers,

Pralyiser Syslem Purumewer ; om Ret.
a B I3
FPP Mool nic 0770 (h.542 ndzs &
Crethorhombic VEL k3314 NAZIF 8
T Haxaponal 950 0,524 1220 n
PP Moo linic - (1341 0.71% 10
BPAML Monoelinic 11.70% 0.260 [IRE

‘The overlap of the n orbitals of 12¢ monomer rings results in
the Formasion of a band steneruee ol the polymer with gap widths
of 35eV (PPP) 22V (PT) 302V (PP, 4.0V (undoped
IAME), and 1.3 eV (B8 form of PANIL'™Y The resonance
inferaction ol rhe coergetizally nonequivalent benecenaid and
quinopoid formns of the mwonemers is 1he cause of -he nontinear
ropologicsf cxcitation — the formation of a polaron with 4 spin of
# delugalived over $—3 monomer wnits of the polymet.? The
enerey levels of swch a palatan are located m the fechidden band
aé u dlistaner A, below the conductivity hand and at a distance A5
above the valenoe band. 4] = 4. =07 eV for PFR, 4, = 0.0 eV
and  Ax=045%5eY  far PP, and A, =07-08cY and
A7 =0.5-06 eV for the other conducting polymers '+ For
sufficiently high levels of doping, pairs of polarons mey recom-
hine with formation of longer spin-less Wpolarons,

Canducting pualym s cunlain paramagnetic centres (PCY al g
concentraion ¥ = 10" 102! eping 5= 10528 2o that one of the
tnest pramdsing mechogls for (el mvestieation is EPR specioo-
seopy. which makes i possible 1 obtain varied zo0d unigue
inforematice aboet the sinecture of the polymer and ghout the
natare and properties of the pummagnstic contres (their concen-
tralion, mobility, relaxanon, acd. Such sludics are as a role
carried out ut relatively low recording frequencies (v £ 10 GHaz).
In these Mands, fonductiog polymers, like ather m-etectron
aystems, usually pive rise ta a single symmetrical linc with a
width between ‘he peaks A8pe = 002 - 170 mT Aand # g-factor
Close toe that for a fres electron {g. = 20023215 7 The Jevislion
from g. can oocur on ioteraction of un unpatred elsctron with
fisteroatoms or the alkali mels of the dopans,™ " For a
sulficiently higk level of doping, the so called Daysom ling,l5
leading to che asymemetry of the speotium, j= manitested as a
vonsequense of the increasze in the electrical comidogtiviey of the
sampie. However, ih the sigly of condecting poiymers with
e = 10 GHz, investigators have encounitared fundsmental df7-
culues gssociaied mainly with the low spectzal rasglution and a
strong spin— spin exchunge in this EPR frequancy rongs.

It was shown previously in relation fo0 varous orgamc
radlicals A-23 chat the infonmarion content and the woeuruey of
the method increase sighificantly on passing to the 2 mun band roe
the recording of the EPR spectra. In this rampe, il 35 pessible to
achieve the separate detection of paramagnetic centres with
similar magnetic parameters, which permits a moarz aecwase
determination of the comrenents of therr aoisoieapic g-Factor
und also mukes it possible to investigare the aaisotiopic dymamics
of the radica’s and of their microetvironmenl. The method wmakes
it possible [o stody an Gar detan] different propertics of civ- and
tranppolvacetylenss as well as the reluxation snd dypamic
feutures of nonlinear chargs carric:s {solittons) in trins-palyaeiv-
lete =9

The prescut review j3 davoted Lo “he gepsideration of che
prinvipal Tesulls of the shadw at the 2mm EPR buand ol the
structwral and cooformational properties of certain other con-
dneting prlymers aswell asthe charae caetiecs present in them, the
dymaiucs of which i8 descibed by the vniverse]l nonknear
Kirteweg-de Vries cquatons of maotion.

11. Polyparaphenylene

The concentration of unpaircd slectrons in PEP depends signifi-
cantly oo the polymerisation methods and may vy wityin 1he
range 10710 spiny g L' The line width incrsases on
doping and such broadening may depend bot's vo the degree of
doping «rd on the atomic number of the alkali metal of the
dopanl. The latier finding indicates an appreciable spin arhital
intaraction between the dopanor molecule and the unpaired
electron, As in other conducling polymers. the charpe transfer i
effected muirly by polarots in lightly doped PPP and by
bipolacons in 4 quast-melallic sumple 1214

Yarious PPF samples (in the form of films), synthesisesd by the
slectrovhemical cxidation of benrene in o CaHLC-HaMNC - A1C1,
mett, have been investigated by the EPR me:had; the indtial
evauaied FPE sample doped with O]~ anions (PEP-13: the
game saropls alter storage owver Pewr daws (FPP-2Y; the initial
sammple broughe into contact wilh 1 tmospheric axygen [or several
seconds (FPP-3k the initial dedoped sample (FFF-4); the sampls
rodoped with BF, anicns (PPP-5).25

In measurements al the 3o EFR band, the FPP-|, PPP-2,
and PPE-3 sumples give rise to a single asymmetric line wilh o
distinet Dyvson foem und g = 200249 Fip, Lab. The line asymimetry
factor 4; ¥ (the ratio of the acaplitudes of the positive and fegurive
peaks) varies as a function of the conductivity of the sample.
When the Cly dopant is termoved, .o, oo passing oo the PPR.|
ta the PPP4 sample, che above specirom is transformed o an
axially symmetrica] speclrum with g - 20034 and g, = 20020
(P LAY This is accompanied hy the broadoning of the speciul
lines and also by 2 sharp decrease in che concencrations of spins
andd charge carriers {Table 2. L1y netewortiy that ceither in the
caze 0f PPP nor in the cass of other n-conjugared polymers,
investigated previously al the 3em EFR band, were wxsally
symmerrical spectra racorded. '* The ghove form of the speetrum
renialns unchanged on further dopdng of the neutcal PE with BF,
anions (PPP-3), bal n this cise some decreswss in the sain
venenlration and & chenge in Thes sign of its temperature deperid-
ence are obssrved (Table 2} The minimuem excitarion energy of
ikc unpaired aleciron Afq -+ = 5.2 eV, close tor the energy of the
first iomisation potential »f polyeyelic aromaric hydrocarbogs, !

4ml
_

ImT

—

Flpare 1. Tyvpicud 3 cm EFR ahenmtio spaeira of FEF-1 PPP-3ig and
PFF-4 and BTF-3 (5} semples and the 2ram in-phazs dipe pion specirom
ot the PPP-3 and TTT5 samples (o) sevorded 2c room empaatane, The
rareow oz on the Aghi-hand spectium belonpes 4o the (ORT T 3 PrBry
relerence stundard with gz = 100411, The meusured mupnace perashsters
are presented.
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Table 2, The cancenrtaticen of the pata magheric centees [y, rhe d. dmg)
aod s (mg ) eeocductiviges (v, — |30 GH7), the Tiae asvmmetry paca-
meter [A:A), the line wicdth (4 Bep), And thg spin - kattice relaxation time
) for polyparaphenylens samples at = 300 K.

Tarameters Rample

PPP-1  PPF-2 PPP-3 PPP4  PPP-5
1= ¥ isping ! 120 320 210 4 18]
fu/5m ! -1 — - Lo-* 1
=% a5 m—! 3 d 1d - -
A0 E 23 15 14 - —
Alppiml .y 112 L Lnir 047
10tz s 0.4 1.5 .2 ~ 100 100

2 The width ot the hipa-ield spectral comoponent is presented.

may becalovlsted, wsing hedilfersner Ay = ¢, - = 142107,
[rem 1he equation

_Elcﬂr:
A8 = ag (1)

whare A 5 the canstant for the spin—orhital ineraction of the
unpaired electron with a carbor ouclews and g the eleciron
density on carbon2® Thus the paramagnetic centres iz PPP-4
and PPP-5 can e localised in the weindy ol the polyoechs
hydrocarbon cross-links, 35 predicted previously, '*

At the2 mm EFR band, the PPP-4 and FPP-5 samplex give nise
to 4 bell-shaped sipmal (Fig, [r), which arises as a resuls of the
manifestation of the effeet due vo the rapid adiabatc passage of a
norunitformly Mroadened line*” The spin—lattics relaxalion time
of the paramapmetic cemtres in these samples, evtimated from their
spectra, is 41 & 10~ * 5. The rapid passage effects will be examined
in groater detal helow.

The pate of the spitn-spin exchange of the paramagnetic
¢entres in the wentral and redoped PEP has bech detcrmined as
v = # % WV 5~ 1 by snalysing the focm of the 3em and 2m=m FPR
speiilra.?® Fof PPP-10 this quanticy is 1.8 = 1045~ awing 10 1he
greacer concentration and mobility of the paramagaetic centras,
The isowropic gfactor { ph = ﬁ{gu + 2g, ) for a neytral sampie is
close to the g-factor for the poivmer doped with Cly znions, This
Mnding indigates the averaging of the componenss of the g-kmsor
for the paramagnetic cenires as 1 consequence of che spin 10-
diffusion along the polymer chain of the FPP-1 sample at a
minicnal raks;

— o T B
Wy > ) imu v o
where un 36 the Bobr magneton, S themapgnetic field strength, and
A the Planck constant, Forthe PPP sample doved with Cly anions,
this quantityis vln = 6.8 = 105 s~ L. [ndesd he effective rate of the
spin | D3-diffusion, calowated feom the equation

[ |
[.&H;E]Eh_:'a - T:I:"'iBIJ. ¥ ) ':-3}

"Iip

ihere ASEER [z the width of the line hetween the peaks of the PRE-
samples, .ﬁB]j_" the widith of the perpendicular vemponenl of the
specirum of the PPP-4 and PPP-5 samplas, and 4 the gyromag-
netic ratio for theeleclron) proved whe vp = 9 104 »~ lalravm
lemperature, The temperature dependence of the electrical cone
ductiviry of the FFP- 1 swum ple, delermined using sliemnasing cureen)
fram the lunction 4; 8( 1), has the form o,,,0 T) ~ T- 1™ Thizshows
that saweral condeclion mechanisms, including the inkrchain
varable mange hopping (Y RH) caarge transfer and soenergetic
tunnelling of the charge carmers, operate in :he dopaed PPE. The
sharp decrease o spin concentration and in the rates of the spin

exchange and relaxation processes on dedoping of whe sample
(ransition fromm FPP-1 10 PPP-4) indicates the ynaihibation of
the majonty of the polarens. the 1D-diffusion of which deter-
mines the effeceive electronic relaxation of the ¢ntire spin 5ystem.

