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Abstract—Magnetic-relaxation parameters of the paramagnetic centers in poly(tetrathiafulvalene) samples
with different doping levels were studied by 2-ram-band EPR spectrometry. Electron relaxation time and the
rates of intra- and interchain spin diffusion rates were separately determined by the steady-state saturation tech-
nique. Anisotropic superslow librations of polymer chains were measured by the saturation transfer technique.
The intensity and the activation energy of these librations were found to depend on the sample doping level.
The initial polymer features isoenergetic charge transfer by small polarons in agreement with the Kivelson the-
ory. The interchain mobility of the molecular-lattice polarons in doped samples is correlated with the libration
motions and is described with good precision within the framework of the variable-range hopping charge trans-

fer mechanism.

INTRODUCTION

In recent years, considerable attention of research-
ers has been drawn to the study of the charge transfer
mechanisms in quasi-one- dimensional semiconductors
[1--3]. Doping of these compounds with different coun-
terions leads to an increase in their conductivity by sev-
eral orders of magnitude. which is accompanied by an
increase in dimensionality of the organic semiconduc-
tors and a change in the charge transfer mechanism. For
example, the doping of frans-poly(acetylene) with
iodine increases the specific conductivity by a factor of
10"-10!2 [4]. The mechanism of charge transfer in this
organic semicenductor changes from the isoenergetic
tunneling (described within the framework of the Kiv-
elson theory) to the activation transfer and then to the
variable-range hopping charge transfer (within the
framework of the Mott theory) [3].

It is commonly accepted [6] that charge transfer in
most of the n-conjugated polymers is mediated by non-
linear excitations, called polarons, and characterized by
two intrinsic energy levels in the forbidden band.
A polaron possesses, in addition to the unit charge, an
uncompensated spin that makes EPR spectroscopy an
effective tool for the investigation of relaxation and

¥ This work was partly supported by the Russian Foundation for
Basic Research. prajects nos. 97-03-33707 and 96-03-33755.

electron-dynamic properties of organic polymeric
semiconductors [7, 8]. These investigations are conven-
tionally performed by measuring the centimeter- and
meter-band EPR spectra at a comparatively weak mag-
netic field strength (B, < 0.33 T). in which the signal
components from organic free radicals are poorly
resolved. Moreover, the rate of cross relaxation
between individual spin packets in these wavebands
may exceed the effective EPR signal linewidth of the
sample, thus reducing sensitivity of this method with
respect to the charge and spin dynamics.

Poly(tetrathiafulvalene) (PTTF)} has a chain struc-
ture in which the TTF monomer units are linked by
phenyl or tetrahydroanthracene bridges (Fig. 1). This
polymer offers a convenient model system for the
investigation of spin and charge dynamics in organic
polymeric semiconductors. The EPR. measurements of
some PTTF samples in a 3-cm band [9, 10] showed that
the spectra represent a superposition of asymmetric and
symmetric signals, which were attributed to localized
and mobile paramagnetic centers, respectively. It was
found that the relative contents of these centers depend
on the doping level and structure of the sample.

Previously, we have demonstrated that EPR spec-
troscopy in the 2-mm waveband provides the most
complete and correct information on the nature and
dynamics of paramagnetic centers in various conju-
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Fig. 1. Molecular structure of ta) the initial PTTF
sample and (b} a iodine doped structure with polaron
in the chain. Note that the actual polaron length is
greater than that depicted in this schematic diagram,

gated polymers [11-13], including PTTF with mono-
mer units linked by phenyl bridges [14, 15]. A high
spectral resolution achieved by measurements in this
spectral band and the appearance of some special
effects in high fields (B, = 5 T) provide the possibility
of separately determining the spin-lattice (7)) and
spin-spin (T,) relaxation times and measuring the
mobility of polaron charge carriers both along the mac-
romolecular chain and between macromolecules,
Moreover, EPR measurements using the SHF satura-
tion transfer technique allow us to study superslow
small-scale vibrations of the polymer chains with local-
tzed polarons,

Below we present the results of (mostly) 2-mm-
band EPR investigations of the spin and molecular
dynamics in both undoped (initial) and doped samples
of PTTF with the monomer units linked by tetrahy-
droanthracene bridges.

