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POLYMER CHARACTERIZATION: ELECTRON
PARAMAGNETIC RESONANCE

1. Introduction

Polymers and their nanocomposites are widely used in our daily life. The field
of their use is permanently expanding. They are successfully used in pharmaceu-
tics, medical therapy, aircraft and spaceship construction, and so on (1). One of the
main scientific goals is to reinforce human brain with computer ability (2). To cre-
ate such a symbiotic intelligence, appropriate neurochips were planned to be de-
veloped and created. However, a convenient modern computer technology is based
on three-dimensional silicon crystals, whereas human organism consists of lower
dimensional biological object. So, the combination of a future computer based on
organic insulating and conjugated polymers with biopolymers is expected to con-
siderably increase the power of human apprehension. The information in such
elements can be transferred through conjugated polymers, for example, trans-
polyacetylene (trans-PA), poly(p-phenylene) (PPP), polypyrrole (PP), polyaniline
(PANTI), polythiophene (PT), and their derivatives (3). Their electrical conductiv-
ity of either p- or n-type can be changed by more than 12 orders of magnitude by
chemical or electrochemical introduction into their volume of various anions (BF,
ClO,, AsF;, Jg, FeCl,, MnO,, and so on) or cations (Li*, K*, Na*, and so on) or
cations (Lit, Kt, Na*, and so on), respectively (4). The handling of charge transfer
in such polymers becomes possible due to the existence in their backbone of alter-
nating single and double bonds. This originates the appearance of midgap in their
band structure as a result of the overlapping of = orbitals of monomer rings that
depends on polymer structure, morphology, chain packing, and doping level y (the
number of the dopant molecules per each polymer unit). Both the molecular and
band structures of PT are shown in Figure 1 as an example. For this and analo-
gous polymers, a resonance form can be derived, which corresponds to a quinoid
structure. So, energetically lower and higher, benzenoid and quinoid forms can be
stabilized in conjugated polymers under their chemical or electrochemical doping
up to intermediate level y or irradiation (Fig. 1). As a result, the nonlinear exci-
tations, polarons with spin S = %2 and elemental charge e, are formed on polymer
chains. Their energy level lies in the midgap above the valence band (VB) and be-
low the conducting band (CB) (Fig. 1). At the polymer doping up to intermediate
level, polaron pairs may collapse and form spinless bipolarons (Fig. 1). The width
of the polaron and bipolaron is 3-5 and 5-5.5 polymer units, respectively (5). With
the further increase in a doping level y, bipolaron states overlap forming bipolaron
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Fig. 1. Evolution of an initial band structure of polythiophene (a) under the polymer
doping: (b) slight doping level with the appearance of polaron states in the bandgap,
(e) intermediate doping level, with the appearance of states of noninteracting bipolarons,
(d) high doping level, where bipolaron states overlap and form filled and semifilled bands
with quasi-metallic behavior; the formation of a spin charged polaron P** and spinless
bipolaron BP%** on the polymer chain is shown. The distribution of the spin on the polaron
is shown by dashed line.

bands within the gap. At a high doping level, these bands tend to overlap and cre-
ate new energy bands that may merge with the VB and CB. Direct current (dc) con-
ductivity of some soluble iodine-doped PT derivatives, poly(3-dodecylthiophene)
(P3DDT) can reach 10° S/m (6). This accelerates quasi-three-dimensional (Q3D)
charge transfer in such organic quasi-metals. The energy levels AE; and AE, of
polarons depend on the polymer structure, morphology, and the nature of dopant
molecule.

One of the fundamental peculiarities of the main conjugated polymers is
that their units may rotate near own main axis. This stipulates the appearance of
torsion (dihedral) angle 6 between their planar units (7). Such an angle appears
as a compromise between the effect of conjugation and crystal-packing energy,
which would lead to a planar morphology, and the steric repulsing between
ortho-hydrogen atoms, which would lead to a nonplanar conformation. This
parameter reaches, for example, 23° in PPP (8) and 56° in leucoemeraldine base
form of PANI (9). Its variation effects strongly charge transfer along conjugated
polymer chains, whereas libration of polymer end groups modulates charge
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transport between polymer chains. The effects of molecular disorder on electronic
properties of the PT and analogous conjugated polymers can be accounted for by
torsional disorder alone (10). An increase in ring torsion between two neighboring
monomers can cause electron localization and then change the charge transport
from adiabatic polaron drift to nonadiabatic polaron hopping.

Various methods, for example, conductometric, viscosimetric, and optical
(fluorescence and phosphorescence), can be used for the study of paramagnetic
centers (PC) stabilized or/and initiated in polymers and their nanocomposites (11).
The spin nature of atoms and quasi-particles forming in a polymer network stip-
ulates the use of complimentary nuclear magnetic resonance (NMR) and electron
paramagnetic/spin resonance (EPR/ESR) methods for accurate elucidation of the
structure, dynamics, and function of various macromolecular and supramolecular
systems (12). EPR spectroscopy discovered by Soviet physicist Eevgeny Zavoisky
at the Kazan State University in 1944 (13) was proved (14) to be well-established,
widely used, and productive physical direct method in studies of ion radicals,
molecules in triplet states, transition metal complexes, high-molecular systems
with stabilized or initiated PC. This method is used for the study of various
inherent polymers characteristic phenomena including the structural defects
and degradation, charge transfer and redox activity, paraelectric—ferroelectric
transitions, catalytic activity, adsorption and desorption behavior, host—guest
interactions, magnetic exchange pathways, postsynthetic modifications or func-
tionalization, and so on (15). It is based on resonant absorption of microwave (MW)
radiation by unpaired electrons due to the splitting of their energy levels in an
external magnetic field. Unpaired electrons of each spin systems characterizing
by the Landé splitting factor g. If the fundamental resonance condition

hw, = y,hB, = gupB, 1)

is fulfilled (here 7= h/27 is the Planck constant, w, = 27v, is the angular electron
precession frequency, y, is the hyromagnetic ratio for electron, B, is the magnitude
of external magnetic field, and pp is the Bohr magneton); an unpaired electron ab-
sorbs an energy quantum and is transferred from ground state to a higher excited
state. This is accompanied by a change in the direction of the spin to the opposite
as illustrated in Figure 2.

Free electron occupying an atomic s-orbital is characterized by single EPR
line and the Landé factor g, = 2.002319. In real solids, the configuration of a cloud
of spin density is more complex, so that this parameter becomes a tensor with the
main terms (16):

B Ap(0)
8ii =8 <1 + AR, > (2)

where 4 is the spin—orbit coupling constant, p(0) is the spin density, AE; = AE,, -
and AE_ .« are the energies of spin resonant transition n—z* and c—z* at re-
spective orientation of its molecular x and y axes in the external magnetic field,
respectively (Fig. 1). At the z-orientation, the respective term of the g factor lies
near g,. This provokes its difference from g, at reorientation of PC in an ex-
ternal magnetic field. An effective (isotropic) g factor of PC with, for example,
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Fig.2. Splitting of the ground state of the spin at different values of the external magnetic
field B,. EPR spectra of PC with S = ', g,, = 2.00598, g, = 2.00211, and g,, = 1.99860

calculated for respective spin precession frequencies are shown.

rhombically distributed spin density consists of three main terms, g, = /3 (g, +
8yy * 8&z2)-

For long time, EPR investigations are predominantly carried out at conve-
nient 3-cm or X band with v, < 10 GHz and B, < 330 mT. At these wavebands,
however, the signals of organic free radicals with the g factor lying near g, are reg-
istered in a narrow magnetic field range and, therefore, can overlap the lines with
close g factors. Besides, strong cross-relaxation of PC still perceptible at low mag-
netic fields (17) additionally complicates the registration and identification of such
centers. This is why PCs in organic systems demonstrate low-informative single
spectra that allow to measure directly only their line shape and concentration.
The new experimental techniques improving the efficiency of EPR spectroscopy in
the study of solid-state systems were developed. They are electron spin echo spec-
troscopy (11a, 18), method based on the effect of spin polarization, in which EPR
signal is registered optically (19), methods of double electron-nuclear resonance
(20), spin label and probe method (21), MW saturation transfer EPR (ST-EPR)
method (22), and so on. However, the most of these methods may be applied only
to solve specific problems and investigate special objects.

Earlier, it was demonstrated (23) that the efficiency of the method can be
increased sufficiently at millimeter wavebands EPR. At D-band EPR, it was in-
vestigated in detail structure, relaxation, dynamics, and other specific charac-
teristics of radical centers and their local environment, and elementary charge
transfer processes in different solids, including biopolymers and organic poly-
mers. Some polyacetylene films were investigated at 9.7-430 GHz wavebands
EPR (24). Figure 2 shows exemplary EPR spectra of PC with S =14, g,, = 2.00598,
8yy = 2.00211, and g,, = 1.99860 calculated for various spin precession frequen-
cies. It is seen that they consist of three components registered at different values
of B, (see Fig. 2). The splitting between individual spectral components increases
with v, (and, therefore, with B). So, to identify all the main resonant terms of PC
with anisotropic parameters for their further analysis, both the v, and B, values
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Table 1. EPR bands, MW frequency and magnetic field strength necessary for resonant
transition of free electrons with S = %2 and g, = 2.002324
Bands L S C X P K Q u vV E W F D - J -

F,GHz 1 3 4 10 15 24 35 50 65 75 95 111 140 190 285 360
B,,T 0.03 011 0.14 033 054 086 125 18 23 2.7 35 39 49 68 102 128

should be optimally increased. EPR bands with appropriate v, and B, values are
summarized in Table 1. The choice of the optimal EPR band depends on the re-
search goals, experimental conditions (temperature, irradiation, and so on) and
the properties of the sample. It allows getting detailed information on its struc-
tural properties as well as molecular and electronics processes carried out in its
bulk.

Measurements at millimeter EPR wavebands (14d, 21b, 23c—e,g,h, 25) offer
the following advantages of the method:

1. EPR spectra are simplified due to the reduction of second-order effects at
high fields;

2. increase in orientation selectivity and sensitivity in the investigation of dis-
ordered systems;

3. the informativity and precision of pulse methods, for example, electron nu-
clear double resonance (ENDOR) also increase at high magnetic fields;

4. accessibility of spin systems with larger zero-field splitting due to the larger
MW quantum energy hv,;

5. higher spectral resolution over the g factor, which increases with the spin
precession frequency w, and external magnetic field B,. This is used to
investigate the structure, polarity, and dynamics of radical microenviron-
ments in spin-modified organic and biological systems by the spin label and
probe method;

6. saturation of PC occurs at a comparatively low MW magnetic term By, due
to the exponential dependence of the number of excited spins on the radi-
ation frequency v,. This effect can be successfully used to study the relax-
ation and dynamics of PCs as well as of superslow motion in the systems
under study;

7. cross-relaxation of PCs decreases dramatically at high magnetic fields,
making it easier to obtain more precise and more complete information
about the system under study.

It should, however, be noted that the advantages of the high-frequency/field
EPR spectroscopy are limited in practice by a concentration sensitivity that de-
creases with increasing MW frequency. Indeed, as EPR spectrum of PC with
anisotropic magnetic parameters is more stretched across the field at higher v,,
its intensity follows the ve_o'87 power function. Nevertheless, high-frequency/field
EPR spectroscopy allowed to obtain qualitative new information on various con-
densed systems and to solve various scientific problems.