Thus the data obtained make it possible o conclude that, in
the highly doped PEF-| sample. the charpe is transtereed mainly
by the mobile polaress, whersus in BEP-3 charee transfor is
effected by dizmaenetic bipolarons. (o electrochemical substiby-
ton of the C1y anivn by the BF anion. the location of the latter
may differ Tom that of the dopant in the initigl sample. The
morphodogy of the PPP redoped with BFZ anions may be close o
that in the neutral £3tn [PPP-4).

It has boen csteblished 2 dhae a Sl of PTC synthesised from
the Cs;HCsHaNCE - AL melk is characterised by a dacrease in
the number of bevieneid monomers anc an increase in that of the
guinenoid sres. This leads 10 a more ordered strwcture and 1o o
planar confwrmaticen yf the polymer. which apparcntly prevents
the callapse of the spin charpe carrers ve 4 Bipoluran in the highly
doped polvmer, On dedoning, the anbons are ‘washed oot’, which
Tesults inoan inerssse 1o the packing density of the palvmer chains.
Thiz may prevent the intrslibrllar introduction of BFy anions
and may lead to lecalisation of the depant molecules in the
inteefibrillar free valume of the polymer ootk Such a conforma-
tional wansition apparently ubters the mechsnism of charge
transier in the course of the redoping of PPP.

IIL. Polythiophene

The 3cm EPR spectrum of meutral PT consists of a single
swmmetnical ling with g = 20026 and a width Aflpp = 0.8 mT 17
which indicates the lovalisation of the spin on the polymer chain
and its weak interaction with the sulfur atoms. The low concen-
tration ol paramagnetic centres (Y & 7 % 17 of 2 spim per mono-
mer wnith s associated with the comparacively low degree of
defectivenest at this compound. The FPR signal of Lightty daped
poly(3-methylithio phene repregeints a superpusizion of 2 Guassian
litie due wy the loeslised paramagnetic centres with g = 2.0033
and Afpr = 07 mT and a Loventsian Eoe wilth pa = 3, MRS and
Afpe = 015 mT The Iatter is characteristic of delocalized para-
nRgrelic venlres. ™ The weveral] conventmation of paramagnet:c
centras in thiz sample is ~ 3 = 10" sping em—? or aboal one spin
et A thicphets toes, After doping, 1 single Lorenczian com-
poneat remains, 1tis simeretrical up o adoping level = £ 0.25{z ik
the number of dopunt molecules per polymer moncmer wmit], but
becomes asvmmetric {Dévsan line) far - = 0.3. The appearance of
the Dvsom-like line is accompanied by a significant decrease in tha
spin—spin sad spin—lattcs relaxation times2* which may be a
conzequatce OfF the increase in the dimensianahty af the system,
Analysis of the vadation of the paramagnetic susceptibility #(z)
showad that the number of pacatagnefic polarons inorsyses
during the doping process in the polymer, the palarons recombin-
ing v digmagneiic bipolarons for high values of 2,

Powder-like PT somples, ™ containing different counterians,
were investipated at the 2mm EPR band. The samples were
ablaned electrechemically from thiophens und bithiophens,

At the 3cm EPR band, the PT samples synthesised from
tkiophens wnd doped with By, €Oy, and I3 ions give cisc to
symimetHeal lines with g 2k, and a width ABpr, which varies
slightly over & wide ternperative range (Table 3), wheveas io the
spectrum of the PT syathenised from bithiophene and doped with
I3 unioms the lines wre appeeciably Broddened as the demperature
increases.

The FT spescira recorded i the 2mm EFR band are distie-
guishad by a greater variety (Fiz. 7). Axially symmerrieal spectra,
indicaling the loclisplion of {he pardmagnstic sentres on he
polymer chaing, are characteristic of the palymers PT(BE, ) and
FT{CIO ), A simedar paiem appsrently opours also io the case of
FT(I3), the EFR spectrucy of which maey 2e broadensd ewing to
the strong spin—orbital intersetion of the paramagoctic centres
with the counterions.



¥ A Erinichnyi

524
= b i
ry .
r
w
Fipnire 2. Typical 2mm EPR absorplion spected of polythiophene

synthesised slectrochemicadly [cum thiopitzne and deped with 137 @,
EF; (&), and CIOy 1) andens, Thie specira were tecorded at T = XK
{continuous bine) apd 2H1 K [deabed Loz}

Table 3 presents the magnetic resonance paramatcry calea-
laved from the 2 mm EPR spectra, the d.c. and a.c, conductivities
of the samiples (. and #.c), A0d the cnergies ol the excitation of an
electron 1o the nearesl leve! (AFo+) Analysis of the data
presented shows that, in the series of antons [7 — BFy — <10,
the quantity Ay .- moreases by a fuelor grealer than 4. This
transition also leads to an increass in the conduct vity of the film
and to sigmificant aleration of the concentration af paramagnctic
centres, This may indicate charge transfer in PT both by polarans
ynd by bipolarons, the ratio of the concentrations of which
depends on the neture and nunber of the anions btreducsd into
the polvmer. The widch of the PT spectral lines proved more
sapsitive to a change in the recording Frequency, which indicates 4
less intense spin exchange in this polymer compared, fer example,
with PA¥ 3 and PPP.2E

Tuble X The conccotration of the paraniagaletic cencres (A7), the clectrioul
comductivity (@), the ling width {3.5pp), the companents of the g-lensor,
und the #neriges of che excited cloctronic state (AF ope for polythiophens
samiples at 7= 300 K.

Pursmeler Paolvthinphene samplss doped wilh the enions
T+ BE, 10, LI

l0—"" ¥, apins g ' 2 E 3 L)
[ g S d 0.2 1.2 18 £l
Afpa i mT

J s hand® DFRRADY 02300 24) 4GRSy 7025

2 mm band 6.5 13 16 ]
T 2 00879 2N0a1z 2iW1230 200332
-2 2 Nnz2E2 2,002 200239 200364
AP o te¥ 1. 410 T 4.5

3The sumple wus swochesised fom hithiophens. | The values of AHep al
17K are given ion brackets. “Valuee ralonlated from the equation
g =g~ g

On reducing the {emperatore of the PT{BE, ) sample, a
Diysen-like ling is manifested in the perpendicular component of
its EPPR spoctrurn without an apprecisbie chenge in the sipgnal
intcnsity, The quantily /8 increases monotonically in the
temperature tange 100 - 300 K, which indicates an ihcicase in the
electrical conductivity of the sample @, a5 happens in class el
low-dimensional semivonduclons. Foawing e characeris e sie
of the polymer particles § and vsing the relation A4/88), 1t is
possible to estimate for amorpices low-dimensional sermconduc-
tars 22 the elecrical conductivity of rhe sample and also the
mohilicy @ and the rate of the [D-diffusion of whe charge carasrs
from the formula

4

where & p 15 the Inttios consdant. The guantities @y, , ein, and vin
caiculated for PT{BF; ) in this way were found o 2e respectively
Tl S m-l (1«0 Tm? V—ls—Ll and 3.2%10-2 5~ at
TOUI lempetaiire.

Polythiophene, synthesized from Yithiopheac and daped with
C10; snions, is churserensed by a single syminetrical EPR line at
the 3 cm band, the width of which deereases monotomicu]ly from
0.7 t0 0.25 mT on reducing the emperature from W0 77 K. In
the 2mm PR band, this sample alsa shows a singlc line over a
broad temperatiee range, which indicates the occurrence af
charge transfer in it mainly by delocalised paramegnelic centres.
With increase in temiperamee from 100 to 200 K T =200 K, the
paramagetic susceptibility of this sample decreases sigmilcunlly
and, on farther riss of tesperatuee, rises sharply (Fig, 3 This is
arcompanied by 2 corresponding change in line width, and the
inverse relation of the funetony A8l T3 und (T {Fig. 3} This
eHert can be aocouniied tor by tha annihilation of polaron paies ta
bipalarans when Lhe lemperatuce i3 vaded from 100K to T: and
an subsequent decomposition of the hiprlaron inta pulurons at
¥ > Fo,apparenily vwing ta the inlenslication of the likrations
of the polymer chains. If ape ndoprs a linear dependenecr of the
ratz2 of decomposition of bipolarony on the frequency of the
librations of the polymer chaims, then it is possible to estimate
the activation eaergy for the latter process fraom the piI)
behaviour. It proved to be Ep 016 eV at T T.. Such
polaron - bipolaron transformation s apparently it fact the
cause of the unusual broadening, indicated above, of the EPR
e of this sample at the 3om band, observed on raising the
EMPCTH Lure,

1612 gy . unasy

|’ A mT-

Figure 3. Temperatuee variations of the rate of difaecon of chargs
curriers v wlong a polymer chain (7], of the nelelive paramagnos
susazptibclity x (20, and of the ;mverse of the hog widih ARpe {37 o
pelylbiophens synthesised clectrochemicalty from balhiophzne and doped
with C10, counterions.
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Az in the speciram of palythiophens, & Dyson-like fine
appears in the EPR spectrum of polyhithiophene at low tempera-
tures, which reflect: the chunge in the electnical conductivity of the
filtm. Beaniny, in mind fhat the comoentrationg of the polarens and
bipolarons are unchanged and vsing the abowe progedere, it 15
possible to determine the rate of 1D-diffusion of the charge
carriers in the sample {Fig. 3). At room empersture, this
quantity proved to be v = 3= 10935 L, which is similar in
arder of maghitude fo v)p defermined for polarons in doped
PANL* o which the intenchaie chargs transfer predominates,
The weak tempem ture dependence of the rate of the 1Ddiffusion
of the charge cardart in bithiophens also indicates the predom-
inance of the intarchain charge transfer in this polymer and jts
increased dimensionality.

IV. Polypyrrole

Meutral PP is characterised by a complex spectrum qt the 3om
EFF. band, consisting of a superposision of a narrow (0.04 nT
and a wider {0.28 mT) line with a g-factor {y = 2.0026) typicsl For
n-cenjugited and aromatic componnds. The concentration of
patamagnetic centres in meutral PP cormsponds to ons spin for
several hundreds of monomer rings. The width and intensity ol the
narrow speetral ne are of the astivated character, whereas the
wider component follows the Curie law, This indwates the
gxistenes in neutral PP of oro types of patamagneric centres with
different relaxation parameters,

At the same EPR band. doped PP s chasacterised by an
ineEnze single and marrees Tine § -~ 003 mTD with g = 200028,
which abess the Curie law i the temperatune rangs 30— 300 K12
The majony of the results obtained previously indicate thar the
charpe carriers are ot responsible Mor the EPR spectrumy of this
polymer because there are no correlations batween the mupnetn
suscepnibility and the concenmation of charge carrers as well as
berween the line widih and the mohility of the carmicrs, This may
be interpreted as a result of the formation of spin-less Wpolarons
in PP dunng toe doping of the later. Thus the EFE sgaal of
doped PP cannot yield adequare information ahonet the sondue-
o processes.