EXPERIMENTAL

The samples of powdered PTTF with different dop-
ing levels vy = [[I/[TTF} = O (PTTF-1), 0.08 (PTTF-2),
and 0.12 (PTTF-3) were synthesized by the method
described elsewhere [16]. The degrees of polymeriza-
tion and the levels of doping were determined by ele-
mental analyses. The EPR measurernents were con-
ducted using 3-cm (PS100.X) and 2-mm waveband
ranges, the latter variant being previously described in
[11, 17, 18]. The exact phase adjustment of the SHF
and the HF modulation oscillations was performed using
a lateral single-crystal standard (dibenzotetrathia-

fulvelene) *PtBr, using a procedure described in [11,

18]. The same standard was used for determining the
relative content of paramagnetic centers. Another stan-
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dard (Mn?* with g = 2.00102 and a,; = 8.74 mT) was
used for calibration of the g tensor components and the
constant magnetic field sweep scale in the 2-mm wave-
band. The relaxation parameters in the 2-mm waveband
were studied by monitoring both the imaginary and real
parts of the magnetic susceptibility.

RESULTS AND DISCUSSION

The 3-cm EPR spectrum of PTTF samples contains
a nearly symmetric signal with g, = 2.0065 and the
peak separation AB,,, = 0.27 mT (PTTF-1) and 0.63 mT
(PTTE-2 and PTTF-3). Assuming that the initial sam-
ple contains predominantly localized paramagnetic
centers, we may estimate the minimum number of pro-
tons A on which the unpaired electron is localized
using the formula [19]

o
AB,, = —,
o AN

where ¢ is the Mac-Connell constant. Adopting the
value @ = 2.25 mT for the benzene anion radical, we
obtain N = 35. Because each monomer unit contains six
protons, we may conclude that the delocalization
length of paramagnetic centers in the polymer equals
approximately six monomer units. This value is close to
the degree of polymerization determined by the data of
elemental analyses [10].

In the doped PTTF sampiles, the concentration of
paramagnetic centers exhibits a growth by a few per-
cent in the temperature range 90-300 K, increasing
from 3.1 x 10'® spin/g in PTTF-1 to 3.9 x 108 in
PTTF-2 and then to 4.1 x 10" in PTTE-3. Thus, the
EPR line broadening upon doping of the polymer is
caused by increasing spin-spin or spin-lattice coupling
as a result of growing mobility of a part of the spin
centers,

Figure 2c shows the absorption EPR spectra of the
samples measured in the 2-mm waveband. The results
of computer simulation showed that PTTF contains the
paramagnetic centers of two types with temperature-
independent g tensor components: R, with g, =
2.01292, g,, = 2.00620, g_. = 2.00251 (Fig. 2a), and R,
with g, = 2.00961, g, = 2.00585 components of the R,
radical are close to the values reported for the TTF rad-
ical cation [21], we may conclude that the x-, y, and
z-axes of spin delocalization in the polymer are ori-
ented along the crystallographic ¢-, b-, and a-axes of its
macromolecules. The isotropic g values of the R, and

(h

R, radicals in PTTF are approximately equal: %(g_u +

gyt &)= % (g + 2gp), which implies that the polymer

contains immobile polarons (R,), localized in the vicin-
ity of structural defects, on the oxygen traps, or on the
1998
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short polymer chains, and mobile polarons (R,), diffus-
ing along the polymer chains at 2 minimum rate given
by the formula {22]

V?Dz (g,t,r_ge)p'ﬂﬁ_:BO! (2)

where g, = 2.00232 is the g value of the free electron,
lg is the Bohr magneton, % is the Planck constant, and
By is the applied magnetic field strength. In particular,
for PTTE v{p 22 x 10° 571,

The high spectral resolution ensured by the 2-mm
waveband EPR measurements allowed us to determine
the ratios of the R, and R, radical concentrations
{r; /n», in spin/monomer). In the PTTF samples stud-
ied, these ratio were as follows: 1.3 x 10-%4.3 x 10~
(PTTF-1), 1.1 x 107%/2.1 x 10~} (PTTF-2), and 4.5 x
107%/2.3 x 10-* (PTTF-3), and remained virtually con-
stant in the entire temperature range 90-300 K.