We describe the results of the study of exemplary insulating, biological,
and conjugated polymers obtained at 9.7-140 GHz wavebands CW EPR mainly
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Fig. 3. The sketch of X-band EPR spectrometer: 1, MW oscillator; 2, MW attenuator; 3,
MW phase shifter; 4, MW detector; 5, ac phase detector; 6, MW attenuator; 7, MW circulator;
8, light source (laser); 9, magnet poles; 10, ac modulation coils; 11, MW cavity with a sample;
12, ac oscillator.

carried out at The Institute of Problems of Chemical Physics, Russian Federation.
The use of the EPR method to study other polymer systems is well described in
the literature (14c¢,d,i, 15), and (26). It is organized as follows: The next section
describes experimental setup, EPR technique, and standards used at the study of
polymer systems with domestic and initiated PC. The results of the study of PC
stabilized in exemplary insulating, biological, and conjugated polymers obtained
by using of multifrequency EPR spectroscopy combined with the steady-state
saturation of spin packets, spin label, spin probe, and saturation transfer methods
are discussed in the third, fourth and fifth sections, respectively.

2. Instrumentation and Experimental Setup

2.1. EPR Techniques. When studying polymer systems, the EPR tech-
nique and waveband are chosen according to the details of the set goal. The spec-
trometers used at all wavebands are designed according to the uniform scheme
(14d). The simplest, 3-cm waveband EPR spectrometer most frequently used in
the study of various condensed media is shown schematically in Figure 3. The
main parts of this device are MW power oscillator 1, magnet 9 and MW cav-
ity/resonator 11. MW power is generated by oscillator 1 based on klystron or solid-
state klystron or Gunn diode. It is split and transmitted to the two branches of the
MW bridge. The referent part of the bridge consists of MW attenuator 2 and MW
phase shifter 3, whereas the signal measuring part contains more precession MW
attenuator 6, one-way MW circulator 7, and MW cavity 11 situated between the
magnet poles 9. The sample under study in quartz ampoule is placed at the cen-
ter of the MW cavity 11 and both the branches are tuned to reach balanced zero
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signal at the output of the MW diode 4. Once the relation equation (1) fulfilled for
PC analyzed, they are excited to the higher energy level absorbing a little part
of MW energy in a measuring branch. This causes imbalance in the MW bridge
and appearance at its output of resonant ac signal under a scanning of external
magnetic field B, by additional ac coils 10. This signal is transformed into final
dc EPR response by a phase detector 5. Normally, the cavity and magnet of the
spectrometer are provided with a through hole through which the PC in the
sample can be initiated under direct irradiation or illumination by appropriated
source 8. The more spins are stabilized or/and initiated in the sample the higher
integral signal is registered. A typical EPR spectrometer is characterized by a
sensitivity of 4 x 101! spins per mT, resonance instability of 3 x 10~° per hour,
maximal MW power 150 mW inducing B; = 48 uT in the center of the cavity with
the MW mode H,y; and a unloaded quality factor @, ~ 5000.

The minimal number of registered spins NV,;,, that is the sensitivity of the
EPR method, depends on the spin precession frequency w,,

%

min = (3)
QokeP1/%0?

where k£ is constant, V is sample volume, k¢ is filling coefficient, P is MW power
applied to a cavity input. With &; and P being constants N,,;,, « (Qowg)_l and @

a)glﬂ, that is N, x @_%, where a = 1.5 (27). In practice, a can be varied from 0.5
to 4.5 (27) depending on spectrometer modification, registration conditions, and a
sample size.

If some PC with near magnetic parameters appear in a sample, their
lines can overlap. The width of individual EPR lines of most organic radi-
cals usually amounts to 0.1-1.0 mT, and a g-factor value differs from g, by
(1-10) x 10~%. Therefore, the spectral resolution or splitting of lines of different
radicals, 6B = 6gBy/g =~ 10-100 mT is less than their width at a 3-cm waveband, re-
sulting in the overlapping of their EPR spectra. This complicates the identification
of such radials in solids by using their g factors and the analysis of structural and
dynamic properties of their microenvironment (14d). This means that to attain the
satisfactory resolution of free radicals’ EPR spectra, the condition 6B/B < 2 x 10~°
should be valid. If the linewidth of PC does not change with registration frequency,
such a condition is fulfilled at millimeter wavebands EPR. Besides, the suscepti-
bility of the method also increases at high spin precession frequency w, (23e,h,
25k). According to equation (1), the registration of PC with g =~ 2, for example, at
the D-band (140 GHz, 2-mm) EPR requires MW power source and a strong (near
5 T) permanent magnetic field. Conventional metals may induce magnet field up
to ~1.2 T, so cryogenic systems based on a superconducting solenoids are the most
promising for inducing of so strong magnetic fields. Currently, superconducting
magnets, providing magnetic fields with the intensity up to 30 T' and the inhomo-
geneity up to 10715 m~3, are commercially available and widely used in magnetic
spectroscopy. The Bruker Corporation has developed and started supplying in sci-
entific centers of continuous wave (CW) and pulse EPR spectrometers operating
at wide (1-263 GHz) wavebands. The devices of a submillimeter range with a laser
source of polarizing radiation have magnet-producing field strength up to 100 T
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in a pulse regime inside a multisectional superconducting solenoid of a peculiar
shape (28). However, the field of application of this device is strongly restricted
because of its low concentration sensitivity, stipulated by a unit quality value of
a measuring cavity, and a high cost of its cryogenic equipment. The home-made
EPR spectrometers operating at the spin precession frequency from a few MHz
(29) up to a few THz (30) corresponding to 102-10~% m wave lengths also used
in the study of various objects. This makes it possible to study even living small
animals at the low-frequency/field EPR bands, as well as point-like samples in
millimeter ones.

2.2. EPR Standards. A quite important problem is to choose the appro-
priate standards for a precise device tuning, a magnetic field scanning, and g-
factor scale calibration. The standard must be arranged close to a sample inside
a small cavity; therefore, it must produce a sufficiently intensive narrow signal,
being of a small size. Various compounds may be used as g standards in EPR
spectroscopy.

Paramagnetic ions Mn?* diluted in diamagnetic matrices are widely used as
EPR standards (31). For example, Mn?* traces in MgO with nuclear spin I = 5/2,
isotropic hyperfine interaction constant @ = 8.74 mT and effective g 4= 2.00102 is
frequently utilized as most simple standard in EPR experiments for calibration of
g-factor and an external magnetic field. At centimeter wavebands, it can be used
as lateral standard situated near a sample under study. However, the second-order
correction to its effective resonance field, 6B = a?[(I( + 1) — m?1/2B,, (here m is
the orientation magnetic number) (32), should be taken into account. This value
at, for example, 3-cm waveband can reach 65 yT. At millimeter wavebands, this
correction does not contribute to an essential error to the magnetic parameters
measurement and can be neglected. So, it can be used as a standard suitable for
the g-factor scaling at high-field EPR experiments (23c,d) and remains the favorite
standard in many labs using the millimeter waveband EPR technique. At high-
field wavebands, the ubiquitous six line spectrum has very sharp lines due to the
reduction of second-order effects and effectively provides a field calibration over
a 40-mT range (five distances between lines split by 8.7 mT as a hyperfine inter-
action constant). It can be either attached by a toluene solution of polystyrene to
one of the MW cavity plungers (23c,d) or used as environmental quasi-matrix of a
powder-like sample under study (33). The signal intensity of this standard is con-
veniently regulated by plunger rotation about its axis, that is due to the change
in the angle between the B and B; directions in the place of its position.

Single crystal 2,2-diphenyl-1-picrylhydrazyl (DPPH) possessing a spin S =2
in each molecule seems to be the other well-known standard due to its extremely
intense line. However, its use at high fields has been hampered (34) by the fact that
the g-factor depends on the solvent used under DPPH preparation by its recrys-
tallization and, even then different crystal quality under the same preparation
are sometimes found to have g-factors varying within 2.0030-2.0043 range.

Some organic ion-radical single crystals can also be used for calibration of
g-factors (35). One of them, (fluoranthene),PFg¢, has extremely narrow peak-to-
peak linewidth (AB, <5 uT at 95-140 GHz) and the value of its g-factor is known
to a high degree of accuracy, g,, = 2.00226, g, = 2.00258, g,, = 2.00222 (needle
axis). The single crystals of (naphthalene),P¥g and (perylene), PF¢ demonstrate
solitary EPR spectra with AB, = 0.18 mT, g = 2.00316, and AB,, = 0.15 mT,
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g = 2.00321, respectively. This allows them to be easily recognized and differen-
tiated by adjusting the magnitude of the modulating field in the study of most
organic solids. Besides, it can be used for determination of relaxation parame-
ters using the CW saturation method. Note, however, that it cannot be used at
temperatures much below 200 K due to a phase transition. If one keeps the sample
at high temperature and air presence, it is also slowly deteriorates over time. More
stable single crystals of (dibenzotetrathiafulvalene);PtBrg (DBTTF);PtBrg) are
characterized by strong EPR line with AB, = 0.44 mT and g = 2.01628. The
precise device adjustment in the registration of a real y’ or an imaginary »” com-
ponents of paramagnetic susceptibility is obtained by an attainment of the sym-
metric first and second derivatives of dispersion and absorption standard signals,
respectively, in the device output. The phase of ac modulation frequency w,, is
most finely adjusted by a minimum z/2-out-of-phase unsaturated signal of a stan-
dard with the following phase change by #/2 (36). In this case, the z/2-out-of-phase
signal attenuation is not less than 23 dB. It was shown (35) that this single crys-
tal being placed in a condensed system can be reoriented in high magnetic field,
so its line is shifted by around 28 mT in ~5 T magnetic field. This effect may
be successfully used for the study of physical properties of some viscous media
(see below).

Isolated paramagnetic vacancy Vg, in 3C-SiC that exhibits a narrow, near
50 uT, strong and stable resonance EPR signal observable within 1.2-300 K tem-
perature region and does not show any aging effect (37) can also be used in some
experiments.

A KCgo metallic fullerene crystalline polymer has the advantage of a temper-
ature independent intensity, linewidth near 0.2 mT and resonance position within
a wide temperature region (38). It was stated that this material is a suitable stan-
dard for a large temperature range (from 3 to 300 K) and frequency (tested up to
225 GHz) range. It has temperature independent magnetic spin susceptibility and
only small variations in the linewidth with temperature and frequency. The mate-
rial is inert; it does not degrade under atmospheric conditions. It has a large mag-
netic susceptibility and can thus be used in low sensitivity apparatus. The spin—
lattice relaxation rate is fast at low temperatures thus saturation problems are
not important in the CW EPR study of solid-state samples, especially organic and
classic metals. Its usefulness by measuring the susceptibility of a newly synthe-
sized two-dimensional fulleride polymer, Mgy, ,cgo, Was demonstrated. Another
fullerene-based material, P@Cg, or N@Cg(, (Cg fullerene molecule with encapsu-
lated 3!P or N atom) embedded in Cg, crystalline matrix, is characterized by
extremely narrow (less than 10 4T) linewidth (39) and may be used as a g-factor
standard as well. It demonstrates a characteristic 3P doublet (with isotropic hy-
perfine interaction constant a;, = 4.94 mT) or *N triplet (with a;y, = 0.5665 mT)
spectrum with no additional fine structure splitting at ambient temperatures due
to fast rotation of the molecule. At lower temperatures, a rotation is frozen and a
spin-lattice relaxation becomes longer but fine structure splitting remains small.
It is not sensitive to exposure in air.