The xpin probe meihod, based on vthe introduction of a stable
aitroay] radical into the test systern, may prove more effeclive in
this instance.™ However, hitherto this method has been rarely
used in the study of vonducting polymers. ™ 3 The reason for this
15 prmanly the fact that the bow speetral resolution at
v. = 10 (3Hz precludes the separate recording ©fF all commponsmnis
of the g- and A-tsors and hence hinders the sepavate determina-
tinn of the magrenc parameters af the nitroxy] madicals and the
pataragneiic centres localised on the palyviner chains, a5 well us
the estabbishment of the dipole — dipols interach on between differ-
ent paramagneric centros, Thus etectrochemically synthesised PP,
m which the mitroxyl radics] was hownd sovalently to the pirrcle
ting, has been investigated ™ However, despite the appreciable
cencentration of the nitrexyl radicals inwoduced ineo the poly-
mer, the Jom BEFR spectrum of this sample showed no lines
cotresponding o the spin label

The spin probe methed proved to be more effective in tha
sludy ol doped PP at the 2 mm EPR hand, ¥

Fig. 4 presents the EPR spectra of 4-carboxy-2.7, 6.6-letru-
methyl-1-pipendinylosy] (8 pitroxy] radical), introduced as the
probe and the connterion inta a aonpolar meodel system and PP
{electrochemically) simuiianeously, The EPR spectram of the
spim-modified PP st the 3cm band reprecents a superposiiion of
the lines due to the probe, which is characterized bw & ratazional
corrzlution time 7c = L8 ~7 5 and o superimpescd single kns duc to
the paramagnatic centras { R} localised or the chain (Fig, ded, This
aupcrposition of rthe individual spectra precludes the separate
determination of the magnens rasonance purameters of the probe
and the radical R in PP and also the analvsis of the dipols — ipole
brazdening of their speetral components.

2Adzz

Figured, EFR absorption spectea of 4-carboxy-2 28 f-torramathyle |-
peperdinyloxy (2 nitraxy radical] inloodwoe] ax 4 spin probe it Feozen
{12 ED toluene (dashed Tingd and condesling polypyerole (contimuons
liney. Recording band. [ob 3 am; €6} 2 mm. Fig f@) Ulustrates s
amisnlrope spectrum of the localised paramagietic centres B as well as
the Imesured mugnelic porameters of the probe and the radical T8,

The EPR spectrum of the spin-moditied polyimer sysiemy at
the Z mm band has & highet informatdon content {Fig, 44 Al the
canonical componemts of the nitroxyl probe are Ally mosobved in
lhe spescirom, which permics the direct derermination of the
principal values of s g- and A-msors. Furthermore, in the
region of the Z-comoponent of the probe specirwm in PR, the
axtally semmetncal spectrum ©f the radical B s recorded with the
magnetic paramerers g = 200380, ¢ = 200255, and Afe =
0.57 mT.

The form of the spectrum of this radical indicates its bocal-
isation on the polymer chadn, i, churge (tansfer in FP by spin-less
bipolarans, ashappens in PPR{BE; Jand PT{BF ;). The differcnce
Ay — gT - gf = 145 = 10~ vomresponds to an excited electron’c
configuration in B with an excitation etergy AZ [« = 3.1 ¥,
which is closs vr the eacitation enerey of the electron in neotral
PPP.

The ntiroxyl probe in nonpalar toluene is charactarised hy tha
[ullowing MmApnenc paramelen: gyy = 200987, g5 = 210637,
Furzr = 2.”0233, _-i,rr = ﬁr:{ = u.ﬁ, and A;’? =133 l’I'IT. I]J [hr;
wonducting PP, the quantity gry diminishes to 200900, whereas
both the X+ and Veomponents of the probe spectrim are
broadened by 4 mT {Fig. 48} Analysis of the form of the b
spectrum permits the conclusien Lhal there are a0 rapid move-
moents of this radical in PP {correlation time . =137 5] #ven at
comparatively high temperatures, which is appatently asseciaced
witn the small size of the region of Iocalisation of the probe, oot
excoding | nm,

Tn neutral PP there are no fragments with an apprecable
dipolz moment, The dipole—dipols intcractions berween the
radivuls may b negleceed, because the conventration: of the
probe and the paramagnetic centres locilised an the chain ame
small, The chinges in the magnetic-resanancs paramaters of the
probe on passing i e medel nonpolar sysiem W the
comducting palymer matrix, indicated above, may occur as a
consequence af the Coulombng intetaction of the active fragmont
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ol 1he prube aod the spid-less charge carsicrs — bipolarons. The
effective electric dipele momaent of the bipolarom closest In the
probe, calenlated from the shift af the gyy companent, amounted
to [ = 2,3 D The shift of the oy component of the probe
g-factor may be calculated within the framework of the electro-
static interaction of the dipales of the probe and rthe bipelaron by
mesns ol the follawing procedure. The potential of the elecine
field indunced by the bipolaron ut the locabion of the prebe is
defined by the expression ¥

Ey= ‘;—T (xeothx — 13, (5)
2,
= Amegi Ty’

where py 1s the electrie dipole moment of the probe, ¢ and &, are
dizlectric constanis for the IP1* and the vaguum respectively, and ¢
is the distance between the active fragnsnt of the nitroxy] radical
ani the kipalaron. Using the vardation of the increment in the
isotropic hyperfine inrerscdion onmstant lor the probe due to the
ehecingsalic Deld of the microenvironment Ag = Temval 1By
{hera rye is tha distance hetwezn the W and O stoms of the active
frogmend of the prube and 7= the msonancs overlap integral
for the C=C boad) as well a: the relation g py8A . =
23x10 T for 2265-tctramethyl-1-piperidinylonyl  vadi-
cals, 2~ it s powsible 1o Formalate the following ecunation for

Mgy

kT .

Agyy = 6 3 10 > ZRE ryvcothy — ) ()
u

Adopting py = 2.7 D3 . = 2.1 D, and rpp = 0,13 nm, > we

ohtam ¢ = 0.92 mn.

Tha ratc of spin—spin relasaton, which determines the width
of the hPECtTﬂ.I line of tile radizal. can be formulaved as
== rm, + iy where 'Ca,lm is the rate of reluastion ol 4 mdicl
which docz nor interast with the snvironment and Fllﬁj_, i the
inerement in the rate of welaxation doe to the dipola—dipole
imteractian. Fle characteristic thne of sueh nteraction 7. In A
polycryataliine sample may be caleulated from the braadening of
the spesceral lines a[A 8y 1.

it = Ted(A8x r) (7)
——I:.ﬁw NAADY = SHan, ) — 20 2un,)] .
where
S :'J—l
oty = L () wzscnu.wzz o 9 - 1)
¥
Ho) =—=

[

Herz pg i3 she magnetic permenbdity of a vacoum, & = 4/2a,
{ue = 21¥. 1% the recording trequency, and & is the angle belween
the vectors m and rx. The inequality .T:53- 1 holds for the
majorty of highly viscous condensed systems, so that, by averae-
s with cespect to the angles ZE 3cos? - 1F (r;‘r?‘} =h8r—%
and, using the value pHARy ) =7 10 25— and the value

=1{92 calculated sbove, we obtain Tap, = }5(AHLY) =
3 Aw®z, ort, = 8.1= [0~ 5. Bearing in mind that (he average
titne betwoen translutional hops depends on the diffusion coeffi-
cicnt £ und the wverage length af the hop. which is equal to rhe
proddat of the lattice constant o snd the halt-width of the spin
delocalization oo the  charme  camier Npl2, Le
o= 13{A N8y £-' and, taking imte account the value
D= 5x10-"m” 5 - typical for conducting polvmers, we oblain
(oA = 3 nm, which corresponds approximadely to four
pyrrole rings. This guandily is close Lo e width of the hipularon

in pelvpyrrole nod polvaniline, but s apprascably =smaller than p
abtained for palybithiophene, ¥

Thus the form of tha EPR spectrum of the spin-medified PP,
recorded at the 2mm band, indicates extremely slow rotational
motiang of the prabe. apparently as a consequence of tha tairky
dense packing of the polymar chains in PF. The intersction of the
spin-less charge carriers with the active fragment of the spin penbe
leads to 4 redistribution of the spin density between tha N and ©
atoms of the mitroayl radival snd hence 1o 8 change inils magnelic-
resonance puramelers. This makes it possibls to delermine the
distance batwean the radical and the chain, along which the charge
eHImer moves, dnd #lso the eMective leoglh of the bpalaron ina
randomly oriented poivmeric semicond nctor.

Y. Polyaniline

A characteristic hehaviour of polyaailine (PANT) s koown 3L o be
the insulatar/condoctar tramsibon, SCOUITIOE ON Protonatien or
aridation of the polymer, 1.+ on fransition from ity emeruldine
Tsase fomm (EB form) to the aimeraldine salt Form {B5 torm). This
compoundd difters from ather conjupated polymers in 4 number of
featutes. Thus, in contrast eo PPP, PT. end PP, bath the bersene
rinngs and thenivroeen atonis are invelved Inoenjugation ia PARNL
O protenation or oxidacion, the conduectivity of the polvmer
increases by mara than 10 ordars of magnitude Whilsc the sumbet
of electrons on the polymer chain remains unchanged . Molvani-
Line in th: TB lotmm 15 an insulater, This form 5 amorphous dnd
coftaing traces of che ES form, whetass the ES forn of PANI
contains highly conducting crystalline domains with a character-
istic sizz of 5 nm ! distributed in the smorphous CB phase.

The axidation ¢r pratomacioh of the FR form of PANI i
accompanied by a monotonic increase i the concentration of
pardamagaetic cenlres and a namowing of the ine rom 0.2 1o
003 mT in the 3cm EPR specoum ® ¥ The paramagnetic
suzceotibiliey of the weakly conducting PANIT Follows the Cune
law, which indicates the formation of single palarons in the
polymer chain, whereas Paol: spins, cheracteristic of the polaroa
lattics of a highly conducting polvmer, have been detected in the
I35 form of PAMNY 454

The spin dynawdcs in FPAMNI has been insvestigated by the
complementary FEPR and NME nIII;‘ClTU!iW]‘IiE methuds,*S The
Frequﬂnu:], depeudemes tp~ oy (for nuclear sping) and
AR o ol - ffor electron spins). obtxined Lo isolated chaine of
the ES farm of PANT, have been interprarad within the framewark
of the |D-diffusion of polarons at 4 rate wip = 109 5L The
anisotrapy of the spin difusion vpivsp vaties irom 1 in the EB
fono to 10 in the k5 formm of PAML At rodm temperalure, The
correlution found berwesn the spin dynamics and the charge
rransfer procass has been incerproted os evidenoe in support of
the predominuntly interchain slectron transport. [lowever, this
coanelusiv canflicrs with another concept. '-* which predicts the
AD-transpor: of electrons in massive metal-like domains will o
characteristic size 5 nm and ID-trensport of elecirons between
thes2 domains. Livvestigartions have shown that the charee transfer
process i PANT iz determined to g siomidreant extent by soructural
parametars such as the crystallinity of the sample, the size of the
crystalline domains, the sonformation and degres of anentaticn
of the chains, s, which depend on the history of the sample and
alsa o the amouct of modifving agent introduced into (.

