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ESR studies on polarons in long oligothiophenes
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We have performed electron spin resonafi€8R studies on long oligothiophené¢$3 and 20 7 doped by
iodine vapor. The oligomers gave anisotropic ESR spectra differing from ordinary cases in conjugated poly-
mers. Our analyses by way of the Fourier transform of ESR spectra indicate that the cutoff event between
parallel chains occurs at the same degree of frequency as the motion along a chain: 31.8 MHz at 50 K in 13 T.
Above 150 K, we observed the signature of the cutoff motion between nonparallel ¢ch&mMdHz). We assert
that polarons mainly move within aggregates consisting of parallel chains formed in the film.
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High conductivity exhibited by heavily doped conjugated addition, we utilize a pulsed ESR technique as well as a
polymers has remained attractive for technological applicaeonventional continuous wau€W) one. The former tech-
tions since the first report on polyacetylefi®) in 1977 In  nique, giving ESR signals in a time domain, is available for
most of the conjugated polymers, it is believed that polarongxamining the dynamics of observed electron spifigind
and/or bipolarons are generated by charge injection and worlor classifying the signals consisting of several paramagnetic
as charge carriers in the conductive phenomenon. Experépecies depending on their time dependences. Our approach
mental signatures of polarons are commonly recognized awith a variety of ESR techniques will present significant in-
the presence of two electronic absorption peaks in an infraformation on the nature of paramagnetic species, polarons, in
red rang@ and of paramagnetic spins. As to the latter, anheavily doped conjugated polymers.
electron spin resonand&SR) spectroscopy is a straightfor- Oligomer samples used were 13- and 20-maelinked
ward way to acquiring detailed information on the paramag-oligothiophenedhereafter, 13 and 20 T, respectivehyith
netic spins, and hence lots of knowledge was derived from &everal octyl substituents at the positions. Synthesizing
variety of techniques based on ESROn the other hand, procedures and some physical properties were reported
however, it is noted that difficulties are usually involved in previously®'* We prepared ESR samples by exposing their
the analysis of ESR signals for conjugated polymers due teasting films grown with CECl, to excess iodine vapor. In
the coexistence of several types of paramagnetic spins, dBis stage, about 20% of thiophene rings were estimated to be
reported ortrans-PA: ESR signals originating from diffusing doped by } ions through elemental analyses, and the con-
and trapped solitons were suggested to coéxist. ductivities were measured as 3.2—3.7 and 5.2—8.9°S ¢on

Recently, conjugated oligomers have been widely studied3 and 20 T, respectivefyCW and pulsed ESR measure-
because of their utility as a model of conjugated polymers asents were performed for degassed samptedq 2 Torr)
well as of their possibility of candidates for nanoscaled techwith an X band(9.6 GH2 Bruker ELEXES E680 spectrom-
nology. Above all, oligothiophenes are one of the most pro-eter. In the pulsed ESR experiments, we typically used a 16
gressive conjugated oligometsand sexithiopheng6-me)  ns pulse for then/2 rotation of the magnetization. Electron
was truly utilized for refined, optical researclfédNeverthe-  spin echoes were observed through the typical two-pulse se-
less, there is the question of whether such a length of oligoguence/2-~m-7.1> An echo-detectedED) ESR spectrum
mers is suited for a model of polymers, and indeed, it wasvas measured via recording the maximum echo amplitude,
observed for a series of oligothiophenes that electronic abwith a phase cycling techniqtiein order to eliminate spuri-
sorption peaks originated from the-7* transition shift to  ous responses due to surviving free induction de@dp)
lower energy with an increase of its chain length up to thesignals. In all of the samples used, ESR signals were stable
20-mer, and further that the conductivity in heavily dopedover several days, and we hardly detected ESR signals before
states is rapidly enhanced by the increase in chain lengttoping, which assures that the origin of observed ESR sig-
from 6-mer to 13-mef. These findings indicate that oligo- nals is the species generated from doping with iodine vapor.
mers with a length longer than at least 10-mer should be used In Fig. 1, we present the CW ESR spectra of 13and 20 T
for the model of conjugated polymers. at representative temperatur@etailed temperature depen-

In this article, we report on the ESR investigation on 13-dences will be published elsewhgrBoth 13 and 20 T gave
mer and 20-mer oligothiophenes in a heavily doped regimespectra with an apparent anisotropy at 50 K, typically of the
which are suitable as models efconjugated polymers. We case ing anisotropy** In our knowledge, such anisotropic
demonstrate that the use of these oligomers enables us $pectra have been scarcely reported on conjugated polymers,
extract spectroscopic information excluding the inhomogenewhich is probably because the inhomogeneity in chain length
ity in chain length on heavily doped conjugated polymers,reduces the spectral anisotropy. The presence of tgese
which has not ever been clarified with polymer samples. Iranisotropies indicates that the averaging effect does not oc-
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FIG. 2. The integrated CW ESR spectrum and the echo-detected
(ED) ESR one for 13 T at 8 K.