Li:LiF characterized by a narrow (less than 0.1 mT) solitary EPR spectrum
with g = 2.002293 (40) may also be used as high-frequency/field EPR standard
for g-calibrations within, for example, a field range of about 28 mT for the Bruker
E680 94 GHz spectrometer, which is well sufficient for typical organic radicals.
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There is very good reproducibility of the field measurements on repetitive
removal of the Li:LiF sample and reinsertion into the probe head with a typical
deviation of the line position in the range of 10 xT. This allows the use of this
standard for calibration before and after the measurement of interest as long
as the reproducibility of the field sweep is sufficient. Major disadvantage is line
shape distortions depending on sample quality.

Some organic conducting polymers, for example, PANI, are characterized by
high concentration of stable spins. They are mainly insensitive to the environ-
ment, cheap, widespread, and may also be used as an EPR standard.

1,3-bis-Diphenylene-2-phenyl-allyl being embedded into polymer matrix are
characterized by high spin concentration and, therefore, fast spin relaxation (41).
However, it is characterized relatively broad (near 1 mT) EPR spectrum, which
may interfere with g = 2 spectra. This makes such a system a suitable standard
in an EPR study at relatively low temperatures.

2.3. Method of Spin Microprobe and Macroprobe. The above-
mentioned method of spin label and probe takes information about structure and
dynamics of microenvironment of stable radical introduced into polymer matrix.
Polymers, however, are characterized by strongly anisotropic structural and mor-
phological parameters. If one modifies them with a nonspherical probe, then its
effective rotation frequency should be defined by a complex dynamics of a rad-
ical and its microenvironment. Stable nitroxide radicals being inserted into the
polymer system can be used not only as a spin probe (42) but also as a counte-
rion (42¢,43) in the study of organic conjugated polymers. The EPR spectrum of a
polymer system modified by a nonspherical radical should depend on anisotropy
of its magnetic resonance parameters and inhomogeneous microenvironment. The
relaxation changes in the EPR spectrum of a randomly oriented spin-modified sys-
tem should not appear for that fraction of radicals which are mainly oriented with
the preferred rotation axis along the field. This means that for a radical rotation
near, for example, the molecular x-axis, relaxation changes should be manifested
mainly in the spectral y and z components. Further acceleration of such a motion
involves all spectral components accompanied by their broadening and shift to the
center of the EPR spectrum. The broadening of these components, 6B;, is propor-
tional to the frequency of slow (v < 5 x 10® s~1) radical reorientation with respect
to the direction of the external magnetic field B (23b-d44):

8By~ 2y7'v, (4)

B, =3B, ~ y; (v) +v)) (5)

where v, and v| are the rotation frequency of the radicals oriented perpendicu-
larly and parallel to the direction of the external field., respectively. These conclu-
sions are also valid for radicals with other main axes of preferred radical rotation.

It implies that at fast interactions of a spin probe with own microenviron-
ment, the latter can be considered as an elastic medium. The correlation time
7, of the radical motion should therefore be significantly smaller than that of
mechanical relaxation of such an interaction and does not appear as a suffi-
ciently informative parameter, characteristic of a dynamic process. The correct
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Fig. 4. The Arrhenius dependency of dynamic viscosity 7 of the nujol/tert-butylbenzene
mixture (1:10) obtained by using of the nitroxide radical as spin microprobe (open sym-
bols) and by using of single crystal (dibenzotetrathiafulvalene); PtBr, as a spin macroprobe
(filled symbols, three single crystals with different sizes). In the insert are shown D-band
EPR spectra of these spin probes introduced into frozen and heat softened mixture at ¢t =0
(upper spectrum), ¢ at T < T, (middle spectrum), and ¢ - o at 7' < T, (lower spectrum)
time period.

interpretation of the results, obtained by using the spin probe method therefore
implies the preliminary knowledge of structural and other properties of the sys-
tem under study.

Krinichnyi and others showed (35) that for such an investigation can addi-
tionally be used for the so-called method of spin macroprobe, in which a compar-
atively massive paramagnetic with the characteristic sizes of about 10-100 ym is
used as a probe. The method is based on the analysis of simultaneous rotation in
the system under study of both the nitroxide radical and a single microcrystal of
a suitable ion-radical salt placed into strong magnetic field. It was detected that,
(DBTTF);PtBrg is oriented by own main crystal axis when the total dipole mo-
ment of its PC tends to be oriented along the direction B, to attain the minimum
energy of spin interaction with the magnetic field. Such a reorientation process is
easily registered by its EPR line shift into lower magnetic fields. The time of crys-
tal orientation is a function of many parameters, such as its weight, size, effective
magnetic momentum as well as medium viscosity, and the strength of external
magnetic field applied.

In the insert of Figure 4, D-band EPR spectra of frozen nujol/tert-
butylbenzene mixture (1:10) are shown in which an appropriate nitroxide rad-
ical is solved and (DBTTF);PtBrg single microcrystal is introduced into the
mixture bulk as a spin microprobe and macroprobe, respectively. First, at the
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temperature significantly exceeding the temperature 7', of the matrix glass tran-
sition, the latter is oriented to its main crystallographic axis along the magnetic
field By,. Then, a double spin-modified system is cooled down to T' < T, turned by
90" (top spectrum in Fig. 4) and then it should be slowly warmed up to T' = T,.
Once the matrix becomes softer, the EPR line of the spin macroprobe begins to
move along the spectrum as shown on the middle spectrum in Figure 4. The line
shift follows an exponential law and attains the maximal value, 6B =~ 20 mT for
this sample at ¢ > o0 and B, ~ 5 T. This process is accompanied by a narrowing of
spectral components of the nitroxide radical and their shift to its spectral center
(bottom spectrum in Fig. 4).

Correlation time of the spin microprobe was determined from equation (4)
in frames of Brownian diffusion rotation (21b) to follow activation law

E
T, = 12 exp <_kBaT> (6)

with 70 =4.7 x 1072 s and E, = 0.57 eV (here kg is the Boltzmann constant). The
preexponential factor obtained exceeds considerably the inverted frequencies of
molecular orientation oscillations in the condensed phase. Besides, the activation
energy of radical rotation is higher than that typical for a pure solvent. This can
be a result of correlation of the radical mobility and a segmental mobility of nujol
extended molecules (—CHy—CHy—),,, where n > 10.

The value characteristic of the orientation process of spin macroprobe is the
time-dependent angle ¢ between its molecular axis and direction of the external
magnetic field B, (35)

@) = poexp(—t/zy,) (7)

where 7., = 62nb3/(NVuoupB,) is the mechanical relaxation time for such reorien-
tational process, 7 is the coefficient of dynamic viscosity of the matrix, b, N, and V
are the characteristic size, volume, and bulk spin concentration of the microcrys-
tal, respectively, i, is the permeability for vacuum, and up is the Bohr magneton.
Then dynamic viscosity of the system can be determined from the Stokes equation:

1, = 4znr®/ (3kgT) (8

where r is the hydrodynamic radius of spin microprobe (distance between N and
O atoms in the nitroxide radical ryg) or macroprobe (a characteristic size of
microcrystal b).

Figure 4 depicts the temperature dependency of the viscosity of the model
system, determined by both the complementary spin microprobe and spin macro-
probe methods. It should be noted that the hydrodynamic radius of the nitrox-
ide radical depends on the structure of the environment molecules and there-
fore varies in a wide range. By combining #(T) dependencies, obtained by both
methods, one obtains ryg = 0.14 nm for the used nitroxide radical.

Extrapolating #(T") dependency obtained by the method of spin microprobe,
to higher temperature, one obtains # = 0.11 Pa s at T = 300 K, that is it falls
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within a range of viscosity for different oils. However, such an extrapolation yields
n=5.6x 107 Pas at T = 300 K, by considering # jump at T,. This confirms
once more the correctness of the joint application of the complementary methods
described as investigating relaxation and dynamic processes in various condensed
systems. The method of spin macroprobe successfully enriches the method of spin
probe and enables the possibility of a more accurate determination of dynamic
viscosity in a wider temperature range. It becomes possible to characterize the
mechanical losses in solutions of conjugated polymers, other condensed media in
a stationary regime, and to establish their glass transition point in the case of
extremal mechanical losses in these systems.

The dependency 7., « b3Ba1 is derived from equation (7). Considering the
higher concentration and absolute sensitivities of the D-band EPR spectroscopy,
one can draw a conclusion that the application of the method at this waveband
widens the range of dynamic viscosity (and likely the other parameters as well)
measurement in condensed systems by at least two orders of magnitudes as
compared with other bands and a higher magnetic field strength.

3. Insulating Polymers

The most widely synthesized polymers, polystyrene, polyvinylchloride, nylon, and
so on, are normally diamagnetic insulators. This means that to investigate such
systems by the EPR method some number of molecules with unpaired electrons
should be introduced into their bulk. This can be PC reversibly or irreversibly
formed in a polymer bulk due to its irradiation by photons or introduced into a
polymer as a spin label or spin probe during chemical or electrochemical synthe-
sis. Because magnetic resonance parameters of such domestic and guest centers
sense the properties of own microenvironment, by analyzing the changes in these
parameters it became possible to investigate the structural, morphological, elec-
tronic, other properties of a polymer system. It is briefly considered below with
some exemplary polymer systems.

3.1. Poly(1,1,2,2-tetrafluoroethylene). The advantages of the D-band
EPR was clearly illustrated in the study of widely used poly(1,1,2,2-
tetrafluoroethylene) (PTFE) (23b,45). PTFE samples were irradiated at T =77 K
by 6°Co source, dose 1 MGy, and then exposed to air. In results of such a proce-
dure, the middle-type peroxide radicals are mainly formed in the initial PTFE
sample with arbitrary oriented macromolecules. To obtain the end-type radicals,
the specimens were irradiated in a vacuum with subsequent exposure to the air.
Room temperature D-band EPR spectrum of the so-called sample is shown at the
top of Figure 5 as superimposing on the single line of the end-type peroxide radi-
cal and the spectrum of the middle-type radical with the axial symmetry g-tensor

with g™ = 2.02100 and gﬁ“id = 2.00560.

The figure also shows the low-temperature spectra of PTFE samples, par-
tially oriented by stretching. It can be seen that the intensity of the spectral
y-component decreases drastically when the direction of magnetic field and sam-
ple stretching matches. This indicates that the corresponding molecular axis lies
near the plane perpendicular to the stretching axis. The angle between the axis
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Fig. 5. D-band EPR spectra of the initial PTFE with chaotically oriented chains (a,b)
as well as with the chains, partially oriented perpendicularly (e¢) and parallel (d) to the
external magnetic field and registered at 7= 300 K (a) and 100 K (b—d).

of the polymer lying in molecular xy-plane and the direction of the O—O bond was
determined from the data obtained at this waveband to be 72°. The main values
of g-tensor middle- and end-type radicals were also determined: g, = 2.03818,
8yy = 2.00743, g,, = 2.00232, and g,,, = 2.03963, g, = 2.00770, and g,, = 2.00278,
respectively.