The results of studies on the magnstic and eestrodyname
prepertiss of PANI samplis with ifferent conduectivities by 2 oun
EPR spectroscopy are presented belowr 1847

Fig, 5 prcsents the Z2mon EPR specers of the inileal amd
oxidiked PANI sumples, Analysis of these spectra showed “hatar
laast (wn tynes of paramagnetic centres were skabilised in the
initial sample. namely an immabilised parumagnetic centee (R
{Fiyg. 540 with the anisotrapic magnatic-resondnce paldmetcrs
Ear = 2535, per = 2004135, g = 200238, Adxy— Apr—
0,33, vnd Azz =23 T, and a more mchile paramagnetic
veatre (B¥ with g, = 20351 and g = 200212, The relative
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Fleurs 5. Typical 2mam FPR ahsoriinn spectre (q, o and the in-phass
{f) and 2ot phase () conponeats of the dispersion signal of neutral
(p—ehand axidised [z = (L531{d) polvanline recorded at T = WK, The
darhed lines cepresznt the absorplion specirum of the radical RV {q)
localised on the chain and the w2 out-olphase compuenenl of the
dispersion sigad of Lhe nentral samapleat T — 200K (ch

comcentralivms of these radicals A depend bath on the dagres of
oxidacion and om the temperature of the sample (Fig. 6a). The
coneentralivns of paramagneiic cenlres ul bulh wypes jncrease
with increasing = ('able 4). which cén be accountad for by an
incredst in Lthe oumber of spin charge earters and by Lhe
formation of a potaron latties in PANI for z 205,

The paramapnsdc centreé R' with n anisotropic BERFR
speutiam cun be attriouted to the tadical species (—ChHa—
SH—CsHi— 1Y localised oo the polymer chain. (15 magnelic
parameters differ somewhat (o those of the strncrurally simlar
radical —CgHa—N—TgHa— 7" This 15 uppurenily assodsied
with a lower degree of localisation of he unpaired elecoon on
the nitragen A lom {me = 0,395 and with @ more planat comioma-
ticeew of the Tateer radical. The conteibution of tle CH gowpes of the
radical to gxs 15 small {gsy = 1.7 10—F, sce Buchachenka and
Vasserthan =), so that it can be neglected. The enerpias of the
excited  electronic comfigurations of the radicat B! are
AF e — 3E eV and AF, ,» = 6.3 eV for pf. = 0G1HM

The averaged g-factar of the radicals RYgh = Lizav+
rry 1 gzzd B Cose o the  isorropic  p-factor RN =
5{13, I & 3 for the paramagnetic centoes R* The potarcn diffus-
ing along the polymer chain at an effcetive rte sip = 105 3! [sce
Cyn (2¥] may Ltherefors he responsible for the BEMR specticom of the
radiral B2

Tiuring the osidaien ol the ioilia] PANT sample, the perpen-
dicular comnponant of the ERR spectrum becomes monotonocally
narcower and Lhe paramegnetic susceptibality inereascs {Table 40
bealie the attmnenent af the degees ol oxidation = = .53, which
constitutes additional evidence bor the formation in the highly
comducting PANT af regions with a high span density and rapid
spin spin exchanpe. This fact as weall as the decrease in the
g-Fector for the radical B2 with inerease in - may be associated
with the decreese in the spin deesicy on the nuclens of the nitrogen
atoun and e chamge in toe conformation af the polymer dizins.
The © — N —C bond angls in PANI s krown U to increase by 22°
on pussine ITom the BER 1o che BS freme Caloolation shomws 1hat
this raay alter &, choly by several per cent. A more significant
chanec in this toagnetic parameter s induced by 3 chenge in the
dihedre] ucgls f. i e the angle between the planes ol oeighbounng
benzene rnes. 1akmgnte acecount tie dependence of dhe overlap
integral| of the p othitals of the nitrogen atoms and the carban
atom of the PANI Ienzene cing bn the para-posicion relacive to the
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Figore h  Temperaluce WLidiens of the relatve concenteatcs A 2% (o) and the ¢ e-factor 15) of the paramagnetic centres B! lacalized in polyariline

with different depress of cxidation = 45 und 20040 2 wnd £27 < 0 0b; () and 4327 0.02: 64) and §273 0.2,
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Tabke 4 Dependence OF the clecoricul comdwctiviy {gae), s criccal
temperatuce { Tpl. 1 Tauli susecpubiliy (z2). lhe density of seates at the
Fermi level [afie]], the distunce betwesn the polaron level and the Fermi
level {451, rhe polaron localisalive length (R0, the concentralion of

paramagnetic centres Oy the lioe width {A&8pp), and the spin-spn
relaxaton ume (1z) for pelyaniline samples at T = HIOK on ther degnes
of axidation =

Pavameter Dregrae of oaidation z
.0 . a0l [LUG 0,20 .30 LR 053

a8 m ! 510 & 10" I 15— 21— (Wb am 60 L7801
-+ TW'K - L4 - - 1.2 - 0T u.Ls
10 2 ~0LE 3 - - 2l - L 151
siep}/ €W =1 mol-T 04 .40 - - 1.6 . a7 iz
EET L - .04 . - LY — 0.5 0.46]
L;nm - 0.2 - - L1 . 1.2 .
1G- " & apins g 1.4 1.2 A 4.7 2 5 4] 195
AL+ LR A .62 064 0.2 23 a2 45 50 15.0h
ﬂﬂpp."m-[

e hand 1. 1K 0.z0 .24 n1zs 0,145 Golrs s

*mm bund 1.508 1.45 1.31 - 1164 - 0.1% (k1632

“ The valus of 4; were caleuiated by the formuls A3 — 0.5 #1(3a2 NP3 wTh ®The times 12 were culealated hyr the formula 17 = 0.4661 Afe.

nitrogen alom on the dibedral angle (7 ~ ous 87 and assuming
that & = 56° for the initia]l FB.% it iz possible to caleulate Lhe
elfecnive dihedral angle and the spin densiiy on the niienpen atom
in the B3 form of PANL with z = 0.2, which are respectively
# = 33" and pf =042, The decrease in the angle I leadds w an
increaszc in the transier integral and henee Lo o grearer delocaliza-
tion of 1he unpaired electron over the benzene rngs. 'Lhus the
change inthe mapmetic purameters on oxidation of PANT reflects
the ransition to & mese plasar chain confiormation.

10 is imprortant to note that the shape of the EPR spectnu: of
the rod:cal K2 in ihe ES form of PAMNT with 2 = 1.2 underpoes
major chunge at 300K Whereas the inequality g, # g isvalid for
this sample when z = 0.2 and T = 3K, the inequalily g > &
actually holds when z =02 and ¥ =30 K (Fig. 5). The lattcr
incguality remains unaltered for z = 0.2 in the temperatre ange
Wl = F= 330K, We recaorded a similar transformalion of the
spectrum previously ™ o saturation of a PANT sample with watcer
vapour and explained it by a significant cheange i the conforms -
Liwn of the tadical B2 a3 o consequence of the formation of T;0
bridges between the polvimer chains. Gn the alher hand, inthe casc
gescribed the change in Jine shape ¢an be accounted for by the
transforoatian of the polymer chains,

The somponents of the hyperfine structare, arising as a
comsequence of the interection of the unpaired lectran with tie
pratons of the neghbounng benzene rings. have also heen
recomiled i the EPR spectra ol FANL samples with = = 0.3, The
izotropic hyporine interaction constant ey is correlated with zand
vares in (e raner 5.0—%6 pT lec diffeeent samyples, which
corresponds fo a spin density pfy = (2.2 —4.3)= |0~ * The density
of the wnpaired elactron delovalissl uver twe benzens rings in a
sulution of the EB foom ol PANI in dioxanc iz pfy = E.3 2 1029
The data ohtained thereforc indicale the delocalisation of the
ynpuired glactron over a largar humber of benzene rings owine to
the morc planar contormation of the ES sampes investigated,

Bell-like componenty with o Gaussian distribution of the spin
packets (Figs 5hand Se), the intensity and shape of which depend

" an the wmphilude By, and che frequency g of the high-fequency
modulatan, the amplitude of the magnzeic component of the
radiafrequency el &y, and also on the spin—spin (173 and
spin—lattice {r;} relaxation times of the parsmugnetic centres,
have been recorded in the 2mim EPR spectra of PANI samples.
The appearance of such signals is induced by the effet associated
with the rapid admbatic passage of an inhomogeneously broad-
ened line?? which may be secacnted for as lallows,

The shape of an individval spin packer in PANLIz deaimained
by the time paromcters 1, T3, (o, A8ped Lot (e dnl T
fpe ) Loanldl M{dEpidei—. The distance betwsen the spin
packets which have moved apart is Aoy and varles lingarty w:th
the recording frequency. On Lransiticn testrenaer nmgnede ficlds,
the freguenuy v, of the spin exchange between Lhe purama pnetic
cenires with 5= —1 and g= 2. separated by a distaoce #,
decrcases in accordunce with e law *'

_ 1;;_5 enp [—0.25 aﬁﬁn

Y bl
oo -

Es T

a3 a consequence al which the inceeaction batween the spin packsis
diminishes and their widh bogios o depeml un the recording
lrequency.*

Br,

Al — Ash, - 1]

In the adizbatic passage ol a saturated sigeal [ic, when
it B & riﬁf amd & =3 8z )12 = 1, where # ix the EPR
gigna! satoration factor], @ statonary eajectary of the para-
magnetic centre magnelsclon vectot j& cstablished amd the
succeeding signal projections, for cxample (he dispersion 5
with the shape funekion #{ve are 1ecorded onthe o —Z and =8
ANt