(d considered to be a small portion of the whole CW ESR sig-
nals. Therefore, we consider that the motion of polarons be-
0. 4mT gins to stop in the low temperature range below 30 K, while

-~ most of the polarons are then sure to be still mobile.
For conjugated polymers, the electron spin dynamics in-

FIG. 1. ESR spectra for 13 and 20(feft), and their simulated Clrl:q{;?g éhelir dl:cn;ahnsuénsaélt)llinhas hbae'iﬁer:t In\éestllgja;ednmt ddetall
spectra using the Lorentzian line shdgght): (a) 13 T at 50 K,(b) o € basis 0 € €s et shou € noted,

13T at 200 K,(c) 20 T at 50 K,(d) 20 T at 200 K. Simulation data "OWeVer, that the spectral anisotropy and the inhomogeneity
used were listed on Table I. in chain length inherent in ESR spectra of polymer samples

have a possibility of giving a distortion in the line shape,

cur among the paramagnetic species with different direction:rseg."’lrd.Ie.SS of thg spin (_jynamlcs. Here we try to dedu_ce the
trinsic information of line shape and examine the spin dy-

of chain axes to a static magnetic field, and that each para\—amiCS by excluding the spectral anisotropy observed for
magnetic species exists, almost confined within an area pap-ur oli ’omyer sam Ieg P Py
allel to the chain axes. The situation can happen for sping 9 pies.

within a single chain or an aggregate consisting of a certair,gim-rhe frpllnt?w?n:\ﬁ? :Est bi‘fg}lgmﬁ'ehdfg tgﬁ t&a&stﬁf the
number of parallel chains. e correlation functiorG(t), ch IS defined as the

At this temperature, an electron spin ed&SE was not Fourier transform(FT) of the.CW—ESR line shapé (). .
detected in both 13 and 20 T. A spin echo is generally ob—G.(t) generally varies depending on two parameters, t_he line-
served in the case that the resonance positions of individué{Y'dth 4“’ and the C.UtOﬁ frequency out of a single cha_»@,
components forming FID signals remain unaltered during nd it is propose_d_ln the_case of the motional narrowing that
dephasing period and a refocusing one. In this sense, tha(t) should exhibit the time dependence of exp()) (a is

. . . _ g .
absence of ESE is clear evidence that each spin componeﬂ? arbmary parameter _concerned willv): n=3 ior one
transfers over several areas giving different magnetic sudimensional (1D) motion  (w.<Aw) ,a“ng n=1 for
roundings due to a hyperfine interaction, for instance. ThesBS€Udo-1D motiong:>Aw) and 3D motion-” In our case,
mobile ESR signals are regarded as originating from pojthe 3D motion is not taken into consideration, because _ob-
larons, and hence reflect the polaron dynamics. In the ESEETVed électron spins are presumed to move along a chain or
experiment, the total of dephasing and refocusing period¥ithin an aggregate. _ o
(27 was more than 400 ns. Thus this experimental result He€re we assume that oligomer chains in 13 and 20 T
signifies that the polarons in 13 and 20 T transfer along Histribute in 'the films with a Who_lly random_orlentanon, a_nd
chain or within an aggregate at the rate of at least 2.5 MHzhat €ach oligomer sample exhibits an axially symmegric

Increasing the temperature above 50 K, any ESE signal?Cto,r originating from its molecu_lar structure and has gach
were not detected in both samples. On the other hand, widentical line shape function(w), independently of the ori-
could observe ESE signals for 13 T below 30 K, while 20 Tentation to the static magnetic field. Then the relation
still did not give ESE. In Fig. 2, we present ED ESR spec-
trum for 13 T at 8 K, together with the integrated CW spec- .
trum at 8 K. The ED ESR spectrum is recognized as appar- F(“’)“Ea: 1(0)flo—w(B)]sing @
ently broadened compared to the CW one: the square roots of

the spectral second moment were 0.62 and 0.10 mT, resF.)efé'given, whered is the orientation angle of an oligomer to

of motion of observed spins. The ESE signals were selec%e static field and () represents the sum of ESR intensity