As the temperature increases in this range, the signal
width in the EPR spectrum of the initial sample
decreases from 4.7 to 3.4 mT. At the same time, the
EPR linewidth in the spectra of doped samples is
almost independent of the temperature and amounts to
9.2 mT. The dopant-induced broadening of the EPR
signal can be explained by a growth in the number of
mobile charge carriers in PTTF, which is accompanied
by increase in their interaction with other nonlinear
excitations and with the lattice.

An increase in the magnetic field strength leads to a
considerable decrease in the rate of exchange v,
between individual spin packets [23]. As a result, the
EPR signals in the spectra of the samples studied
exhibit broadening {similar to that observed in the sam-
ples of PTTF with the monomer units linked by phenyl
bridges) beginning with B, = 5 T according to the law

8(AB,,) ~ Aw; /v, [24], where Aw; is the separation of
spin packets expressed in the frequency units. In strong
fields. the exchange rate v,, decreases and the probabil-
ity of saturation of the spin packet increases

(1{5 B[ T\T, > |, where v, is the gyromagnetic ratio for
electron and B, is the magnetic component of the SHF
polarization field). As a result, the EPR spectra of PTTF
show manifestations of the rapid passage effects
(Fig. 3). Because the shapes of the signals observed in
the spectra of PTTF-2 and PTTF-3 differ very slightly,
below we will discuss only the spectrum of the latter
sample.

In the general case, an equation for the first deriva-
tive of the dispersion signal U/ can be written in the fol-
lowing form [25]:

U = u sin(w,t) + uy8in(w,,t £ 1)

(3

+ iy sin(®, ¢t — w/2),

where @,, is the HF modulation frequency. Since the
initial and doped PTTF samples obey the conditions
Series A Vol. 40
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(a)

Fig. 2. The 2-mm waveband EPR absorption spectra
(a, b) calculated for the in-phase componemts of the
paramagnetic centers R, and R., respectively, and
{c) experimentally measures in (/) PTTIF-1,
(2) PTTF-2. and (3) PTTF-3 samples at room tempe-
rature.

Fig. 3. First-derivative 2-mm waveband EPR disper-
sion spectra showing (a, b) in-phase and (c, d) quadra-
ture components for the (a, ¢) initial and (b. d) doped
PTTF samples measured at room temperature (solid
curves) and 160 K {dashed curves).

®, T, > 1 and ,7T, < |, respectively, the total signal of
dispersion from these samples wiil be determined pri-
marily by the terms i, u; and u,, u; of equation (3).
respectively (Fig. 3). Note that the main components of
the quadrature component of the dispersion signal are
detected at somewhat higher magnetic field strengths
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Fig. 4. Logarithmic plots of the spin-latiice (T}, open
symbols} and spin—spin (T3, black symbols) relax-
ation times of the paramagnetic centers in the (f) ini-
tial and (2) doped PTTE.
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Fig. 5. Arrhenius plots of the correlation time 1, of

the anisotropic libration of polymer chains in the
{7} initial and (2) doped PTTF.

(g%, =2.01188, g’ =200571.and g = 2.00231
(Figs. 3c and 3d) as compared to the corresponding
inphase components of the absorption and dispersion
signals.