L= w2 (v sin eyt ~ wegivs ) sinfoog ¢ —
+ paglv, sinfang p £1m 9
The mequality va. T > | i obtained Mee the EB form of PANI,
401 Lhat the disporsion sigmal is determined mainly by the lasl taw

terms of Fgn (9). In this case the relasation times may be
determined from the cenical ampliwde of these componsnts by

tieans of the Follpwinyg formulae: ™
Byl 48R (10
CTER OGN+ 4 !
{1
Tr——. [L0m

Wy

where 12 = uy ar':] and By s the value of 8l — —us

In the EPR spectra of the ES furm of PANIL the passageeftects
arc less appreciable and the relaxation. Umes can therzfore he
culewlated from the formulas
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Figmre 7. Teinperatws valistions of the effective spin-latiice ()
{curves f-J3) and sapin—spin (72) (eacves M — 47 melaation dmes of the
patamaghcde centrea wn polyaniline with different degrees of onduticn =
(0, (2 < DO 0Z ()42
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Fig. T presenis the temperatur: wvacnations of the effective
relaxation rimes of the paramagnetic contres in diffcrent PAMI
samples, Evidently the spin—lattios relaxaiion tme diminishes
wilh inoresse in z, which indicates an increase i the oomber and
size of the quasi-metallic domeins inthe ES Form of PANI. It also
follows from, the figurs that o temperdtun: dependence of the type
it~ NTL where !=3-4 for z= 002 and (=03 [
002 = == 0.2 & characteristic of PAMNI. which is 2 conse-
quencs of the sharp chupge in the Tule of energy trunsfer from
the spin ensamble ta the polymer lattice and a change in the
mechanizm of charge transpert during the exidation of PAMT

The fimes 1) and 2 are affecive and are determined hy the
relagation tmes of the localised and mebile paramagnetic
centras — the radicals Bt and R? 3t the coneentralions A, and
Mo respectively - so that for the peneral case oie can Wit

Ntk = N (i b, + Nad=Tah - (12}
where & — ¥; + Nz Thiz equation permins the separate determi-
nation of the refaxation parameiers of the trapped and mobile
[HTATDAROELIC contres in the poiymer.

We shall now cansider the passibility of using the 2mm EFR
spectroseopic racthod For the mvestigution of the dynamics ol the
palymer chains in PANI and ther conducting polvmers in which
the paramugnetic venies exhibil o appredisbls anisctropy ol the
magnetic paramelsrs. It is seen from Fig. 68 that the quantity gz
for the radical B! depends in 4 complex manner on che degres of
oxidation 7 and the temperaturs of PANT The decrease in this
paramater with increzse in r and;o" temperature may be explained
both by tha increase in the polan:y of the microenvironment of the
radical B! and by the asceleration of the small-scale vibrations of
the polymer chain and hence of the radizal localised on the latter,
The motions of the macromalecules in thiz and other sioilar
predymers are anisolrepic and ame characlensed by a vorrelation
ritne 1o 2 107 545 The linear” EPR ahsarption spectra are
wing]ly ihsensitive to supcrslow motions and such molecular
processcs are thersfore bellec investiparad by the RF-saturation
transfer methoed (ST-EFR).*

17 5]

L0k

—14 1 1 1 1
2 4 & L .a

U TIK)

Fheare B, Arrhenivs plot Tor the corcelotion tmes 1. of the anisoiropic
librationa of the polymacr chains in the EB form of polvaniline with the
dapres af oxidatian r = .

The ST-EPR mcthed is based on the introduction into the rast
system of a niteoxyl label or probe and the reconding of the
spectrum of this radical nnder the conditions of the rapid passage
ol the saiuraied sigmal, On rotation of the pararmagnetic centres,
the abeve conditions may noLbe Mulflled Fer spin packets oriented
in a particular way relative te the direction of the external
magnetic field, as a result of which the form of the overall
spesitrum changes. [ hasd been shown enrlier <% that the parameter
rnost sensitive to the anisotropy of the molecular dysamics is the
ratio of tae compenents of the deovative of the dispersion signal.
Ko — v frd iz aut-ofphass. The sensitivity ol the ST-EPR
roethad alse depends on the anisatropy of che mapnetic para-
meters of the paramagnet.c conorcs and on the reccrding (re-
quency. ™ Bearing in mind dhat the paramapnetic csntres localised
om tha polymoer chain are themsalhes paramapnetic labels and are
charavterised by an appreciable amsotropy of the magnetic
parameaters, ohe may expact an increase in the affechveness ol
thiz method inthe study of conducting coempounds at the 2 mm
EPE hand.

As can be sgen from Fig, Se¢, the paramacar Ko icreases
with incresse in Lhe wemperatwe of the samnols. This s @ resalt of
the anisotropic librational reorientasions of the pinned polarons
arcrund Lhe specsifed X axis of the polymer chuins. The correlation
tioe for the libratons of the chains, calculated trom cthe ST-EPR
spectra by the method deseribed by the present anthor, 2L-2 gy
fonng T e given by the followine expression for the initial PANI
sample.

- 1 =7 -
o — 24 10 Bxpl T
i the ermperaturs range 200 < F = WK (Fig 8. At higher

temperatures, the corrclation me vafes in scensdance with the
Law

I D.ﬂt‘lﬁ:l .

fr 10

1T = 6E1cap r—(T':) ] .

where
_ 18]

" Tonee) L3

Here Tq i3 the percolaticn constant, which depends on the density

of staies #irF) vn Lhe Fermi level sp und £ 3 o charge Carriei

lecalization kength, Ustng #ce) = 432102 ¥~ mol=% 2 s

possible to obtain the polaron lecalisation lewgrh in neutral PANI,

which 15 .53 s, and the most probable length of the 30-hop of
the polaron between the chains & = 0.39L{F; Nt = 5.1 om at

= 1.5 10K,
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¥ =300 K, The data obtained indicate a closc relation berwesn
toe molecular spin dynamise in the EB form of PARL With
increase in T or with signibicant decrease in &, the 51-EPR
speclrum becodnes insensitive to the malecular dvnamics and
thiz case Kooy & 0.07. The maxmum value of 2, recorded at the
2mrn FPR bund can b estimated from these data as ~ 10 * sat
HK.

We ahall now consider the dynamic parameteis of The polaran
in PANI, Az in the case of a mobile soliton in #rons-polyacety-
lene,** the diffusion of the polaron along the polvmer chain is
characterised by o translations] propapator of moticn £y {r,A,T)
This quantity detertoines the probakblity ata time £ = ¢ thatthe dk
spin 15 lossarsd in the region » + dr relative to the new pesition al
ehe fth spin. which was located inthe indtial matant at the polat yy
relative to the fth spin.

Om solving the equation for Brownian diffuson

(ol ST

:I=D|:|'M[r:"'{|:f::'5 “3.3

)
wi find fhe propegaror (ot a diffusing polaron subject W the initial
condition P, (e = e — r), where Dy = [85] and Fs the unit
vector For the meoleoubar coordinate systetn. Fora 1D-system. the
ahave propagator is defined explizitly by the rebacion **

r—

~1
oy ,] expi—raptl, (14]

Plroantlnp= f4n:vmtj E:xp[

The mobile polaron indeces & local magnetic fAeld Zie-6) wl the
location of other electron or nuelear spios, influeneing thereby the
relaxation frmes of the lattar. The relaxation time can therefore be
cxpresed in terms of the frequency funstion £, » = § [fr])], where

+ir:
e = J O T expl —doxr hd1,

—_—i

Here Fiw) is the spectral density function. The avtocorrelation
Fumction of 2 Tocal field G000 fluctuating 1o & diserele sysiem is

Tl = i En: i Alrg Py e 2 B e | F T (1 degde {15}
= T

where Ay £]is the prokability that the spinis ac a distance r at time
roand 1% equal ko rhe s.pi n concentration &, while F{r) is the
protability that two b‘pl]:l.h e al o distance roar tine 4 For
frequencies < v pojnir — ro)—? the spectral demsity function
dssumes the foem:™

Ho) = Nipies 3 3 Flrg) P (eifinilr—ra i, (163
where N = M) + (12N, s te probakility that in the initial
instant the spin is in the position #1, fipim) = iEﬂ vip i b for
np v amd plw) - 2T en) 12 for vin Ve
Fra) PR fipllr — voll = (Joos2 3 — 1°#] 'rg ™, and # is the angle
between the vectory nandr: .

The relaxation times of the paramagnetic centres in PANI are
characterised by the relavion 2~ Fend® 454 gn thar the
cxperimenial resulrs presented in Fig 7 wmay be interpreted
within the framevwork of the modulation of the spin relaxadon of
the 1D-diffusion of 2 polaron and §ts interchain hopping
3D-transter at mates win and vae respectively, Since the electron
relaxation is determined mainly by the dipale —dipole interaction
hetwest: squivalent electron and nuelear sping, it Follows subject ta
the condition 3 =7 =1 thal the eyuations For the rate of
relaxation ¥ in the polyerystalline sample can be more demply
farmulated:

o= A e + A2
L3 3

(1T

=108 x 107 ¥ Avy 0"

H . 1
lgirian s BB m

|2
15 |
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Figure 9. Teomperature variations of the rates of diffosion of the palarons
aiomg the ehain (wa) and between the chains {vp} oo polyaniline with the
degresa of exidution = — U (#1001 ¢2), und 0.02 {3} ond wlso of the
elecinoul conductivily & culcolated within she framedork of he
isoenergelic [wonfinows liresd and activatsd {dazhed lines) inezechuin
charge transfer, The borizontal lioe earmesponds ta the offeetive valuc vip
calculated by Eqns (14) and (17] subjeet to the condition £ == 12 far
polyaniine with z = &.1.

= 1A% 3A0Y 4 STony) — 20(20,)! {17

=415 % W ¥ pg) ¥ i) T 4+ 228 1D'5|EL, .

where LT is the lbice sum equal 1 121 = 1057 m—% for PANT.