3.2. Polyvinyl Chloride. A highly sensitive and selective sensor for wa-
ter molecules based on another well-known polymer, polyvinyl chloride (PVC),
was constructed and studied by both the EPR and conductometry methods (46).
The initial polymer does not have neither free nor unpaired electrons. However,
it was found that the treatment of PVC by fuming sulfuric acid leads to its ap-
pearance in matrix dingy regions (46). Such a modified material exhibited at
room temperature a Lorentzian weak EPR singlet with AB,, = 0.54 mT and
g = 2.0031, characteristic of z-electron systems (Fig. 6). The linewidth and sig-
nal intensity changed weakly while the temperature decreased to T' = 77 K.
Magnetic parameters of this material appeared to be close to those of high-
conductive domains formed in polyacetylene after its cis-trans-isomerization (47).
Thus, the change in electronic and paramagnetic properties of the film can
be explained by dehydrochlorination during its oleum treatment with the for-
mation of ¢rans-PA regions with unpaired electrons in neutral quasi-particles,
[-CHC1—CHy—],, — [—CHCI—CHQ—]m—[CH=CH;CH=CH—]n (Fig. 5). It
was found that such prepared materials become a highly sensitive and selective
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Fig.6. The room temperature X-band EPR spectrum of the PVC treated by fuming sulfu-
ric acid. The formation of trans-polyacetylene domains and interdomain Q1D water chain
are shown schematically.
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polymer sensor for water molecules. Such an effect can be explained in the follow-
ing manner: Being weak electron acceptors, water molecules accept partially the
electron density from such the solitary charge carriers (47), on the surface or on
the bulk of the film, thus providing p-type conductivity of the domains. When the
water molecules diffuse into the polymer bulk, they can form bridge-type hydro-
gen bonds between the conjugated chains (Fig. 6). As a result, the above-mentioned
quasi-particles acquire a positive charge in the ¢trans-PA domains. Moreover, in a
modified PVC the so-called Davydov solitons (48) may also be formed in the quasi-
one-dimensional (Q1D) spreading hydrogen bonded water associates, as in other
low-dimensional nanosystems (49). Such nonlinear quasi-particles can also trans-
fer charges between trans-PA chains. Thus, the macroconductivity of the sample
contacting water vapor increases considerably as a result of both intra- and inter-
chain charge transfer. Other molecules are not able to form such associations that
determine the selectivity of the sensor to water molecules only. Such a feature can
be used in highly efficient molecular sensors.

4. Biological Polymers

4.1. Cotton Fibers and Cellulose. Natural polymer fibers, including
cellulose and cotton, which consists of 92—98% cellulose, are found to be promis-
ing as matrices for artificial catalysts, modeling biological enzymes (1a). Catalytic
properties of such biocatalysts are defined mainly by micropolarity and dynamics
of a matrix arranged in the regions where catalytic processes are carried out (50).

EPR spectroscopy is quite efficient in the study of structural and dynamics
properties of various natural macromolecular systems, cellulose, and cotton fibers
among them (51). Because a viscosity of various biopolymers is comparatively
high, PC introduced into their bulk can move with correlation time T, > 107 s
(21b). Anisotropic magnetic parameters of such PC and inhomogeneity of biopoly-
mers should be taken into account. Therefore, the detailed study of structural
and dynamics parameters of spin-labeled biopolymers requires the analysis of all
their spectral components that become possible at millimeter wavebands EPR. It
is demonstrated below by structural and dynamics investigation of cotton fibers
5595-V and microcrystalline cellulose modified by nitroxide radical at X- and
D-bands EPR (23c,d,52).

D-band EPR spectra of these spin-modified biopolymers and the change in
respective spectral components upon heating are presented in Figures 7 and 8, re-
spectively. They are characterized by the considerable broadening of the canonic
components caused by the interaction of the nitroxide fragment with hydroxyl
groups of proteins. The magnetic resonance parameters of spin labels covalently
attached to the cotton and cellulose macromolecules were determined as follows:
S = 2.00842, g, = 2.00592, g, = 2.00224, A,, = 3.76 mT; and g,, = 2.00762,
8 = 2.00582, g... = 2.00211, A,, = 3.37 mT, respectively. Comparative analysis
allowed concluding that both the effective structure and polarity of the microen-
vironment of the radical, for example, in cotton are close to those in water. The
same characteristics of the cellulose macromolecules were analyzed to be close to
those in ethanol.
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Fig. 7. D-band EPR spectrum of nitroxide radicals covalently attached to the chains of
lyophilized cotton fiber 5595-V (below). The shift and broadening of spectral components
with the sample heating are shown above by the solid and dashed lines, respectively.

When the samples are heated, the x-component of their EPR spectra shifts
to high fields (Fiigs. 7 and 8). This is accompanied by partially eliminated of an
initial inhomogeneous broadening of spectral components. It should be caused
by the attenuation of the hydrogen bond between the radical NO-fragment and
environmental molecules and/or by the defrosting of molecular mobility with cor-
relation time of 7, < 10~* s in the place of label location. The spectral y-component
of the 5595-V sample transforms at 315 K to a superposition of at least two lines,
namely a wide singlet and a triplet with g = 2.00610 and a = 1.52 mT (Fig. 7). The
latter contribution is due to the presence of small amount (~2%) of amorphous
domains in which high radical mobility (z, < 2.2 x 10710 s at 335 K) occurs. The
difference in isotropic g-factors of a spin label in the crystalline (g;,, = 2.00553) and
amorphous (g;s, = 2.00610) phases agrees with the shift of spectral x-component
to lower fields at the temperature increases and confirms that the acceleration
of molecular motion in the amorphous domains of 5595-V sample is accompanied
by the weakening of radical interaction with own microenvironment. The heating
of the sample results in the shift and broadening of its spectral z components by
0.7 and 0.08 mT, respectively (Fig. 7). Such a weak broadening of the line accom-
panied by a considerable shift can be due to the Brownian isotropic rotation and
hopping by arbitrary angles (53) or/and by the librations of the radical fragment
(54) with the frequency of 10° s~! and angular amplitude of 10" + 3" at 335 K.
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Fig. 8. D-band EPR spectrum of nitroxide radicals covalently attached to the chains of
lyophilized microcrystalline cellulose (below). The shift and broadening of spectral compo-
nents with the sample heating are shown above by the solid and dashed lines, respectively.

In cellulose, the only one type of domains was found. Its D-band EPR spec-
trum also demonstrates a shift of the z component toward g;,, at T' > 200 K and the
broadening at lower temperatures (Fig. 8). The analysis of the data presented con-
cludes that Brownian rotation of spin label is realized around the axis lying at the
molecular xz plane with 7, = 5.8 x 10~!1exp(0.19 eV/kzT). Radical dynamics are
defined by the shape of radical and the cavity in cellulose where it moves. Effective
microviscosity n of such a cavity calculated from equation (8) with ryo = 0.2 nm
yields 11.2 Pa s at T'= 300 K. Thus, the method allows to determine the elasticity
of polymer matrix, the size of a cavity in its bulk where the radical moves.

More detailed information about structural and morphological properties of
the macromolecular systems can be obtained from the multifrequency EPR study
of PC formed upon their irradiation with photons of different energies. Figure 9
shows X- and D-bands EPR spectra of y-irradiated cellulose obtained at room tem-
perature (52b). The comparison of the spectra presented leads to the conclusion
that at least three different PC are formed in y-irradiated cellulose, namely sin-
glet R; with g; = 2.00281, doublet R, g9 = 2.00295 and a9 = 2.9 mT, and triplet

R3 g3 = 2.00442 and a3 = 2.7 mT. Such an interpretation is consistent with the
results obtained theoretically (55). The R, line can be attributed to contamina-
tion of lignin, whereas the formation of Ry and R3 centers can be explained by
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Fig. 9. X-band (above) and D-band (below) EPR absorption spectra of y-irradiated (°°Co
source, dose 0.1 MGy, 290 K) in air lyophilized cellulose (C) and that additionally amor-
phized under 2 x 10° Pa pressure between the Bridgeman anvils with 400° shift (CA).

dehydrogenation of the glucopyranose cycle in C; and C, positions, respectively.
If the sample is previously amorphized under pressure (2 x 10° Pa) between the
Bridgeman anvils (56) with 400° shift, at least two additional PCs appear in irra-
diated cellulose, namely doublet R with g7 = 2.00505 and a; = 1.5 mT and triplet
R; with &5 = 2.00532 and a; =22 mT (Fig. 9). These PC were attributed to de-
hydrogenation of a glucopyranose cycle in the C; and C, positions, respectively.
The effective relaxation time r = /T Ty (here T and Ty are the spin—lattice and
spin—spin relaxation times, respectively) of these PC was determined from their
MW-saturated EPR spectra. Such a parameter was obtained for both the R and
R} to be 73 > 107% s and T > 10~ s, respectively. The correlation time of radical
rotation in an amorphized sample, and its effective microviscosity was determined
from respective D-band EPR spectra to be 77 = 5.4 x 10~ 13exp(0.32 eV/kgT) s and
n = 15.9 Pa s, respectively. This evidences that cellulose amorphization increases
the matrix rigidity in the place of PC localization and changes the morphology of a
part of its subunits. This process is accompanied by the decrease in an interaction
between PC and, therefore, by slowing down of their electron relaxation.

5. Conjugated Polymers

5.1. Polypyrrole. PP is a conjugated polymer widely investigated as a
perspective molecular system for plastic electronics (57). The local ordering of PP
is determined by the preparation method and crystallinity which can reach ~50%
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(58). In contrast to PANI, the local order in the disordered phase of PP does not
resemble that in the ordered regions.

Neutral PP exhibits a complex X-band EPR spectrum with a superposition
of a narrow (0.04 mT) and a wide (0.28 mT) lines, both registered at g ~ 2.0026
(47,59), typical of PC formed in polyene and aromatic z-systems. The intensity of
both lines corresponds to one spin per few hundred monomer units. A PP sample
doped with oxidants exhibits only a strong narrow (~0.03 mT) X-band EPR spec-
trum with g = 2.0028 (47). Magnetic susceptibility of PC in a doped PP follows to
Curie’s law, and the charge is transferred according to the variable range hopping
(VRH) model (60). The linewidth of PC stabilized in partly stretch-oriented PP
was observed (61) as a function of temperature and the orientation of the sample
in static magnetic field. As the oxygen molecules penetrate into the PP bulk, its
EPR spectrum is broadened due to the exchange interaction of polarons with oxy-
gen biradicals (62). Electron relaxation of PC in PP was shown (63) to depend on
its doping level y. At a high y value, the susceptibility becomes Pauli-like and the
polaron band observed in the PP optical spectrum due to the formation of spinless
bipolarons (64). Thus, EPR signal of the doped PP is mainly attributed to neu-
tral radicals and therefore reports little about the intrinsic conjugated processes.
In this case, the method of spin probe described above becomes more effective in
the study of structural and electronic properties of this conjugated polymer. PP
labeled by the nitroxide radical during electrochemical synthesis was studied at
X-band EPR by Winter and co-workers (65). However, effective spectrum of the
sample did not contain lines of the probe possibly due to a high concentration of
a spin probe introduced into PP.