The relaxation times for the paramagnetic centers of
both types can be determined from analysis of the dis-
persion signal components u; measured using a spe-
cially adjusted phase detector as described in [26]. Fig-
ure 4 shows the temperature variation of the parameters
T, and T, of the samples studied. As can be readily
checked, the value of T in PTTF-1 varies with the tem-
perature by the law T o< T30, This behavior is not con-
sistent with the Raman relaxation interaction between
spin and harmonic lattice vibrations, which involves the
absorption of two phonons and obeys the relationship
T e T2 for T> 20 K [27]. At the same time, the T, value
of the same sample exhibits a nearly linear variation
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with the temperature. The spin-spin relaxation time in
the doped samples depends on the temperature to a
much lesser extent (Fig. 4). A weak temperature depen-
dence is also characteristic of the spin-lattice relax-
ation time in the range 90-200 K, although at higher
temperatures this quantity varies by the law T, oc T-21,

As is seen from the spectra presented in Figs. 3c and
3d, the shape of the quadrature component of the dis-
persion signal in the samples studied is temperature-
dependent. As was demonstrated previously [11, 18],
this change in the shape of the EPR spectrum is caused
by the SHF saturation transfer effects (ST-EPR) [28]
related to the superslow (correlation times above 0.1 s)
libration (torsional) motions of the polymer chains con-
taining localized paramagnetic centers.

The ratio u;/uy (which is the most sensitive with
respect to these motions) increases with the tempera-
ture (Fig. 3c and 3d). This can be related to a super-
slow anisotropic reorientation of the polymer chains
(with localized paramagnetic centers acting as natural
sensitive labels) relative to the crystallographic ¢-
axis. Using the method described in [11], we have

determined the correlation times 1, of these librations

from the results of 2-mm waveband ST-EPR measure-
ments. These parameters are equal to 5.2 X
10-%exp(0.019 eV/kgT) and 2.4 x 105¢xp(0.04 eVikyT)
(kg is the Boltzmann constant) for the initial and doped
PTTF samples, respectively (Fig. 5). The experimental
results obtained indicate that superslow anisotropic
motions in the doped PTTF samples appear at higher
temperatures and have greater activation energies (as
compared to the initial samples), which is probably
explained by higher rigidity of the doped polymer. An
analysis of the ST-EPR spectra showed that the quadra-
ture components of the dispersion signal in both initial
and doped PTTF samples are sensitive to the libration
oscillations beginning with 100 and 130 K, respec-
tively. From these results we may estimate the maxi-
mum correlation time registered in the 2-mm waveband
EPR spectra of the samples studied in this work as

T, = 10*s, which is close to the analogous value for

PTTF with monomer units linked by pheny] bridges [14].

For interpretation of the relaxation parameters of the
paramagnetic centers tn PTTFE, we have suggested that
polarons in PTTF (as well as those in other polymeric
semiconductors [1 [-13]) are capable of diffusing along
the macromolecular chain and hopping between chains
at the rates v, > V?D and v;p, respectively. This mobil-
ity is characterized by the spectral density function [29]

J(®) = no(w)Zy, (4)

where n = (n| + nz)/ﬁ is the effective concentration
(per PTTF monomer untt) of localized () and delocal-
ized (n,) paramagnetic centers, £ is the lattice sum for
Vol. 40 No. 12
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Fig. 6. Experimental logarithmic temperature dependences of the rates of intrachain (v;p, open symbols) and inter-
chain (v4p, black symbols) diffusion of polarons in the (/) initial and (2) doped PTTEF. The curves show high-frequency

ac conductivities calculated by the equations g p=4.2 % 105y, T [In(1.9 x 102, T143)}* [equation (8b), dashed line].
Gap = 4.2 1079, TTin(d x 10"*v>" Y]* [equation (10b), dash-dot line], and G3p = 4.2 x 1079V, TlIn(4 x 102v]"))* +

2.3 x 10‘13\/?‘5 Texp(—0.045 eV/kgT) [equations (10b) and (1 1b), solid line].

the powdered PTTF sample, ® is the working fre-

quency, and
i ]
i Jl +.J1+ ((.O/VJD)
NARV pVap 1+ ((D/Vm)z

-1/2
{(vaw) at V,p P © 2 Vip

JID(G)) =

-k2
{47V, pVip) a W<€ v,y

Taking into account that the electron relaxation is
determined primarily by the dipole—dipole interaction
between localized and delocalized spins, we may write
the following equations for the electron relaxation
rates [30]:

T, = (o)) [2/(w) + 8J(2w)] (5a)

T, = (0)[3J(0) +5/(®)+2J(2w)],  (5b)

where (@ = 0.1(1o/4m)2 Y, K2S(S + 1)nZ; is the aver-
aged spin interaction constant for the powder, L, is the
permeability of vacuum, and § is the spin of the para-
magnetic center.