Fig. & presents the emnperature vaoations of the razes of
diffusion v p #nd vao of the paramagnetic centres in cetiain
BANI samoples wrder the conditions of spin delocakisation over
five monomer units. Bvidently the anisotropy of the spin dynamics
is 4 maximum in the initial sample (BB form ) and diminishes with
increase in the depres of exidation z. For comparatively high
depress of cxidation (2 = 0.F), the tirmes 1, and 2 are approx-
imately cquel and depend only slightly on temperature in view of
1he imtense spin — spah exchange in rhe maral-like domains and the
increased dimensionality of the systcm. Bearing in mind that
277 2«71 it is possible to caleelute wne Tt proved 1o he
LEx 10 34 Tor PANT samples with =z =02 (Fig ). The
caleulated values of o are sigrificantty smaller than the rate of
I-diffusion of 1he polaron, obtained far PAMI by mag-
netiv-respmancs methods in weak recording fields, 2

It hat been shown earlier ¥ that the antzotropy of the span
diffusion in PANT at room temperature remaing faitly high up to
T = (LG bt it follows drom Fig, ¥ fkdl the ratio bp/vim remaias
Eairhy high ooly io neuwnal and weakly oxidised samples, The
dimensionality of PART increasas on cxddation ws o resoll al the
intensifegtion af the inleraction between the polviner chains, so
thar the spin diffusion in this pelymer beeomes almrost isolropic
for z =02, which i5 characteristic of classical 3D-semi-
condugtors. This finding constitures nnambiguous cvidenes For
the formation of massive quasi-metallic domaing in the exidised
polvmer and far the incresse in its dimensionality 2nd crvstallin-
ity, which we confinned in an X-rsv difftaction stwdy nl PANTS
During the oxidationof the polymer, the concentrarion of clestron
traps diminizhes, which decreases the probabilily of the szattering
of chectroos by lattice phooons and hence leads to 3 weaker
temperaire dependence of the relaxation and dynamie pera-
meters of the cherge cammers 1o PAM], as happens in classical
inerganic smorphous semiconductors, ¥
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I[f ome assurncs thal the Giffusian coefticients £ of the spin and
dizmagnetic charee carriers arc identical. il s possible o obiain
from Bqn {4) the quantity oo, which is 1 S m™! for the sample
with {f = 2 = (.02 at roorn termperature whereas Tip increases in
thiz range of z fom 1.0x10-% te 0.5 5 m~'. Subject to the
condition vim = vip, Lhese quantities are o = (5— i8) = 167 and
s = (2= 1002 107 & m— ' Thus the rute of (he intecchain charge
transfer increases with inersass in z, which conadeutes additional
confirmation of the inerease in the number and size of the
quasi-metallic 3i-domain: in FANIL

Asin othet quasi-one-dimensianal palymeric semiconductors,
dif‘erent charge trymsfer procesies may occur in PANI, such as
charpe transler slong a n-conjugated chain as well as ke inter-
chain and interfibeillar charge eransfer. Evidently the contribution
of each of these provesses 1o the bulk conductivily depemds v the
method of synthesls, structure, and degree of axidation of the
palvieer and also on the dynamics of the nonlinear excitations.

The data obtajmed at the 2mm EPR band permit a mare
correet and [uller determination of the meshanism of the charge
transferin BAMNL A3 shown above, the EB farm of PANI exhibits
a strang temperature depeodence of the spin—lattice relasation
tirme, This means chat the hops of the unpaired zlectron in PANL
ure accornpanied by the ahsorption or emission of 4 minimal
nuniber of polymer hacice phonons, Sinee 1the inkage hetweasn the
spin und the lattice in the BB form of PANL is fairly strong,
multiphonon charge transfer processes predomindts no this
aystem, The approach proposad for the description of the morion
of solitons m ightly doped irans-PA may thercfore be used in the
study of the spin dynamics in the amerphaus mpions of PANL Y

The essential feature of this approach consists in the phe-
aen-linked ineerchain tuenslling of the charge between jsaener-
getic levels of the carriers under the conditiong of Coulombic
interaction of a soliton with a churge g aed an oo with che
opposite chargs gz The exesss charge Ag -~ ¢ — g2 Ay undsTgo
a phonon-linked transfer, with 4 finite probubility, W a neut-al
carrier moving aleng @ neghbouring polymer chain, I in the
instant of such transfer the charge carrier is alzo in the vicinity of
the ion, then ils energy beforc and after chacge trensiee cemaing
wnchanged. In this case, lhe compaonznts of the electrical con-
duczivity of the polymer, in which the charge is transfermed
between soliton levels. ate determined by the peobability that the
sobitan iz lovated newr 4 clarged jon and also by the probahility
that the energies of the charge carders arc wihin the Timis of &7,

By (TIEN, 2R By ! _
= - - = ' 1#a
e wTR, KF‘L : | =al (18a]
o AT N v 2, 13

= —_ 18b
e 64T ’n;’n}-(_?"_l] {18b}

R R

ol ]

=m r{:T .]nT"H'I] '

where =045 Jdy;=1390 and Fky are constints

W —-“,-{T EIﬂle"" is the h-;:lppmp frequency of the chargs
carHear, £ ('-irfJ.]' . 4§ and £, are the aw:ragcd parellal and
perpendicubar 1engths of the charee cardder respectively,
W= Mo N (¥ — ¥~ (¥ and Ny are the nwmbers of the
neatral and charped carriers per manomer woit respestively), and
Ry =[drNa]~"? is the typical distance belween tons at 4
concentration N, The above temperaturg vaniaticns have bean
obtained expe rimencally for lightly dwped traes-TA* % and other
conducting polymers.®®# It can be shown that, within the
framework of the approach considered. the feilowing relation is
valid:

giv, — ool axp LBk )
alv, — 0] K

. (1%

whera &y = (04T ¥, | £y 4 g epnamant. Caleulation showed
that aacimge = 130 loe PANL at v, ~ 140 GHz,

Itisessential to note thul the approach described iz valid inche
casc of charge tmunsfers by carriers with a small radius such as
solitens, This appraach may alse be used {or the inlerpretation of
the spin dynamics in other sonjugsted polymers ™ for example in
tetra-hiatulvalene fsee below ], where charge transfer is 2ffected by
nenlinear cacilations with a small radivs.® Aoparcatly it can also
b uced Eor the interpretatiom of the spin dynamics in PANI erhen
thers wre A pelarons with a charge g and A, dipolirons with a
charge 2g in this polymer,

Fig. 9 presents the remperature dependence of The electrical
conductivity @a- calenlated fram Eqn (F6h) by nsing 1 = 129 and
gn=28%10- 5 m—7 5 K forthe initial samplc in the BB {omm
andn = 1Zbandop = 3.8 2 10~ B m—"' & K for the sarmple with
Q02 zcz=0, an wali as &= 1«10 sK"' L A safisfaviory
awreement of the experimental vipdTF and theorstical my, (T
relations obtained for these samples follows from the figure.
Bearing in mind char the condactivity of PAINT obeys the law
Tk Th~ T = 12- 200 for a low oxidation level,™ one may
conclude that the charge trmnsfer mechanism considered aperates
in PANT with = < 0.0

An appraciable ranperature dependenes of Fac may alse be
obsezved on thermal activation of the charge cacters with an
encTEy Fa (o avtivation from their enerzy lavel located in the gap
1 e comductivity addd. En this case the conductivities oa. and @,
can be dztzromned from the eguations %

Mg = Mpexp [:— f—;_,]l N (20a)

E- .
& e
where p is a constant which vargs in the range 03 <y <0E
depending on the dimensionaliey of the systemy. Indeed the
vipf T relations can be fitted by the function 2.0 vahuloed
from Eqn(20F) wilh 7 =0% and &5 - 32wl U8
Sm-ls*K-' and F,=006eY at I=20E  or
el — 31 Em-1 P K and £, =00 eV a T = 240K lor the
sample in which z = 1 end with 62, = 1.4 10 115 m—t 2% !
and E, =113 =¥ for samples in which 002 = z = 0 (Fig. Y).
However, the funciion aa. T lar the initial sample has a higher
slope thin should fellow from Bqn 2003, Therefors the activation
mechanism of charpe transfer can spparenity he realised in a
polymer with an inlermediale depres of oxidaton.

The temperature dependence of the elecirical condactivity of
FANI with = = 0.2 oboys the luw ra = mpesp[—{ T/ TN E]H
Thiz is evidenee For charge wansfzr in the oxidised PANT within
the framework of the vaoable mnge hopping model, 2 Tn this case,
onc can write for the components of the electrical conductivity of o
syslasm wirh a dimensionality o

e = Tgl] Tﬂw(—

g =D, ?':J‘L,;,E'i [nlp,.-;l.[-l lu!l:p[ (T;I) \cH-]]jI1 (2143
. = %fﬁ?ﬁ;n;)ﬁ, [mt—t ) {21k}

where v 1s the imiting hopping frequency approximately squal to
the frequeney ol the optical lattice phonen (vpn = 100 543,

Using the cxperimeniul valees of nise} and the ()
relations, it is posible to determine w = 3.2 = 1047 5~ -, Tablz 4
presents theconstants L T, and A for different PANI samples, I3
followy [rom the duly presented that the polaron localisation
lzngth s approximately equal to the coherence length for the
crystalline domains in the ES foms of PANT, 7 which indicates the
3D-delocalizalior. of electrons in these regions,

In PANL with = = 053, charge is ransferred betwecn crystal-
fine quasi-metellic domaing with a charactonstic size 6.8 nm
(Table 4), locased at a distance & = 025L{TTP? =4.20m
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(= 30E) The domain consists of polytmer chams rolled as a
bundle in which the 3D-electron ransfer predosuinates and
intenss spin—spin exchangc takes placc. The appearance of a
Dhveon-like hine was revorded in the EPR spevtrom of the sampic
a5 4 consequence of the increase in its conductivicy {Fig. 31,
Assuming that the characteristic size of the particks s
Fo A2 2w W9, e s prossible to caleulates the alternating current
electrical conductivity of the polymer at room wemperacure:
Foe = L5 x 108 Ry = 4.5 % 105 S m—". Noxt, the constants ¥
and L for an individual domain (Fo = 210K and L = 2.5 am)
may be determined from Egn (215}, 30-Hopping of the polatons
takes place within the limits of the demain al o rate
wip — AR 1012 5= over a distance K —0300(T, TP~ —
1.6 nm at = 30 K. 1he larter vilue exceeds sipnificantly the
interchain distance a5 & compeguence of the struciural disonder in
the crysialline demaing. The rate of the 1 D-diffusion of the
poiarct &t roeom temaperature, detemoined from the line width of
the 3 cm EPR spectrurn, is vy = 2.0 % 102 5~ 1 The similacity of
the rates of diffusion of the polaron along poelymer chains and
between the chains confitms the quasi-thres-dimensienal isotropic
difTusion of the spin charpa carder in the oxidisad polymet. The
rate of charge transfer in the vicinity of the Fermi level proved to
bewp = (2A2m, P2 =46 107 m s~

Thus the 2 mm EPR spectroscoplic data obtained confivm the
cxistence in PANT of highly conduwcting dormains dispersed inthe
amorphous EB phase, On oxidation of the polymer, the number
and size of such domains inerease and rhere is also an incoease in
Thes dhimensiaoality ol 1be sysleon. This process s accom pansed by
af increasa in the number of Pauli charge carriers and also by an
increase in toc concentration of polirens. The transition from the
ERB to the ES form of PANT lesds to an increase in the rates of
relaxation and elestrodsnathic peoeesses and Lo 3 chatge in e
merhanism of charge teansport in the polymer. In the oxidizsed
sample with = = 1.3, the concentration of paramagnetic centres is
approximately equal to the concentration of charge carmers. This
permits the conclusion that there is tD-charge transfer belween tiae
quasi-metal dotnains and 3D-charge transfer in the polaron lattice
of these domains by polarons with a small radius in the ES form
of PANT,