Figure 10 exhibits X- and D-bands EPR spectra of a 2,2,6,6-tetramethyl-1-
oxypiperid-4-yl-acetic acid introduced as a spin probe and also as a counterion
into PP. Dashed lines show the spectra of the probe dissolved in nonpolar toluene
(43). One can see in Figure 10a that at the X-band EPR the lines of the nitroxide
radical rotating with correlation time z, > 10~7 s overlap with the single line
of PC (R) localized in PP. Such an overlapping originating from a low spectral
resolution hinders the separate determination of magnetic resonance parameters
of these radicals and their spectral components.

The spectra of both the model and spin-modified polymer systems become
predictably more informative at D-band EPR (Fig. 10b). At this waveband, all
canonic components of EPR spectra of the probe in PP and toluene are com-
pletely resolved so that all the main terms of its g and A tensors can be mea-
sured directly. Nevertheless, the asymmetric spectrum of radicals R with mag-
netic parameters gﬁ’ = 2.00380, gif = 2.00235, and AB,, = 0.57 mT is registered

in the z-component of the probe spectrum. The nitroxide radical introduced into
the nonpolar model system is characterized by the following magnetic resonance
parameters: g, = 2.00987, g, = 2.00637, g,, = 2.00233;A,, =A,, = 0.60 mT and
A,, =3.31 mT. The difference Ag = gﬁ - gf =1.45 x 1073 corresponds to an excited
electron configuration in R with AE = 5.1 eV lying near to an energy of electron
excitation in neutral PPP. Once the probe is carried into the bulk of conducting PP,
its g,, value decreases down to 2.00906 and its spectral x- and y-components are
broadened by 6(AB,,) = 4 mT (Fig. 10b). Besides, the shape of the probe spectrum
shows the localization of PC R in the polymer pocket of 1 nm size. This means
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Fig. 10. The X-band (a) and D-band (b) absorption spectra EPR of 2,2,6,6-tetramethyl-1-
oxypiperid-4-yl-acetic acid introduced as a spin probe into frozen (120 K) toluene (dotted
line) and conductive PP (solid line). The anisotropic spectrum of localized paramagnetic
centers marked by the symbol R and taken at a smaller amplification is also shown in the
lower part of the figure. The measured magnetic parameters of the probe and radical R are
shown.

that the charge is transferred by spinless bipolarons in doped PP, as it was pro-
posed in the case of some other conducting polymers (23e,h,42c). Coulombic inter-
action of the probe active fragment with the extended spinless bipolarons causes
the change in its magnetic parameters. The effective electric dipole moment of
bipolarons diffusing near the probe was determined from the shift of the g,
component to be equal to y, = 2.3 D. The shift of the g tensor term g, of the
probe may be calculated within the frames of the electrostatic interaction of the
probe and bipolaron dipoles by using the following approach.
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Bipolaron induces in the place of the probe localization electric field with
potential (66):

_ kgT(xcothx —1)
Hy

Eq4 9)

where x = 2u,u,(reeokgTr®)~1, u, is the dipole moment of the probe, £ and
go are the dielectric constants for PP and vacuum, respectively, and r is the
distance between the radical NO fragment and bipolaron. An isotropic hyper-
fine constant of the probe increases in this electrostatic field by the value
Aay, = 7.3ernot,. (here ¢, is the resonant overlapping integral of C=C bond)
and dg,,/dA,, = 2.3 x 1072 mT~! for such nitroxide radical (23c,d), one can write
Ag,. = 6 x 1073eryokpT(x cothx — D/(t..u,). By using u,, = 2.7 D (67), u, = 2.3 D,
and ryo = 0.13 nm (16,68), the value of » = 0.92 nm is obtained. The characteris-
tic time 7, of dipole—dipole interaction was calculated from the broadening of the
spectral lines as described above to be 7, = 8.1 x 10~!! s (43). This value is ap-
proximately equal to the polaron interchain hopping time, 75, & 1.1 x 10710 s esti-
mated for lightly doped PP (63b). The average time between the translating jumps
of charge carriers is defined by the diffusion coefficient D and by the average jump
distance equal to a product of lattice constant d;p on halfwidth of charge carrier
N, /2,7 = 1.5(d%DN§ )/D.Combining these dependences and using D =5 x 10~" m?/s
typical for conjugated polymers, one can determine (d;p/N,,) = 3 nm approximately
equal to four PP units.

Thus, the shape of the probe spectrum evidences a very slow motion of the
probe due to a high molecular packing in PP. The interaction between spinless
charge carriers with an active fragment of the probe results in the redistribution
of the spin density between N and O nuclei in the probe and therefore in the
change in its magnetic resonance parameters. The method also allows to evalu-
ate characteristic size of a cavity in which the probe is localized and, therefore,
the morphology of the sample under study. This makes it possible to determine the
distance between the radical and the chain occupied by bipolaron and then the
length and mobility of the latter.

5.2. Polytetrathiafulvalene. In recent decades, the electron donor
tetrathiafulvalene (TTF) and its derivatives have been a subject of chemical and
physical studies, due to the fact that many compounds of this group can form
electrically conjugated charge transfer salts (69). To design conjugated TTF-based
polymers more suitable for elements of molecular electronics, for example, diodes
and chemical sensors (70), different polytetrathiafulvalene (PTTF) samples were
synthesized. PTTF in which TTF units are linked by phenyl or tetrahydroan-
thracene bridges is a p-semiconductor with the highest conductivity o4, ~ 0.1-
0.01 S/m (71). Charge transport in the polymers can be described in terms of a
VRH and a thermally activated hopping at low and high temperature regions,
respectively (72). EPR and Mossbauer measurements of doped PTTF indicate a
polaron—bipolaron charge transfer mechanisms whose contributions are deter-
mined by the doping level y and temperature (73).

The nature, composition, and dynamics of PC in these initial and iodine-
doped PTTF samples were studied in detail by the multifrequency EPR method
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Fig. 11. Typical in-phase X-, K-, and D-bands absorption spectra EPR of the initial and
differently iodine-doped PTTF-CH;—C H, samples registered at room temperature. The
measured magnetic parameters are shown.

(42a—c). Figure 11 exhibits exemplary spectra of the different iodine-doped
PTTF-CH3—CgH, sample obtained at various EPR wavebands. This allows one
to separate and measure more correctly all terms of the anisotropic magnetic
resonance parameters of polarons with different mobility. The analysis of the data
presented showed that EPR spectrum of the sample contains contributions of
localized polarons PIJ; - with slowly temperature-dependent magnetic parameters
8x = 2.01189, g,, = 2.00544, g,, = 2.00185, and more mobile PC P;:ob with
8 = 2.00928, g,, = 2.00632, g,, = 2.00210. The concentrations ratio of these
PCs in undoped powder is 20:1. The total number of polarons increases from
2 x 1017 cm™3 up to 3 x 1017 cm~3 at the polymer doping. The above terms of
g-tensor exceed the corresponding magnetic parameters of the polarons in PT
(23e,h, 74) and its derivatives (25g,j,k). This indicates a stronger spin—orbit
interaction of the spin with the nucleus of the sulfur atom in the PTTF backbone.

As the frequency of spin precession increases, the interaction between spin
packets becomes slower. This provokes MW saturation of PC and appearance of
bell-like terms in their dispersion or absorption EPR spectra (22). The first deriva-
tive of, for example, dispersion signal U is generally written as (75)

Ulwt) = u1g/(w)sin(wt) + ugg(w)sin(w,t — ) + usg(w)sin(owt + 7/2) (10)
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Fig. 12. (a) Temperature dependence of effective spin—lattice T'; and spin—spin T, relax-
ation times of polarons in the initial and differently iodine-doped PTTF-CH;—CzH, sam-
ple determined from their in-phase (above) and z/2-out-of-phase (below) D-band dispersion
spectra (inset). (b) Arrhenius dependencies of correlation time z¥ of x-anisotropic libration
of polarons localized on the initial and differently iodine-doped PTTF chains evaluated
from its #/2-out-of-phase dispersion spectral term u,.

where uq, uy, and ug are the in-phase and #/2-out-of-phase dispersion terms, re-
spectively, and g(w) is a factor of line shape. w,,T; > 1 inequality is realized for an
undoped PTTF sample, so that the first derivation of its dispersion signal is deter-
mined mainly by the u, and u5 terms of equation (10) (see insert of Fig. 12a). On
the other hand, w,,T; < 1 condition is actual for slightly doped polymer; therefore,
its dispersion term is determined by u, and u3 terms of the above equation. The u?,

uf ,and u? terms of undoped sample are registered at g, = 2.01189, g, = 2.00564,
g, = 2.00185.

Earlier, it was shown (36,76) that spin relaxation and dynamics parameters
of PC adiabatically saturated in conjugated polymers can be determined sepa-
rately from the analysis of both the in-phase and out-of-phase dispersion spectral
components.

The temperature dependencies of effective relaxation times 7T'; and T’y of po-
larons determined from relation of the uq, uy, and us terms of the PTTF-CHj;-
CgH, sample are shown in Figure 12a. The T value of the sample changes with
the temperature as T~* with « lying near 3 and 5 for mobile and pinned polarons,
respectively. Such a difference in a can be caused, for example, by an interaction
of respective charge carriers with own microenvironment.

Macromolecular motion in polymers is a priori strongly anisotropic carrying
out with the correlation time 7, > 107 s~1. Such dynamics is studied by using the
ST-EPR method (22), which becomes more informative at D-band EPR (42a,b). It
was shown that the heating of PTTF sample results in an increase of the ratio
uy/ u“; parameter due to superslow librations of polarons pinned near main x-axis
of the polymer chains. The Arrhenius dependencies of correlation times of such
dynamics in PTTF samples with different doping level are shown in Figure 12b.
Extrapolation to the low-temperature range allows one to estimate the maximum
value of 7, is ca. 10~ s at T'= 75 K when u /u, = 0.07. Once the initial sample is
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doped up to y = 0.02, 0.05, and 0.08 levels, the energy E, required for activation
of the macromolecular motion increases from 0.019 up to 0.023 to 0.033 and to
0.036 €V, respectively. E, values obtained at D-band EPR are comparable with
those determined at lower registration frequency for interchain charge transfer in
doped PTTF (71, 73b) that indicates the interaction of pinned and mobile polarons
in this polymer matrix.

To compare experimental results with the polaron theory, Q1D diffusion mo-
tion of mobile PC along and between PTTF’s chains with the diffusion coefficients
D;p and Dgypy, respectively, was assumed.

The diffusion of electron spins along and between polymer chains induces a
local magnetic field, fluctuating rapidly with time near the location of another elec-
tron spins due to their dipole—dipole interaction. Such an interaction accelerates
spin relaxation, so that one can write the following relations of the relaxation and
dynamics parameters of polarons diffusing in a real polycrystalline system (77):

T7' = (Aw?) [2J(w,) + 8 (2w,)] (11)

T,' = (Aw?) [3J(0) + 5J(w,) + 2J (2w,)| (12)

where (?) = 1/10y2h%S(S+1)nE; is a constant of dipole—dipole interaction for
powder, y, is a hyromagnetic ratio for electron, n is a number of polarons per

each monomer, ¥;; is a lattice sum for powder-like sample, J(w) = (2D|1Dco)‘1/2 (at

Dl1D >> w >> Dap), J(0) = (2D|1DD3D)‘1/2 (at D3 >> w) is a spectral density func-
tion for polaron longitudinal diffusion at first (w,) and second (2w,) resonant an-
gular frequency of the electron spin precession, respectively, Dl1 = 4D,p/L?, and
L is a factor of spin delocalization over a polaron. It should be noted that a spec-
tral density function for spin rotational dynamics with correlation time 7, and
coefficient D, = 1/67, is J(w) = t /(1 + t20?).