Figure 6 shows the temperature variation of the fre-
quencies v, and V;p calculated by equations (5) using
the data of Fig. 4 for an average polaron length of
5 monomer units [31]. As is seen from this figure, v, =
1.4 x 10" and 1.3 x 10'" 57! for the initial and doped
samples at room temperature. These values markedly
No. 12
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exceed the rate of one-dimensional (1D} diffusion of
polarons in PTTF with monomer units linked by phenyl
bridges [14], which is probably explained by a more
planar conformation of the samples studied in this
work. Indeed, upon going from PTTF with monomer
units linked by phenyl bridges to the polymer with TTF
units linked by tetrahydroanthracene, the quantity g,
(the most sensitive to changes in the macromolecular
conformation) decreases from 2.01424 [14]} to 2.01292,
that is, by Ag = 1.32 x 107, The integral /; of overlap
between the w-orbitals of the neighboring TTF groups
(like that in the other conjugated polymers and hydro-
carbons [32]) depends on the dihedral angle O (i.e., the
angle between the planes of the TTF groups) according
to the cosine law [; = cos® [33]. Therefore, we may
determine a change in the dihedral angle using the fol-
lowing modified equation [34]:

_ 2gps(1 +k;sin6)
=7 AE. (1 —kycos8)

Ag (o)

where A; is the constant of spin—orbit coupling between

the spin and sulfur atom, pg is the spin density on sul-

fur atom, AE,, is the minimum electron excitation
energy, and &,, k, are constants. According to this for-
mula, a change in the dihedral angle upon going from
PTTF with monomer units linked by phenyl bridges to
the polymer having a more planar configuration with
TTF units linked by tetrahydroanthracene was A8 =
22°. This value is close, for example, to A® = 23°
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observed upon going from benzoid to quinoid form of
poly(phenylene) [6] or from initial (unoxidized) to oxi-
dized poly(aniline) [33, 35].

The conducting properties of the organic semicon-
ductors studied can be studied within the framework of
different theoretical models. Let us write the conductiv-
ity equation for PTTF in the most general form:

G =0,+0,+0 (7)
where G,,. G, and &,, denote contributions of the isoen-

ergetic, activation, and hopping tunneling charge trans-
fer modes, respectively.

In a neutral polymer, the dominating process con-
sists in a quasi-one-dimensiconal charge transfer by
nonlinear excitations along individual polymer chains.
This transfer mode is most adequately described by a
phenomenological model of Kivelson [36] based on the
resonance dimerization of trans-poly{acetylene) modu-
lated by the interaction of charge carriers with optical
lattice phonons, which was successfully used for
description of the electron transpert in low-conductiv-
ity trans-poly(acetylene} [3]. Kivelson [37] suggested
that modulation of this type is also possible in other
conducting polymers where the charge is transferred
between soliton-like polaron-bipolaron pairs. This
hypothesis was confirmed by the results of investiga-
tions of the charge transfer in low-doped poly(phe-
nylene) [38] and poly(aniline) {35, 39]. According to
the modified Kivelson model, localization of a charge
carrier near a counterion allows the charge to tunnel
between the nonlinear carriers at a rate of Y(7) ec 7% * !
(m = 10 for a spin interacting with the optical lattice
phonons) with a sufficiently low activation energy. Tak-
ing into account that PTTF, unlike trans-poly(acetyl-
ene), has charged polarons and bipolarons, the Kivel-
son equations for the dc and ac conductivity [36]
should be modified and written in the following