¥1. Polytetrathiafulvalene

The 3em EPR spectra of powder-like palytetrathiafulalese
satples, in whick the monomer TTF units arc linked by phenyl
(PTTFE-1} or tetrahydroanthracens (FTTEF-2) bridges, represents a
superposition of the steongly antscrropic specimum of immoebilised
paramagnetic centres with gya = 20047, gyy = 20067, and
Fer = 20028 apd the almest symmetrical spectrum of maeb:le
polarons with g = 200715588 The relatively niph valus of tae
g-tenzor of the radicals indicates an appreciable interacton of the
unpaired electron with the sulfur atom mucews. The spin— hattive
retaxation time nf the newtral PTTFE-1 satyrle exhibits a teimpera-
lure deperelence of the tpe o~ T % where x==2 at
o< 7= 150K and =1 ar 150 73K K75 Doping or
heating of the mulcix leads to the appoarance of 2 large nomber
ol mohile paramagetic centres and & change in their magnetic
and relaxation paraTDeters as 4 consequence of the conversion of
the bpolarony into paramagnetic polarons. Howewer, owing ko
tiae low spectral resplution, it proved impassible to analyse using
the 3em EPR specira the influence of the relaxation and dynamic
parameters of the initisl paramegnetic centres on the Sonducting
praperties of PTTT in greates detail.

The nature, composition, and dynamics of vanons paramag-
netic centeas in the inidial und isdine-deped FITE samples weare
investignted in greater detail a1 the 7 mem EPR band 1% 258

Figs 10g and 10¢ present the EFR absorption spectra wl
FITF, from which it is possible to determine more acowrately all
the components of Lhe g-ténsor and also o identify the hnes
atbnbuted Lo different paremognetic centres. Computer simu-
lation demonstrated the prezence in FITF of two tvpes of

lsrr i o

l ey

l
|

NmT

Figore I, Typical ?mm EPR ahsorptinn spoctea (o o) and 2lzn dhe
spectra of the w-phass (&) and n;2 out-of-phase ) components of $he
dizgpersion signals of 1he inilial @@ and doped (cp polvtetcuthiafulvalene
sanpks recorded ot T= 300K /) and T = 130K (5. The mewsured
magnetic parameters are indicared.

paramagnetic centres wilh temperature-indspendent components
of the g-tensors. The anisotropic specurm of FTER-1 is chatace-
enisad by the magnetic patameters ey = 2003204, gr - = 200651,
ane yrr = 1ANR21E whergas the paramagnetic centres with an
alorost symmetrical spectrsm are eecorded with gf = 200706 The
principal voalues of the g-tensor of the poremapnetic eentres
localised m FTTE-2 amc gy = 2012Y2, gy = 200620, and
gzz = 200231, while the puramagnetic centres with a weakly
asymemetric spectrum  are characterised hy the paramelers
g? = 2001 and gf_ = 200583, The ratio of the paramapnetic
centres with ditferent forves of the spectrumo s 1: 1.8 for PTTE-L
anc 3:1 for the neutral PTTF-2.

Since the average g-fictors { 25 for both tvpes of paramagnetic
centres are approximately equal, one may conclude that. as in
other conducting polvimers, there are in PTTY paramagnetic
cemimes with different mobilities, namely polarons diffusing
aloag palvimer chaing at a rate vip 2 5= 16° 5= and palatons
pinted on traps and,or an short polymer chains.

Cn doping, the compaiively lanes iodine 1ons ame incorpor-
ared indo (ke polymer matris, increasing the maobifity ofils polymer
chains. This is epparently the cause of the increasc in the number of
delocalised polarcns {Fig. 10c). The components wfthe s ensar of
the mobile parsmagmenic centres ;o FTYF-1 ure fully averaged,
whereas it the case of PTTF-2 such averaping takes place only
pactiadly, This finding can be accounted for by the diffcrent narurs
anc conlvrmutions of the menotmer anits of e polyoens.

‘Lbe width of the spectral components Afpy of the para-
magnetic cenlres trapped o PTTE-| depends only slightly on
remperatere, However, ABYE for these paramagoetic centres
depends on the recording Frequency, inersasing from 0228 po 0,38
ant then o 3.9 mT (T = 2F0K) with increase in the record:np
frequency from .5 to 37 and then o 140 GHz respecrively, The
witlue d.ﬁ,‘."'.'h for makile polarons chunpes under these conditions
feam 1.0 to 1.12 and then to 17.5 mT. The fact that the mobile
paramagnetic centres have a wider ling than the pimned centres can
he accounted for hy their stronger interaction with che dopant
melesutes, This iz typical for conducting pobmern™ ¥ bot
conllicls with the Jon EPR dam obtaimed previowsly for
PTTF-1.%"%

Following # decroase in temperaters by a Factor ef 2, the
companen:s of te spectrum ol the meebile polaron in PTTE-C are
narrowed by 2.2 wl, which indicates an increass in the mobility of
the polaron, Such s change in .-i.B"ﬁ'Fh is amalogeus Lo the
narrewing of the Tines of the spin charge camees in classical
melals.
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Im 1he rappe of resonanos Megquencies 37 5 v, = 140 GHz, the
line width for the paramaphetic Gelcs vanes in decordance with
Egn (8), wiich indicates a wesk interaction between the spin
packets in this polymer. As a result of this, #f the 2mm EFPR baod
the paramagnetic centres in PTTF une saturarad for relatively low
valoes of &y, 50 thal rapid passage effects arc munifested in the
itephasc and w2 cut-of-phase componemts of the dispersion
sipnal (Figs 106 and 10&). Since the inequalily mgt; 2 1 s vald
far the neucra. PTTE-2 sample, s disporsion signal ©5 s
daterminesd mminly by the last two terms of Cgn {2)- Since the
comilition w11 € 1 holds for the deped samples, thelr dispersion
stgenal js determined by the 2 and 4 terms of this egyoation.

Madelling of the dispersion specia showed that they are a
superposicion of the dominant asymmelric spectrum of the
localised pelacons with ger = 201356, gyy = 20603, and
ger— 200213 for PTTE-1 and gy = 201188, pyrr = 200571,
and g, = 200231 for the mencal PYTE-2 and of the spectrum of
mabile polasons (Fig, 108).
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Figure 11, Temperacure verutions of the e[fective spin —lattize {r) sad
spin spin (v2) rolacation tmes of D paramnagnctie cenerea in nolyteln-
lhiafulvalene-1 sumples with the dasing level 2= 0.4 (2 aod clso of
pelytetrathiaiubvalene-2 with the doping levels = =0 [Fand t.1 13

camparable 7% which indicales interaction of the pinned
and meobile pelarona in this palymer matrix,

The degree of saturacion transfer depends noc enly on the
dypamics and amisetropy of the magnetic paramcters of ha
patamaghedic centres but alse on the level of doping of the
polymer. Thus the corrslation time lor the chain lbrations of the
PTTE-2 samphey, determingd by the 81-EPR mathod, was

(132
=13, N —_— } 5
.= 5Fx 10 \.IP( H_}"»
Ot doping, the chains of this polymer become more rigid.
which leads w a higher slope of the Arrhenius celation for this
sarmfsle

1= 24w 107" cxp(%) S

Az inthe case of PANT, hoth 1D-dittusion and 30-hopping of
the poliron 4t rates ¥ o ahd vap espectively take place in FTTE.
Figs 12 and 13 present the temporature varfions of these rates
for PTTF-1 and PTTF-2 respeectively caleuloted by Bans (LC) and
£17} using the data presenced in Fig 11 1f one gysames o spin
delocalisacion on the polaron squal e [Tve monericr unies, then
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Fipore |2, Temperalure vafaions of the rares o diffusion of the pularons
along the chan (o) and Tetwesn he chaing r) and of the elscinel
conducuvity g caloulated within the mamework of she jwocmccpe v
eonlinuews fine) and acewated {dushed hine) intecchain cherpe ransfec
i polyletvathiannvalene- with the doping levg] 2 = 0.4

Fig. || presents the temperature variations ol the effective
refaxation times of fhe paramagnetic centrzs i both PELE
samples caloulated from the Zinm BI'R spectra by the equations
provented above, The time 1 varies with temperature in accor-
dance with the 77 law, where o 2 3 for the trapped and mole
polsrons. The exponent & ciceeds the corresponding value
obtained previewsly by Lhe spin echo method o the 3om PR
band A7 The slight difference between the ime 77" and o may be
induced, for cxample, by the strong inmeraction betwsen Lhe
different narumaenetic centres.

It is s2en from Fig. |0 tha: an increase in temperalure leads
1o an itereaug in the pAram2er fmar = m:f.ll ..-'u_}. Ay in the case of
PANI, his is a resalt of the anisutropic likrational reorientations
wf the pimned polarons about a speeified X axis of the polymer
chains. The correlation tioee of sueh maleular motions, caleu-
lated by the meihod described by the present author,2? was

5 {02
T, = 9% = 10~ “P‘\T;::'_‘) &
[a¢ the FITF-T sample with the maximuam value 5, = 10 44

(T =TiK). The activation ecergies “or the librations aml
the incerchain charge -ransicr in the dopsd PTTFE-! are
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Fiyure 13, Temperatun varatinns of the rates ol difTusmon of the polac o
alog the chait (wyq} and between the chwins (vipl in polyrecezibiafolea-
lcnge2 samples with the dopiap kevels z = 004, 4 hand iE (22" end also of
tha eectrical eondvetiviey .. calenlored within the framesork of the
jsoemeTetic [comtinuous lioe) wd isoenergetic-activared (dashed Lins)
inwcrchuio churpe trans{er
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vip s 2% 10% 54 for PTTY-1 and 2x 1025~ for the neutral
PTTF-2 sample at room temperature, Thiz quanticy is smaller by
at least two orders of magnitude than the frequency of the spin
| D-diffuzion im PP and PAMNI 2 obtaincd previcusly by mag-
natic-resonance metaeds ac low recording lrequencies, but
cxcceds the freevency v caleutared earlier. The anisatropy of
the spin bynamivs ¥jp/vap in PTTF at room temperature exceads
10 and increases as the temperature is reduced.