The temperature dependencies of effective D1y and D3 calculated for PC in
different PTTF samples by using equations (11) and (12) and the data presented in
Figure 12a are shown in Figure 13. It is observed from the figure that the value
of D;p does not exceed 2 x 10'2 rad/s for PTTF samples at room temperature.
This parameter is at least two orders of magnitude lower than that obtained for
polarons in PP (78) and PANI (5b) at lower w,.

The Fermi velocity vp determined for PTTF samples was near to 1.9 x 10° m/s
(42¢). The mean free path [; of a charge carrier diffusing along polymer chain with
the lattice constant c¢;p can be evaluated as I; = Dch?D [2mvy = 1072-10~* nm
for the PTTF samples. This value is less than the lattice constant a; therefore,
the charge is transferred incoherently in this polymer, which cannot be consid-
ered as a Q1D metal. For such a case, the interchain charge transfer integral can
be determined as (79) ¢, = vyph/2a = 0.05 eV. This value lies near to activation
energies of chain librations and interchain polaron hopping in a doped PTTF-
CH3;—CgH, sample. These facts indicate that the charge transfer in a polymer is
governed mainly by interchain phonon-assisted polaron hopping, which is stimu-
lated by macromolecular dynamics. This evidences for the interaction of molecu-
lar and charge dynamics in PTTF. It also confirms the supposition (80) that the
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Fig. 13. Temperature dependencies of the polaron intrachain D, and interchain Dy
diffusion coefficients determined for the PTTF-CH;—C H, sample from equations (11) and
(12) and the data presented in Figure 12a.

fluctuations of lattice oscillations, librations among them, can modulate the elec-
tron interchain transfer integral in such conjugated compounds.

The rise of libron—exciton interactions at the PTTF doping evidences the for-
mation in polymer matrix of a complex quasi-particles, namely molecular—lattice
polarons (81). According to this phenomenological model, molecular polarons are
additionally covered by lattice polarization, so that their mobility becomes as a
sum of mobilities of molecular and lattice polarons. The energy of formation of
such molecular-lattice polarons £}, in PTTF was determined to be 0.19 eV (42a).
The characteristic time, necessary for polarization of both atomic and molecular
orbitals of polymer can be determined as 7, ~ hE, = 3.5 X 1015 s, This value is
more than two orders of magnitude less than intra- and interchain hopping times
for charge carriers in PTTF (Fig. 13). This leads to the conclusion that the time
7, required for the hopping of charge carriers in PTTF sufficiently exceeds the
polarization time for charge carriers’ microenvironment in the polymer, that is
7n >> 7;,. This inequality is a necessary and sufficient condition for electronic
polarization of polymer chains by charge carriers.

5.3. Poly(3-octylthiophene). Regioregular poly(3-alkylthiophenes)
(P3AT) were shown (82) to be suitable sulfur-based Q1D system for the design
of respective molecular electronic and optical applications. Undoped P3AT are
semiconductors, and their energy bandgap (~2 eV) is determined by the presence
of the z-orbital conjugation along the main polymer axis. The maximum o4, value
of I,-doped poly(3-hexylthiophene) (P3HT), poly(3-octylthiophene) (P30OT), and
P3DDT is 6 x 103, 2 x 104, and 1 x 10° S/m, respectively, at room temperature
(83). This shows the correlation of a charge transport with the length of alkyl
groups and the morphology of the sample. Charge dynamics can also be governed
by the presence in this class of materials of positively charged mobile polarons
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originated from the synthesis and/or the adsorption of oxygen from ambient at-
mosphere (spontaneous p-type doping) (84). At higher doping level y, the polarons
combine to form diamagnetic bipolarons like it happened in other z-conjugated
polymers (see Fig. 1). Polarons stabilized in P3AT possess spin S = %2 as well
that also stipulates their detailed investigation by different magnetic resonance
methods.

Regioregular P30T is also used as active matrix of molecular devices, for
example, chemical sensors (85) and polymer:fullerene solar cells (86). A constric-
tion (8.2 meV/kbar) of the initial P3OT bandgap (2.02 eV) was observed (87) due
to the decrease of the torsion angle between its adjacent thiophene rings and the
enhancement of interchain interactions between parallel polymer planes. More
detailed information on the magnetic and electronic properties of the initial and
treated P3OT sample was obtained at X- and D-bands EPR (88).

Figure 14 shows EPR spectra of regioregular P30T sample obtained at both
wavebands EPR at room temperature. At the X-band, the samples show a single
nearly Lorentzian EPR line with g ¢ = 2.0019, AB,, = 0.27 mT, and spin concen-

tration 3.9 x 1025 m~3 or 0.013 spin per a monomer unit. At the D-band EPR, the
samples demonstrate the superposition of more broadened convoluted Gaussian
and Lorentzian lines (with the Lorentzian/Gaussian line shape ratio ca. 0.4) with
the anisotropic g-factor (Fig. 14¢) as it is typical for PC in some other conjugated
polymers with heteroatoms. The main components of its g tensor were determined
from this spectrum to be g,, = 2.00409, g,, = 2.00332, and g,, = 2.00235. The
effective g-factor of the P3AT is higher than that of most hydrocarbonic conju-
gated polymers; therefore, one can conclude that in P3AT the unpaired electron
interacts with sulfur atoms. This is typical for other sulfur-containing compounds
(23g,42¢,89) in which sulfur atoms are involved into the conjugation.

Figure 15 evidences that the g,, and g, values of polarons stabilized in the
P3OT decrease with the temperature decrease from 333 to 280 K possibly due
to the transition to the more planar conformation of the polymer chains. Below
280 K, these values increase at the sample freezing down to 160-220 K and then
start to decrease at the further drop in temperature. The decrease of g, and g,,,
values at low temperatures can be explained by a libration of macromolecules
which is evoked by modulation of the crystal field.

The linewidth of the spectra increases by a factor of ca. three at the increase
of the spin precession frequency due to Gaussian distribution of PC with slightly
anisotropic magnetic parameters. Figure 15 also presents temperature depen-
dence of the linewidths of all canonic spectral components. It is seen that these
parameters first increases with the temperature increase from 90 K up to some
characteristic temperature T, = 170-210 K and then decreases at the further in-
crease in temperature. These dependences can be described in the framework of
the dipole—dipole exchange interaction of mobile polarons hopping in a polymer
network (23g, 25j). Such an interaction should broaden the spectral lines by an
amount (90):

5(A60) = pffa)hopng (13)

where pgy = 16/27a%/(1+a?) is the probability of spin flip-flop during a colli-
sion, a = (3/2) 27 /hwp,,, Jex is the constant of exchange spin interaction,
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Fig. 14. X-band (a) and D-band (b—d) absorption (a,c) and in-phase (b) and z/2-out-of-
phase (d) dispersion spectra EPR of regioregular poly(3-octylthiophene) obtained at room
temperature (a,c) and 90 (1), 100 (2), 110 (3), 145 (4), 200 (5), and 250 K (6). The terms of
anisotropic magnetic parameters are shown.

Ohop = wﬁopexp(—Ea/kB T) is the frequency of polaron hopping, and n, is the guest
PC number per each polymer unit. Extreme forms of the dependences should ev-
idence the realization of strong and weak spin exchange interaction at T < T,
and T > T, respectively. An additional reason of the line broadening can be the
spin trapping at the lower temperature T,. The change in the width of the x-, y-,
and z-spectral components made it possible to obtain the value E, = 0.0215,



POLYMER CHARACTERIZATION 29

T T T T T
o N -1.1
e e
2.0041 I e ®
. i 41.0
g/ o ® "
. ®
o e - T
2.0040 - -/ ol S B, -
e/ S T T e A o N, 409 g
5 ‘a & =N o =
9 s 7 o s % b £
< 2.0034 | / B R i S E
= ' i T : 2o, wH08 2
e sAN A\‘ 3
LAk 2 nRY
2.0033F 0 AlA” o AN
,’,IA ® O o AB:F A A 2\— 0.7
/é A gyy A Ang \\\
2.0032 | ﬁ o B loe
1 " 1 " 1 M 1 " 1 "
100 150 200 250 300

Temperature (K)

Fig.15. Temperature dependences of the main terms of anisotropic g-factor and linewidth
of regioregular poly(3-octylthiophene) determined at D-band EPR. The respective functions
calculated theoretically are shown by dotted and dashed lines, respectively.

0.0186, and 0.0096 eV, respectively, for polaron dynamics in respective regions
of regioregular P3OT. The energies for activation of molecular motion near the
principal macromolecular x-, y-, and z-axes were determined for the sample from
equations (4) and (5) to be 3.6, 4.9, and 4.3 meV, respectively (88).

It is seen from Figure 15 that the respective terms of anisotropic magnetic
parameters correlate at least at T' < T',. This indicates that various circumstances
can affect the P3OT canonic spectral components, including the scattering of
charge carriers on the polymer lattice phonons.

Figures 14b and 14d exhibit the in-phase and z/2-out-of-phase terms of
D-band EPR dispersion spectra of P3OT registered at different temperatures.
It is seen that the Gaussian bell-like contribution is included in both dispersion
terms. The appearance of such a component is attributed to the adiabatically
fast passage of saturated spin packets by a modulating magnetic field (22).
Relative intensities of the x/2-out-of-phase spectral components change with
the temperature. This effect evidences the appearance of the saturation transfer
over the quadrature spectrum due to superslow macromolecular dynamics.
Analyzing the dispersion spectral components, the times of electron relaxation
and correlation of libration motion of the chain macromolecular segments near
the principal molecular x-axis in P3OT were determined separately. The latter
parameter, 7, of P3OT was obtained to characterize with complex temperature
dependence with the special temperature point T, ~ 150 K. It was interpreted in
the frames of the superslow activation (with E, = 0.069 eV) joint Q1D libration
of polarons on polymer chains at T' < T, and collective Q2D motion at 7' > T, (88).
The upper limit for the correlation time of anisotropic molecular motion in the
sample was evaluated to be 7} < 4.4 x 10~% s at 66 K.
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Fig. 16. Temperature dependences of the spin-lattice 7, and spin—spin T, relaxation
tomes as well as the coefficients of intrachain D, and interchain D,y, polaron dynamics in
regioregular poly(3-octylthiophene) at D-band EPR. By the stars is shown the dependence
D,(T) obtained by the 'H 50 MHz NMR method (see the text). By the lines are shown the
dependences calculated theoretically. NMR T, (T data were used for calculation the above
dynamics parameter. Reprinted with permission from Ref. 92 . Copyright (1999) Elsevier.

Figure 16 exhibits the change of both relaxation times with the temperature.
One can conclude from these data that as the temperature of the P30T sample
increases, its spin—lattice relaxation accelerates to the point that 7', ~ T at room
temperature that is typical for other organic solids. As the precession frequency
of polarons’ spin increases in ca. 14 times at transition from X- to D-band EPR,
the Ty value of polarons stabilized in the P3OT sample increases by a factor of six.
Such an effect can be explained in terms of modulation of spin relaxation by spin
Q1D and Q3D dynamics in the polymer. In this case, both the electron relaxation
times should vary as T'; 5 oo wé/ % (91), that is it should change relaxation times
by a factor of near four. Note that Q2D spin motion at such transition should lead
to T'; 9 « In(w,) dependency (91) and to the change in spin relaxation by factor of
about two.