form [38]:
’ 24,R .
6,(T) = ke {(T)ig_v)exp( B {J) = 6, 7" (8a)
kg TN R, 5
NI e (WEEIVeL, 2V, T
0, (T) = 2 [m }
ue 384k, T T
8 o (ny(T) (8b)
- Gove 3ve
- T |:lnTm+l} *

where k; = 0.45, &k, = 1.39, and k; are constants; T) =
¥o(T/300 Ky"+! is the rate of charge transfer between
polaron and bipolaron: (v} = y,yp{¥, + ¥s,) 2 ¥ and yp,
being the numbers of polarons and bipolarons per
monomer unit, respectively; R, = (4rN,f3)17 is the
average distance between dopant molecules, N, is the

e e gl
dopant concentration, & = (§,£.)'?, &, and &, are the
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space-average, parallel, and perpendicular components
of the charge carrier wavefunction, and v, = ®,/27.

Assuming the value k; = 90.8 for the initial PTTF
sample and substituting the slope of the v,5(T) plot into
equation (8b), we obtain for this polymer m = 13.2 and
Yop =75 % 10-3. The conductivity can be calculated
using the formula

2 2

G 3p = Ne'vy spoy1p/kpT, (9
where N is the volume concentration of charge carriers
and ¢ is the lattice constant. For N = 2 x 10 m™ and
c;p = 1.2 nm, the data plotted in Fig. 6 provide a room-
temperature conductivity estimate of ¢,; = 1.8 §/m.
Adopting the values § =6 nm, &, =0.6 nm. v, =4.3x
107, {y» =0.11, and o, = 4.2 x 10~ S/m (T = 300 K)
[10], we may calculate by equations (8) that y(7)
13x 1073742 -l N, = 33 x 10* m™, and R,
4.2 nm.

Figure 6 also presents the curve o 5(7T) calculated
for the initial PTTE sample by equation {(8b), which is
seen to provide a good approximation for the function
v, p(D). The ratio 6,,./G,, =4 x 10* obtained for this sam-
ple from equations (8) is close to the value reported for
trans-poly(acetylene) [5].

As is seen from Fig. 6, the polaron diffusion rate in
a doped PTTF sample can be approximated by a linear
function in the low- temperature region and varies more
rapidly at temperatures above 150 K. This behavior
reflects a weak spin—phonon coupling in the doped
samples at low temperatures, which is a typical feature
of the semiconductor systems of higher dimensicnality
and agrees with the data reported previously for the
conductivity in PTTF [10, 40]. Therefore, we may con-
clude that a dominating mechanism of the charge trans-
fer in these systems is the variable-range 3D-hopping
charge transfer described within the framework of the
Mott theory [41]. In equation {7), the term o, contains
two contributions

L
64 = 0.39vpe’ f”f‘}) exp[—(To/ Y1 (10a)
B

2k, Tl () LV, (Invy/21v,) . (10b)

Ou = 3
where v, is the hopping frequency limit, T,;] =63 x
10-2kgn(ep)L? is the percolation parameter for the given
compound, n(gg) is the density of states at the Fermi
level, and L is the average range of the electron wave-
function. Extrapolation of the v;,(T) plot from the low-
temperature region to higher temperatures yields
Vi) =4.8x10°s ' and 0,4, =7.2x 107° S/m at 300 K.
Adopting € = L and vy = 2.5 x 10" 57! for PTTF with
monomer units linked by phenyl bridges [14], we obtain,
1998
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using equations (10), that #(gp) = 1.1 X 10**eV-' m~ and
7,=78x 107 K.