. . : in the components making the anglend is proportional to
tively detected fr_om the total ESR S|gnal_s by seiting the Paihe transitirc))n probability gdepend%ﬁg on tr?e grientation as
rameterr larger in order that the ESE signals may not befollows”

interfered with most of the FID signals giving no ESE. In '

practice, our estimate of the portion of ED signals to the FID 5

ones was just about 2% and hence the ESE component is 1(6)|Trg-g— (h-g-gg-g-h)/|g-h| ], (2
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1.0 o FI-ESR-20T TABI._E I.. Data for the simulation on ES.R spectrqm using the
b O g(t):20T Lorentzian line shape under the assumption of axiglljactor.

508 + £(t):P13T AHpp is the peak-to-peak linewidth in a differential ESR spectrum.
:, g g. AHpp mT
§ 13T50K 2.002 64 2.00174 0.062
= 200 K 2.002 32 2.00184 0.183
20 T50 K 2002 60 2.00186 0.058
200 K 2.002 31 2.00184 0.135
s P13T 50 K 2.002 81 2.00176 0.114
6 ' 2(')0 j 4(')0 ) G(I)O ' aééns]' 1oloo 200 K 2.002 82 2.00157 0.207

FIG. 3. The Fourier-transformg@T) ESR for 20 T at 50 K and . . . . ) .
the correlation functiong(t) after excluding theg anisotropy for 2 @o IS the linewidth in the absence of motion abd is the

20 T at 50 K and P13T at 50 K. The inset represents ESR paranfliffusion frequency of the motion along a chdfhit is noted
eters used in the text. that, when we exclude the effect gfanisotropy from the

spectrumw, represents the cutoff frequency for the transfer
whereg andh represent @ tensor and a static field, respec- between parallel chains. Since the spectral second moment is
tively. Now, when we denotg(t) for the FT off(w), the FT  usually unchanged in the case of motional narrowfhge
of F(w) at wg is given by can here substitute for\w,)? the second moment obtained
from the ED ESR at 8 K. Therefore, after subgractigg the
_ second moment due tg anisotropy (1.& 10 °/mT?),
G(t)|w0:g(t)20 Cl(9)sindcod (w(6)—wo)t], (3 (p 4, )2 the averaged frequency within an aggregate, is
estimated as 31.8 MHz for 13 T at 50 K, on the basis of the
where C is a proportionality factor. We can thus geft)  above mechanism. This value is surely consistent with the
from the division of the Fourier-transformgBT) CW spec-  condition that an ESE was absent at 50K2.5 MH2). Also,
trum by the sum part on the right side in E8). Hereg(t)  the condition of the pseudo-1D motion.>Aw (~9.45
is the correlation function excluding the spectral MHz) leads toD,<107 MHz. This result signifies that the
g-anisotropy, and directly related to the motion along a chaircutoff event between parallel chains occurs almost at the
or within an aggregate. same frequency as the transfer along a chain.

In Fig. 3, we show the FT-ESR spectrum @ (in this Increasing the temperature above 50 K, CW ESR spectra
case, almost the resonance cenfer 20 T at 50 K and its  broadened gradually in both 13 and 20 T as the examples at
g(t) calculated from Eq(3) using parameters defined in the 200 K are shown in Fig. 1. The broadening effect with tem-
inset. At this temperature, the motional narrowing effect isperature is usually explained in terms of the Elliott
considered to give the main contribution to the electron spirmechanisnt® known to be induced mainly by phonon scat-
dynamics for conjugated polymet3The deference between tering via the spin-orbit mixing. The mechanism is presumed
the FT-ESR and thg(t) demonstrates that trgeanisotropy  to work for these oligomers, similarly to the case in conju-
has a large influence on the spectral line shape and that itgated polymerd®? To be exact, this mechanism is consid-
contribution should be essentially excluded for a line shapered to work effectively for the scattering perpendicular to
analysis. In Fig. 3, we further show with a solid curve theone-dimensional chaift,and hence the broadening effect is
simulated result org(t) using the function of expfat”). consistent with the above result of higher cutoff motion at 50
Best fitting was obtained withn=0.97 and a=0.010 K. In contrast, the spectral anisotropy in thefactor was
X 10°"/s . The obtainech, quite close to 1, is strong evi- observed to be reduced by increasing the temperature above
dence for pseudo-1D motion of observed spins. The cutofi50 K for both samples. These behaviors are considered as
event out of a single chain is thus suggested to occur with @esulting from the wandering of observed spins over nonpar-
much higher frequency thalw(~10 MHz). Therefore, tak-  allel aggregatesor chaing, not by a change in the electronic
ing into account the observagl anisotropy, it follows that state. For clarifying the consideration, we prepared the 13 T
electron spins, polarons, move pseudo-one-dimensionallygample diluted in the inactive polymer, paiyethyl meth-
with a rapid cutoff motion between parallel chains, thus sig-acrylat¢ (PMMA), with the mass ratio of 13 T/PMMA
nifying that polarons move mainly within an aggregate con-=7.9x 10 2 (hereafter, abbreviated as P23We consider
sisting of parallel chains. that with this sample, the transfer between nonparallel chains