Figure 16 shows the temperature dependencies of the effective dynamic pa-
rameters Dy and Dy calculated from equations (11) and (12) with L =~ 5 (5b). The
RT Dgpy value obtained lies near D ~ 2.1 x 1019 rad/s evaluated from the charge
carrier mobility in slightly doped P3OT (92). The RT anisotropy of spin dynamics
D1p/Dspy decreases from 2.9 x 1010 down to 3 at the sample heating within 90-
330 K range that is typical for low-dimensional systems. Dp(7") dependence cal-
culated from the 'H 50 MHz spin—lattice relaxation data obtained by Masubuchi
and co-workers (93) for the P3OT is also presented in Figure 16 for comparison.
It is seen from the figure that the Dy value calculated from the NMR data is
changed with the temperature. Such discrepancy occurs probably because NMR
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is rather an indirect method for studying electron spin dynamics in this and other
conjugated polymers.

A strong temperature dependence of intrachain polaron dynamics can be
described, as in case of other conjugated polymers (25j), in terms of polaron
scattering on the phonons of crystalline lattice domains embedded into an
amorphous polymer matrix. According to this model, such scattering should
accelerate polaron intrachain diffusion by the value (94):

E
Dip(T) = ngqﬂ . [sinh <—k ";) - 1] (14)
B

where E; is the energy of lattice phonons. Indeed, it is seen from Figure 16
that the data experimentally obtained are fitted well by equation (14) with
E;, = 0.13 eV. This value lies near the energy of lattice phonons of various conju-
gated polymers (0.09-0.32 eV) (25j, 42¢).

The temperature dependence for Dsp, can be described in terms of the ther-
mal activation of the charge carriers from widely separated localized states in the
gap to closely localized states in the tails of the valence and conjugated bands
(5b). Such an approach predicts the following diffusion coefficient for Q3D spin
mobility:

E
Dyp(w,T) = DY ks T?0% exp  —2 15
3p(@.T) = Dy ke T o exp 7T (15)

where k; is constant, s = 1-6 kg7/E,, is the parameter reflecting polymer sys-
tem dimensionality, and Ej, is the energy required for spin crossing a barrier. The
value E;, was determined for P3OT to be 0.18 eV, which lies near that obtained
for some organic molecular conductors (69). The increase of the dimensionality of
the polymer system should decrease Ey,.

Thus, the interaction of the spin charge carriers with heteroatoms in sul-
furous organic polymer semiconductor P3OT originates the anisotropy of its g-
factor registered in its D-band EPR spectrum. Spin relaxation and dynamics are
determined by the interaction of the mobile polaron with optical phonons of the
polymer lattice. The near values of the energies of spin interchain transport,
dipole—dipole interaction, and the optical lattice phonons indicate the correla-
tion of charge transport and macromolecular dynamics in this polymer. It can be
concluded that two types of charge transport mechanism can be associated with
change in the lattice geometry at the characteristic (the polymer—glass transition)
temperature T, for example, with its thermochromic effect.

Finally, let the possibilities of the method for investigating more complex
multispin polymer systems is considered.

5.4. Polymer:Fullerene Nanocomposite. Conjugated polymers
attract much interest also due to their perspective use as active matrix in
photovoltaics (95). Main photoactive elements consist of polymer and fullerene
subsystems which act as electron donor and acceptor, respectively. Once het-
erojunctions (BHJ) of such materials are illuminated, spinless excitons are first
formed in their bulk. These quasi-particles can geminate ultrafast dissociate
forming Coulomb bound electron—hole pairs (charge-transfer states) of electrons
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on the acceptor moiety and holes on the donor moiety. Then electrons and holes
can leave the donor:acceptor interface relaxing into more favorable energy levels
(96). With increasing distance from the material interface, the Coulomb attraction
becomes so less that the electrons and holes become independent of each other
and form respective charge-separated states. As a result, charge separation leads
to the formation of unbound (free) positively charged polarons on polymer chains
and negatively charged radical on fullerene molecules. After this stage, charge
carrier recombination can occur. The separation and recombination of free charge
carriers can be considered as concurring direct and backward-directed process.
The geminate recombination of polaron—fullerene pairs is monomolecular and,
therefore, a first-order process. The nongeminate, bimolecular recombination of
separated polaron—fullerene pairs following Langevin theory of a second-order.
This process is governed by the system structure and morphology. For example,
the fluorination of a copolymer: fullerene composite improves its power conversion
efficiency more than five times (97).

Because both the charge carriers possess a spin, their formation, dynamics
and recombination are spin-assisted (96). This is why the direct light-induced
EPR (LEPR) method became one of the most powerful method for the study
of magnetic, relaxation, and dynamics processes carrying out in organic poly-
mer:fullerene systems (15,25g,j,96,98). The possibilities of studying such systems
by the EPR method are discussed below using the exemplar poly[N-9'-hepta-
decanyl-2,7-carbazole-alt-5,5-(4',7'-di-2-thienyl-2’,1’,3’-benzothiadiazole)]:[6,6]-
phenyl-C61-butyric acid methyl ester (PCDTBT:PC61BM) BHJ widely used in
organic electronics and photonics (99). High efficiency of the energy conversion in
the PCDTBT:PC61BM BHJ was explained (100) by its lowered, less than 1.9 eV
(101), bandgap and “column-like” bilayer ordered copolymer matrix. Polarons
and methanofullerene anion radicals in this composite are characterized by
weakly anisotropic g-factors with g, = 2.00320, g, = 2.00240, g,, = 2.00180
(6d), and gy, = 2.00058, g, = 2.00045, g,, = 1.99983 (102), respectively. The
LEPR study of these charge carriers photoinitiated by photons with the energy of
1.32-3.14 eV showed (103) that upon illumination a part of spin charge carriers
are fixed in trap sites whose number and depth are governed by a structure of the
BHJ and an energy of the initiating photons. Exchange- and multitrap-assisted
recombination of free charge carriers is governed by their dynamics as well as by
structure and morphology of their microenvironment.

Figure 17a shows X-band LEPR spectrum of PCDTBT:PCg;BM composite
photoinitiated by photons with the energy hvph =2.38eVat T ="77K (103d,e).
D-band LEPR spectrum reconstructed by differentiating the integral form of the
corresponding spectrum obtained by Niklas and others (5d) at hvy, = 2.33 eV
at T = 50 K is presented in Figure 17b. As in the case of analogous poly-
mer: fullerene (25g,j) and copolymer: fullerene (25j) composites, these spectra
were attributed to polarons photoinitiated on copolymer chains and PCgzBM
methanofullerene anion radicals situated between them registered. The spec-
tra of these charge carriers are registered at lower and higher magnetic fields,
respectively. To determine main magnetic resonance parameters of all radi-
cals and to analyze their change with experimental conditions, the above sum
LEPR spectra of the sample should be deconvoluted by using numerical sim-
ulation (5d,25j,102). Such an algorithm in combination with the “light on-light
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Fig. 17. X- (a) and D-band (b) LEPR spectra of polarons and methanofullerene charge
carriers background photoinduced by photons with hvph = 2.34 eV at T'= 77 and 50 K, re-

spectively. Calculated sum spectra and their contributions caused by localized polarons P*;'C,
methanofullerene anion radicals mF;* and mobile radical pairs P;‘l)meFl;;ob are shown as
well. The charge transfer from a copolymer chain to a methanofullerene molecule accom-

panied by the formation on the copolymer chain of polaron with an elementary positive
charge and spin S = 2 is shown schematically. Reconstructed D-band spectrum is shown.
Reprinted with permission from Ref. 5d. Copyright (2013) The Royal Society of Chemistry.

off” method allowed to obtain separately all magnetic resonance parameters of
both charge carriers. The figure depicts theoretically calculated sum spectra and
their contributions due to mobile spin pairs of polarons and fullerene anion
radicals P:;;ObemFI‘n’ob as well as the same charge carriers pinned in copolymer

spin traps, Pf:) - and mF,
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By analyzing LEPR spectra, it becomes possible to separate the decay of mo-
bile and pinned spin charge carriers excited in polymer matrix. Localized positive
charge carriers can either be retrapped by vacant trap sites or recombined with
opposite guest charges. Trapping and retrapping of polarons reduce their energy
that results in their localization into deeper traps and in over time increase of
number of localized polarons. It was shown (103d,e) that the spin decay process
in the PCDTBT:PCgz{BM can be described in terms of Tachiya’s approach (104) of
charges in geminate recombination during their repeated trapping and detrap-
ping from trap sites with different depths in energetically disordered semicon-
ductors. Therefore, the decay of long-lived charge carriers originated from spin
pairs photoinduced in these BHJ is strongly governed by the number and width
of energy distribution of trap sites.

From the comparison of the spectra obtained at different wavebands, one
can note the drastic increase of concentration of pinned radicals at higher spin
precession frequency. This can be explained by an increase in the number and/or
energy depth of the spin traps due to the interaction of spins with an external
magnetic and/or MW field. If the initial excitons can be considered as relatively
isolated quasi-particles, there should be a reasonably high probability that a
metastable PC may result from the optical production of an electron—hole pairs
by means of the trapping of their one carrier and the hopping away of the other
(105). Such an interaction should suppress the charge transfer through BHJ
with the increase of the electron spin precession frequency w,.. Besides, the
irradiation of the composites leads to the reversible formation of spin traps
in their copolymer backbone. This changes (also reversibly) the properties of
microenvironment of captured spins and, therefore, the energy of their resonant
excitation on respective levels. The formation of such traps shows the dependence
of the main magnetic resonance parameters of PC on the photon frequency and
the number and depth of spin traps in the polymer matrix.

Figure 18a depicts the dependence of the relative concentration of po-
larons P;; - and methanofullerene anion radicals mF _* "in the PCDTBT:PCg,BM
composite on the energy of initiating photons Avy),. One can note that two main
types of the data are presented. The first is the higher relative concentration of
localized carriers in comparison with that of mobile PC. Another feature is the
nonmonotonic dependence of the number of both charge carriers on the photon
energy. As shown in Figure 18, the number of both the charge carriers is charac-
terized by dependence with explicit extremes lying near 1.8 and 2.8 eV. The analo-
gous dependences were also obtained for both charge carriers photoinitiated in the
PCDTBT:PC,;;BM BHJ (103c), however, with extremes shifted to the lower photon
energies. Such a peculiarity can probably be a result of specific morphology, band
structure of the sample with inhomogeneously distributed spin traps, as well as
different energy levels occupied by spin charge carriers in the bandgap. There-
fore, at the higher concentration ratio [nF~* 1/[P;{"]1=[P"" 1/[P;"], the better

mob loc mob loc
electronic properties should be expected for the respective photovoltaic system.
Such a ratio obtained for the sample is also shown in the figure as function of the
photon energy hvy,. This parameter determined for the PCDTBT:PCg;BM com-
posite changes significantly with Av,;, with characteristic values lying near 1.7 eV.
Note that such selectivity may be used, for example, in organic optical sensors.
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Fig. 18. Effective concentration of polarons P;* and methanofullerenes anion radicals
mF " photoinitiated in the PCDTBT:PCq; BM BHJ as a function of photon energy hv,, at

T=77K (a) and of temperature under irradiation by white light with color temperature
T. = 5500 K (b). The dashed lines are drawn arbitrarily only for illustration to guide the
eye.