Fvidently the spin dynamics play a significant rofe in the
charge transter process. When the diffusien coeficents of the
spins and charge cacriers are equal and for & =« 6% 10—% of an
elactran per moncrer ohit. the components of the conductivity of
PTTF-1, calculated by Egn{$), are mip= 0] and sin =
dx M~ 8m~L st room temperature. The value &n obtained
extecds Agnificantly the electrics]l conductivity of the sample
measured using a dirset current oy = 1903 S w115 Mdeed,
the macroscopic parametsT o4, which reflects the hopping charpe
rransfer setwesn polymer chaing, should nol sxeesl the micro-
conductiviry, boeause wr = van. Taking into scoount the ditferant
tettperulure variations of the conductivibics @p and #3p a0¢ also
the charge ceansfer in PTTE by polacons with a srmall cadivs,® one
may postulate tha: iseenergeric charge transfer takes place in this
syt prle, i

As can be seen from Fig. 12, the function v ol F) corrglates
satisfactonly with the function o pi Ty = 247481 —136 InTY?
calculated fromn Equ {18L) within the lremewerk of the approach
considered. According to Egqn (1¥a), the iseeterpetic charge
transport should also lead to the teroperature dependesce
Gl T TIE) but The eapeomental mp bas g tcoperature
vaurdation of the type

o~ (- ).

Thus the dynamic process considersd mast be analysed within
Lhe framewark of theemally astivared polacon hops te the edges of
the conductivity band.

Indced. the emperature varation of the rete of diffusion v o
for the PTTF-1 sample can ba fitted satisfactorily by the funzrion
(I0b) with dn=S83x 10 Sem - K- .=14%x 10" -7
y =08 and Ex = 004 ¥ (Fig. [ 3, The value of £ obtained is
close b The activation energy for the interchain charge transfec
(&, = 13 eV at low termperawres.®™ 8 Furthermors, this quan-
ALy corresponds Lo e activation enelpy foc the libratioos of ke
chains in P'LTE caleulated shove. This Bret pormids the conglusion
that the cunductivity of PTTE is deterimioed predoninantly by the
interchain phonon-assisted peiaron hopping.

The probability of charge transfer 5 deermined by the
stenypth of the interaction of the electron with the lattice, rhe
imterchain teansfer of which s secompanisd by the sbsorption af &
minmimat numnber ool Tattice phonchs. [ follows from Fig. 12 that
the rate of the interchain spin transfer :n FITFE-1 varies with
temperature in ascorduage with the aw vip & T17 On the ather
hamd, the spin - lattice relaxation time of the paramagnetic rentres
bias a temparature dependence of the npe 14 = 124 (Fig. 11),
which is a comequenee of 1 muliphonon proeess. Adopling
E, = mfivp, abd assiuning thar the averaged value <m= = 4.3,
one may <alewlats vpn for phomoms in this sample s
vpr = 2.3 %10 51, which iz typical for conducting polyners.
Thus, as o consequence of the strong electron—phonon inger-
action, the conductivity of the polymer 15 imiliatsd by the
Lbgatians of the polymer chains and is determined by multi-
phanon processes.

On pussiog, [rom PTTE=] to PTTE-1, the frequency «p
increases approximalely by owo orders of magnitude at toom
remperature (Figs 12 wnd 130, which is apparently sssocales) with
the mate planar conformation of the motarmer un'ts in PTTE-2.
indeed, the gyy parameter of the g-tensor chanpes by
Agyr=1.32x 102 in thik lransition. Bearing n mind the
dapendence of the owverlap integral [ and the spin density on the

sulfur nucleus pr on the dibedral anpte # (n the form T~ cos 0 and
ps o~ sind 17itis possble to caleulate by Eqa (1) the change Alin
such a transition, which amwunts to 225 We may note that o
aimilar conlermalivcul change ogours on passiog foon Lhe
benzenoid to the quinanoid Fomm of PPP 5 amel also on transition
from the TH to the ES form of PAN]?

IF it is postulated that a cerwin number of bipelarons
{woneenlration Ngr) with a charge 22 are present in PTTF, an
atternpt may he made to interpret the spin dypamics in FTTF-Z2
within the framevork of iscenergetic electton lansport.® Lhe
quantitiss & and A may be determined foom the wod T relution
presentad in Fig. 1310 = 122 and Nop = Nee = 7.5« 100 ° Using
thevalucs ¥ = 2w 10% m—*aod o g — 1.2 wm. as well as the data
presenled o Fig 13, 1t iz possible ta caleulate By Fan (4) the
conductivity o, which unounts (o 1.8 8 m ! st room empera-
ture. Adopting &5 =@ nm, 5 —060m, Ny =M= 6T=10 4,
Nop =0l apl Ge.=2x10""5m ¥ we obtain from
Fynz (18) & =41 um, 7T =40 x 10— T2 =1 apd a =
3= 0% m—3 Fig, 13 shows that the oo T rafacion, deqvesl
from Egn {18a) for 2 newtral PTTF-2 sample, fits the function
it £ fairly satistacrorily.

The rute of diffision of the polaren in doped PTTE -2 samples
varnes approkitatedy linearly m the rcgion of low temperatures
and is characterised by a high slepe ol higher temperturcs
(Fig. 13} This justifies the svsuraption thar the charge transler in
the PTTF polymes is effsced within the framawark of the
variable ranpe hopping modsl at low temperatures with a
cofithibution by the activated charge teansfer at higher tempera-
murgs. Putting L= £, of =3, uned wy= v = 36% 1007 a0 L s
possible W determine by Eqgn (21) Tp=T73x=I0K snd
a{cp) — 79 10— eV~ ! monomer ! for these polymers.

The high-temoerature part of the vzl T relalion is described
satisTactorly by Cgn (20W) for 7 — 04 anmd E, ={0.035 eV
(Fig. 13). The latcer quanlity iv ofose to the activat-on enerpgies
fat 1he superslow Lbratons of Qe PTTF polymer chiins and aiso
tor the Jnterehain charge transfer in PTTF-1. This fArding
indicates a close relation hetwest the molecular dynamics and
the charge transfer process in FTTF ood confirms the carlicr
hvpothesis ™ thal the [uetwations of the lattice vibwations,
including lbratiens, may modulale the interchaio clectren trans-
fer integral for conducting compoumids. The polymer chains in
MTTF-1 are less cgid than in PTTE-2, so that the abova
modulation in this polymer ocoues at lower emperaiores
iFigs 12 and 17},

The intensiiication of the libror  exciron interactions =1 high
remperatures ndicatgs the lurrpubion in deped PTTF of compeex
quasi-particles a molecular-laice polaron.™ Within the
[ramework of this phenomenological model, ik is pestulated that
tha malecalar palarer, the mabdlity of which 35 charactensed by
the temperaturc waradon Ye ~ 4% 5 addionally coatad by a
Lrttice palarisation shell. Since the mabilily of the lxttice poluron
st is cxprosticd by am activation function, the resultant mability ol
the molecular-lattics polaron is sapressed by the sum

HIT) = g (T + 4 (T) =r:'l'"—45-:xp(—E i22)

5.
where @ and & arc constanrs. Since the formarion energies of the
maelecular polaron o PTTF and polvacetyione crvstals are similar,
Epp = 015 ¥ 770t s possible to deteemine the formation enengy
of the molecular-lattice polaron in PTIF a5 Epp—
Erm + B = 0019 ¥, The {ime necessary for the polarisation of
the atomic and molecular orbitals of the polymer is then
Te = .EEFLH =22« 10" 5 at room tempersture. Ths cdme s
siprilwantly shoreer than the charsclierstc polyron dilfusion
time in PTTF, ie the minimum tise of the [3- and 3D-hops of
the chargs carners esveeds significanty Lhe polarsation tme of
the microenviroiment of these carrizrs in the polymer o, 5 1, .
Consequenly this inequality is 4 necessary and sufficlent coacdi-
tian For tae electronic polansulion of the peolymer chains by the
Charpe CArpIsrs.
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The Fermi webocity ze of the polarons in PTTE is
13«10 m & 1 (see Ref, 237 and is close to the cocresponding
value for PAMNY. The lengath of the [ree path ™ of che charge currier
in different PTTFE specitnen 13 #* = vmffr,uH = 1—2- 1} *mm.
The latter quuntity is too stnall to regarcl the 'TTE polymer us »
quasi-nre-dimensional metal.

Thus both 113 and 3D-spin dvnamics occur inm PTTF,
intluencing sigmilicantly the charge transfer processes. The con-
ductivity of the polymer is determined sainly by the intetehain
irunsfer of the posilive chargs, but, in the analysis of the transport
propertics of PTTF, account must alse be taken of the I0-
diffusion of the apin and spin-free charge carriers.

¥Iil. Conclusiom

The data ohtained dernonsteace cleary she advantapes of the EPR
method in the study of conducring pobaners gl the 2mm band.
The high spectral resolution with respoet (o e g-facooer achieved
in thiz ranpe makes it possible Lo meeord more accuralely aond
sepsTeLtely The componsnts of the g-tensor of ergunic radicals and
hence makes il possihle to anulvse more fully and correctly the
mughetic paramelers of paramagnetic centres with different
muobilitics, The cormmbination of a high resolving power with a
Lo spist—Apin crogs-inleraction permits 4 mors effective employ-
ment of the puramaensetic contre sigady-stacre samration amd
saturation transfer methods as well as the spin label and prohe
methend for the investigation m this [reguency band of the detailed
characterislivs of the anisotropic malecular and spin dynamics in
crganic polymeric seniconductors.

The data presented demonstrate the great vuriety of the
glevlronic procssses oocutling in organic cundocting polymers.
The fundamental properties of polymeric semilconductirs afe
detarmined hy the structure and confmrmasion of he polymer
chuing, the nature and amount of the dopant introduced, and. in
the first place. by the dynamics of the noolingar sxeitations of the
paluroos and bipolarons participating in e charge transler,

The polarans are formed on the chaios of the polymee i the
inilis] stage of its doping. With increase in the doping level, they
way recambing into bipolarons. Incidentally, this process may be
hindered by the strociural or confonmational characteristies of the
polvmer. The charge transfer mechanism changes on doping.
I'hus the vonductivity of @ neuceal and lightly doped palymer arc
detetinined lacgely hy the isecnereelic tuonelling of the charge
hetwoen polyimer chains. which is characterised by a fairly strong
interaerion of Lhe spins with the larfice phonoos. Al an inder-
mediate deping levat, the charge is as a rule fransfermed by un
activated mechanism and this provess is iniciated by the superslow
amsotrepic librations ol the pabvioer chains. Finally, the vatisble
range hopping interchain charge cransfer, wocornpanied by comm-
paratively wealk seattering of zleclrens by the lallice phonons,
predominates in the relatvely hiphly conducling polymers.
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