Here the function expfat) corresponds to the Fourier decreases at least by mixing the inactive polymer. CW ESR
transform of the Lorentzian line shape. We thus performedpectra for P13T and their simulation data using the Lorent-
ESR simulations of the CW spectra for 13 and 20 T at 50 Kzian line shape are shown in Fig. 4 and Table I, respectively.
using the Lorentzian line shape fé(w) in Eqg. (1). The  The spectrum at 200 K and its simulation data demonstrate
result, shown in Fig. 1, demonstrates its validity of using thethat theg anisotropy is almost conserved even at the tem-
Lorentzian line shape. We show their simulation parameterperature, which is further ascertained by the comparison be-
in Table I. In the pseudo-1D motion, the ESR linewidth hastween 13 and P13 T of the anisotropy parameétéB (de-
been considered to correspond thafo)?/(Dyws)Y? where  fined on the inset in Fig. )3 1.01 and 0.81 at 200 K,
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(a) we calculatedqy(t) for P13 T by substitutingy parameters of

13 T for Eq.(3). The result is shown in Fig. 3. We further
carried out theg(t) simulation using the function of exp
(—at"), leading ton=0.94 anda=0.023x 10°"/s™". The ob-
(b tained n still suggests the pseudo-1D motion of observed
spins, and hence that the cutoff event between parallel chains
occurs at a higher frequency thAw (~17 MHz) even under
40'_5.'“ the dilution with PMMA. In addition, we obtained
(Dywo)Y?=17.3 MHz for P13 T by its spectral simulation
o with the Lorentzian and the use of the second moment of 13
_FIG. 4. ESR spectra for P13(.Teft), and their simulated spectra T for (Awo)z/(Duwc)llz- When we assume that the
using the Lorentzian line §har(eght): (@ at 50 K, (b) at 200 K. (D“wc)llz difference between 13 T and P13 T is mainly at-
Simulation data used are listed on Table I. tributed to the change in., the dilution with PMMA seems
to diminish the cutoff event to the extent of about 30%.
respectively. Therefore it is confirmed that the spins of 13 As mentioned above, we could obtain several, physical
and 20 T transfer among nonparallel chains in this tempergpictures on the polaron dynamics of conjugated oligomers,
ture range. This behavior can be treated as the motional nawhich have not been clarified with polymer samples. Espe-
rowing effect among the spins residing in nonparallel chainscially, the findings indicate that polarons move within the
In this case, its criterion, estimated with tlgeanisotropic  aggregates consisting of parallel chains, which probably
parameterg,—g, , is ~5 MHz, which is a measure of the leads to the formation of metallic islands. We further ob-
cutoff frequency between nonparallel chains in this temperaserved the signature of the transfer between nonparallel
ture range. chains by increasing the temperature. These components of
At 50 K, the ESR spectrum of P13 T apparently broad-motion, hardly resolved with polymer samples, will be ele-
ened compared to 13 T. The spectral second moment is preients of consequence for a detailed investigation on the spin
sumed not to change so much to account for the differencdynamics. Furthermore, the spin echoes, resulting from the
between them, because spin parameters suchgéaator  quenching of motion in parts of the spins moving pseudo-
and a hyperfine interaction are probably not much affectedne-dimensionally, will be utilized for obtaining static infor-
by the scale of aggregate. In this sense, the broadening effetation concerning the nature of the wave function of po-
must be brought by the difference in the spin dynamics. Themarons.
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