An analysis of the high-temperature part of the
vip(T) dependence shows that the interchain conductiv-
ity at T > 160 K is determined predominantly by the
terms G, and G, in equation (7). As is seen from Fig. 6,
the activation process increases the conductivity of
PTTF samples at 300 K by more than one order
of magnitude. The conductivity &, calculated by equa-
tion {10b) is 0.018 S/m. Substituting this value into
equation (%), we obtain an estimate for a total concen-
teation of the nonlinear charge carriers N =N, + N, =
4.5 x 10°F m™, which is close to the total concentration
of paramagnetic charge carriers in PTTF-2 and
PTTF-3. Using equations (10}, we obtain that the ac/dc
conductivity  ratio  G,{V, «)/Cy =
108(T/ T, Rexpl(T/TyP>%] = 5220 for PTTF-3. This
yields ©;, + G, = 4.4 X 10~ S/m. which is close to 6, =
1.5 x 107 S§/m reported for PTTF-3 at 300 K [10].

[n PTTF, the term ¢, in equation (7) is determined
for the most part by activation (with the energy E,) of
the charge carriers from localized energy levels in the
forbidden band {42]:

—

O, = Ggexp(-E,/kgT) (11a)

G, = OV, Texp(—E,/kgT), (11b)
where s is a characteristic parameter. As can be seen
from Fig. 6, the high-temperature branch of the v35(7)
dependence is rather well approximated by the super-
position of the functions (10b) and (11b) with E, =
0.043 eV. This is evidence of a close relationship
between the charge-transfer and macromolecular
dynamics in PTTF. It must be noted that this activation
energy is close to the values for the superslow librations
of PTTF chains with monomer units linked by phenyl
bridges [14] for the PTTF-2 and PTTF-3 samples stud-
ied in this work (see above), and for polyacenes [43],
but is lower as compared to E, = 0.045 eV reported for
poly(aniline) {35, 39].

Madhukar [44]} demonsirated that fluctuations of the
lattice oscillations (e.g., librations) in systems of lower
dimensionality can modulate the energy of charges
localized at the lattice sites and the integral [; of the
interchain charge transfer. A similar situation appar-
ently takes place in PTTF samples where the libron
oscillations of macromolecular segments can modulate
the [; integral. thus inducing mcoherent interchain
charge transfer with E, = 0.04 eV corresponding to the
energy of optical phonons. Because the polymer chains
in PTTF with monomer units linked by phenyl bridges
possess a greater degree of freedom than the chains in
PTTF-2 and PTTF-3 samples, this modulation mode is
effective in the former polymer at lower temperatures
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[14], where the term &, in equation (7) makes the dom-
inant contribution to the total conductivity.

Within the framework of the model of charge trans-
fer via a nontransparent interchain energy barrier, the
mobility of charge carriers must significantly depend
on the barrier height, the latter rapidly increasing with
E,. The conjugation range and, hence, the number of
n-electrons in the samples studied in this work are
somewhat lower compared to those in PTTF with
monomer units linked by phenyl bridges. This may
result in a higher transfer activation energy and mobil-
ity of charge carriers in PTTF-2 and PTTF-3. similarly
to what was observed in some other m-conjugated sys-
tems [45, 46]. Substitution of tetrahydroanthracene
bridges for the phenyl ones leads to an increase in the
mobility, not accompanied by any significant change in
the activation energy, probably, because of a compensa-
tion effect. The compensation may result from a com-
bined effect of three factors, including increased chain
planarity in PTTF monomer units linked by tetrahy-
droanthracene bridges, reduced effective E,, and
increased transfer integral between r-orbitals of mono-
mer units, leading to a higher rate of both intra- ad
interchain charge transfer.

The libron-exciton interactions arising in the doped
PTTF are indicative of the formation of a complex
quasi-particle, namely, the molecular-lattice polaron.
Within the framework of this phenomenological model
under consideration, it is possible to assume that the
molecular polaron, possessing mobility of the type
U, = T, is involved in an additional lattice polarization.
Because the mobility of a lattice polaron has the activa-
tion character, the resulting mobility of the quasi-parti-
cle will consist of the contributions due to mobilities of
the molecular ().} and lattice (i) polarons:

uml(T) = !“Lm(T)'I'”'l(T)
= aT + bexp(-E /kyT),

(12)

where a and b are constants. The energy of the lattice
polaron binding in PTTF can be estimated as E, =
2E, =0.07-0.08 eV, which is close to the order of mag-
nitude to the energy of formation of such a quasi-parti-
cle in crystalline naphthalene [47].

As is seen from Fig. 6, the characteristic times of
charge carrier hopping between chain sites and
between adjacent macromolecules in PTTF-1 at room

temperature are T, = v], =4x 10" sand 1] = v;p =
7.7 x 107 5. The introduction of dopamt and the
increase in dimensionality render these times approxi-
mately equal, and they acquire a room-temperature
value of approximately T, = ‘cﬂ = ‘I:,J,’= 8 x 10712 s,
Therefore, the comresponding transfer integrals deter-
mined from the Heisenberg relationship /; = /7, are

Ih = 1.6 107 eV, I;; =8.6x 10-% eV for PTTF-1 and
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!“, = [j= 1 x 10 eV for PTTF-2 and PTTF-3. Assum-

ing that the energies of polaron formation in PTTF and
polyacene crystals have close values E,,, = 0.15 eV [48],
the energy of the molecular-lattice polaron formation in
PTTF can be estimated as E,, = E,, + E,; = 0.19 eV.
Therefore, a minimurmn time necessary for the polariza-
tion of atomic and molecular orbitals in the polymer is
T.= h/E,;=3.5x 10" s. From this it follows that the
period of charge carrier hopping in PTTF is longer by
2-3 orders of magnitude as compared to the time
required for the electron subsystem polarization in
macromoiecules surrounding a delocalized charge car-
rier: T, 2 1T,. This inequality determines the necessary
and sufficient condition for the electron polarization of
polymer chains by the charge carrier and serves a crite-
rion for the need of taking into account the electron
polarization in studying the charge carrier dynamics
and determining the energy structure of a polymer
semiconductor.

Upon inelastic scattering of an electron possessing
the effective mass m, and the Fermi velocity vg, the

. 2
electron will have an excess energy of E, = m,ve /2.

Taking into account that the process has a two-phonon
mechanism and the energy of optical phonons is
2hv,, = E =021 eV at vy, = 2.5 x 101 57! [14], we
obtain an estimate of the Fermi velocity vg = 1.9 x

10° m/s. Using this value, we may also estimate the free

. 2 -1
range of charge carriers by the formula ¥ =v pcip Ve

which vields * = 2 x 102 nm for PTTF-1 and 2 x
10~* nm for PTTF-2 and PTTF-3. These values are too
small to consider PTTF chains (with monomer units
linked by tetrahydroanthracene bridges) as a quasi-
metal,

CONCLUSIONS

The data obtained in this work indicate that a domi-
nating conductivity mechanism in the initial (undoped)
PTTF is the isoenergetic anisotropic tunneling of
charge carriers that can be described within the frame-
work of the Kivelson formalism. The probability of this
process is determined by a quasi-one-dimensional
polaron dynamics, which depends on the structure and
conformation of polymer chains. The introduction of
dopant increases the conductivity of PTTF by almost
2 orders of magnitude without any significant growth in
the concentration of paramagnetic centers. This can be
explained by activation (“defreezing”) of the one-
dimensional mobility of polarons, followed by their
partial collapse with the formation of diamagnetic
bipolarons.

The charge transfer at low temperatures in the doped
PTTF with monomer units linked by tetrahydroan-
thracene bridges, which has a more planar chain con-
formation than the undoped polymer, proceeds by
mechanism of the variable-range hopping of charge
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carriers. Upon heating above the critical point (about
160 K), the total number of lattice phonons exhibits a
sharp growth and the lattice oscillations involve a large
number of different modes. This results in stronger
interaction of a part of excitons with the phonon field.
Because the transfer integral J; is an exponential func-
tion of the polymer chain separation, a higher energy of
the lattice oscillations leads to an increase in the effec-
tive I; value. As a result, the “statistical”™ potential bar-
riers involved in the classical Mott theory are replaced
by the “dynamic” barriers, with the probability of pen-
etration through these barriers modulated by macromo-
lecular oscillations.
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