The analysis of LEPR spectra of both the charge carriers allowed to conclude
that their shape and intensity are governed not only by the number and energy
of the photons absorbed but also by the temperature of BHJ. The temperature de-
pendence of concentration of charge carriers photoinitiated in the sample by white
light with color temperature T, = 5500 K is shown in Figure 18b. The presented
data may indicate a predominant effect of temperature mainly on the concen-
tration of localized polarons. Spin susceptibility of polaron and fullerene charge
carriers was determined (103a) to follow activation law with characteristic energy
0f 0.018 and 0.048 eV, respectively.

Peak-to-peak linewidths of polarons P1+0 ; and methanofullerenes anion radi-
calsmF _*  photoinitiated in the PCDTBT:PCq; BM BHJ at T'= 77 K are shown in
Figure 19 as a function of both the photon energy /v, and temperature. It is seen
from Figure 19a that this parameter of both charge carriers also depends on the
photon energy especially at hv;,, ~ 1.7 eV. Such an effect can also be described in
terms of the above-mentioned exchange interaction of mobile polarons with spins
captured by the polymer backbone. The collision of these spins should broaden the
absorption EPR line by the value determined by equation (13). Spectral linewidth
of charge carriers is also feels function of temperature. Figure 19b demonstrates
temperature dependence of these parameters obtained for these charge carriers
under exposition of the composite BHJ to white light with color temperature T, =
5500 K. One can note a characteristic monotonic change of these dependences
with temperature. From their analysis, the activation energies of their dynamics
E_, were determined from equation (13) as 0.028 and 0.013 eV, respectively (103a).

The effective spin-lattice and spin—spin relaxation times determined for
all spin charge carriers from their steady-state saturated LEPR spectra are
presented in Figure 20a as function of the photon energy hv,,. Temperature
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Fig.19. The linewidth of polarons P and methanofullerenes anion radicals mF_* pho-
toinitiated in the PCDTBT:PC4; BM BHJ as a function of photon energy hv,, at T=177K

(a) and temperature upon irradiation by white light with color temperature 7, = 5500 K
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Fig. 20. Spin-lattice and spin-spin relaxation times of polarons P and
methanofullerene anion radicals mF_* = photoinitiated in the PCDTBT: PC61BM BHJ
as a function of photon energy hv,, at T=77K (a) and temperature under irradiation by
white light with color temperature T, = 5500 K (b).

dependences of effective relaxation times of PC photoinitiated in the sample under
its illumination by white light with the same color temperature are shown in Fig-
ure 20b. The data presented allow concluding selective dependence of spin—lattice
relaxation time on the photon energy. This parameter of the methanofullerene
radical anions is characterized by stronger temperature dependence than the
polarons.

Polarons’ diffusion along and between the copolymer chains with respective
diffusion coefficients Dy and Dspy as well as methanofullerene anion radicals
pseudo-rotating between them with coefficients D,; induces additional magnetic
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Fig. 21. Translational intrachain, D, hopping interchain, D, and pseudo-rotational,
D, diffusion coefficients of charge carriers photoinitiated in the PCDTBT:PCy, BM BHJ
as a function of photon energy hv,, at T = 77 K (a) and temperature upon irradiation by
white light with color temperature T, = 5500 K (b).

fields in the copolymer matrix. This allows one to determine dynamics parameters
of all PC from equations (11) and (12) with appropriate spectral density functions
and the length of spin delocalization on a polaron equal to tree PCDTBT units
(5d). Figure 21a depicts the Dqp, D3p, and D, values as function of the photon
energy hvy,. It is observed from the figure that dynamic parameters of polarons
in the PCDTBT:PC4;BM composite extremely depend on the photon energy with
characteristic point lying near 1.8 eV. On the other hand, the appropriate depen-
dence obtained for anion radicals is characterized by at least two extremes lying
near 1.8 and 2.8 eV. Such peculiarity can be due to the correlation of the number
and distribution of spin traps induced in the composite with the photon energy.
Besides, the anisotropy of polaron dynamics D p/D3p reaches a minimum at the
same characteristic point that indicates the increase in dimensionality/ordering
of the PCDTBT:PCg; BM composite. This optimizes spin dynamics and minimizes
energy dispersion at charge transfer through this BHJ. Comparative analysis of
the data presented shows that the deceleration of diffusion of polarons photoiniti-
ated in the PCDTBT:PCg4;BM BHJ narrows their contribution in the sum LEPR
spectrum. This can reveal the existence of an exchange interaction between both
charge carriers in the system.

The above dynamics parameters obtained for charge carriers photoinitiated
in the composite BHJ under their illumination by white light with color temper-
ature T, = 5500 K are shown in Figure 21b.

The data obtained can be described in terms of spin scattering on the poly-
mer lattice phonons and its thermal activation during its intrachain diffusion and
interchain hopping, respectively. This allowed to determine the following spin dy-
namics: E;, = 0.121 from equation (14) and Ej}, = 0.079 eV from equation (15)
(103a). Pseudo-rotating mobility of the PCg;BM cages can be described in the
framework of a semiclassical Marcus theory adopted for conjugated polymers
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(106). According to this approach, methanofullerene ion radicals should reorient
between copolymer layers with the rate of

E

NO) 1
Drot = Doy 7mmr o0 <_4kBrT> (16
r'*B

where E, is both the inner- and outer-sphere reorganization energy of charge car-
riers due to their interaction with the lattice phonons. The analysis of the experi-
mental dependence yields E,. = 0.218 eV (103a). This value is near to the required
energy for activation of pure Cg, dynamics (0.224 eV) (107); however, it exceeds
the same parameter obtained for PCDTBT:PC,;;BM BHJ (0.010 eV) (103b,c) due
to a more ordered latter composite.

The results obtained show that mobile positively charged polarons and neg-
atively charged methanofullerene anion radicals are initiated under illumination
of BHJ in the PCDTBT:PCg;BM composite. The main part of these carriers trans-
fers the charge, whereas some of their quantity is captured by deep spin traps
reversibly initiated in the copolymer backbone. The spatial distribution, number,
and energy depth of such traps depend on a structure and morphology of copoly-
mer matrix as well as on the energy of initiating photons and the spin precession
frequency.

Magnetic resonance, relaxation, and dynamics parameters of mobile and
immobilized charge carriers are governed by their exchange interaction, and,
therefore, all the processes carrying out in the copolymer composite become spin-
assisted. Besides, these parameters were shown to be governed by the number
and energy of initiating photons. The concentration of both charge carriers in
the system shows extreme dependence on the photon energy with explicit ex-
tremes around 1.8 and 2.8 eV. It should be noted that the former extreme lies
near the value of the energy of copolymer bandgap. Such a peculiarity can appear
as a result of specific morphology and band structure of the sample with spin
traps inhomogeneously distributed in its bulk and may be used in optical sensors.
Anisotropic dynamics of charge carriers is also governed by the photon energy,
especially when the latter value is near the bandgap of the copolymer matrix.

The sensitivity of resonant parameters to the energy of photons can be used
for creation of perspective molecular electronic and spintronic elements with spin-
light-field-assisted magnetic and electronic properties. Both the polarons and
methanofullerene anion radicals play a role of intrachain and interlayer spin
probes, respectively, taking a possibility to analyze the structure and dynamics
of their environment. The methodology described can be used for the study of
electronic properties of other organic multispin polymer composites.

6. Conclusion

Thus, the past years have seen extraordinary progress in synthesis and study
of various macromolecular systems. EPR spectroscopy with high spectral
resolution, combined with the method of spin label and probe, has helped in
analyzing in detail fine structural, topological, and dynamic properties of various
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macromolecular systems with paramagnetic adducts. The data obtained by
multifrequency EPR method allow to correlate structural and morphological
peculiarities of multispin polymer systems with their magnetic, relaxation, and
electronic properties. Understanding of the fundamental factors in determining
specific spin-assisted processes in such objects is now a hot topic in organic
molecular science. Since coherent spin dynamics in polymers is anisotropic, our
strategy seems to make it possible to obtain complex respective correlations
from a multifrequency EPR study for further designing of progressive molecular
electronics, spintronics, and artificial intelligence.
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Glossary

Ay Principal values of the hyperfine tensor

Qiso Isotropic huperfine interaction constant, mT

B Magnetic field, 1 T = 10* Oe, G

By External magnetic field modulus

B, Amplitude of magnetic term of MW polarizing field

Dipsp  Intra- and interchain diffusion coefficients, respectively, rad/s

D, Rotational diffusion coefficient, rad/s

E Energy, 1 eV = 1.60217733 x 1071°, J = 8.06557982 x 10% cm™! =
2.41800 x 104 Hz

E, Activation energy

E, Spin barrier crossing energy

E,, Energy of lattice phonons

E. Charge carrier reorganization energy, eV

g Landé splitting factor, g, = 2.0023193043615355 for free electron

Sii Principal values of the splitting tensor

Zico Isotropic (averaged) g-factor equal to 1/3(gyx + gyy + 85,) or 1/3(2g, +
g

g(w) F!ictor of line shape

h =2zh Planck quantum constant, 2 = 6.6260755 x 10734 J s

I Total nuclear spin of molecule

J(w) Spectral density function

kp Boltzmann constant, kg = 1.380658 x 1023 J K1

k¢ Filling coefficient

N Spin number

n Spin/charge concentration per a monomer unit

Der Probability of spin flip-flop

Qo Unloaded quality factor of spectrometer cavity

Distance between N and O atoms in the nitroxide radical
Total electron spin of molecule

Charge transfer integral, eV

Time, s
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Electron longitudinal (spin—lattice) relaxation time

Proton longitudinal (spin—lattice) relaxation time

Electron transverse (spin—spin) relaxation time

Characteristic temperature

Resonant overlapping integral of C=C bond

Matrix glass transition temperature

Dispersion signal term

Sample volume

glw)sin(wt — @) in-phase (p=0), out-of-phase (p=—r), and #/2-out-of-
phase (p=+7/2) (in phase quadrature) dispersion signal terms regis-
tered at ¢ shift in a phase detector with respect to applied modulation
Amplitude of ith dispersion signal

Velocity of spin diffusion near the Fermi level, cm/s

Axes of molecular coordinate system

Doping level

Hyromagnetic ratio for electron, y, = 1.76085970839 x 10! T-1 571
Half-bandgap.

Linewidth from peak to peak

Averaged constant of dipole spin interaction in a powder sample
Gamma function

Spectral line broadening

Dielectric constant

Dielectric constant for vacuum

Coefficient of dynamic viscosity

Torsion (dihedral) angle

Spin—orbit coupling constant, eV

Dipole moment of spin-modified molecule
Permeability for vacuum, yy =47 x 1077 Vs A~ m~
Bohr magneton, up = 9.274009685, x 10724 J T-1
Dipole moment of spin probe

Spin density on lattice unit

Resonance frequency of free electron precession, v, = w /%

Libration frequency, s—1

Photon frequency

Lattice sum for powder

Intrinsic conductivity

Alternating current electric conductivity, S/m

Direct current electric conductivity, S/m

Effective relaxation time

Correlation time of radical rotation

Mechanical relaxation time

Spin macroprobe orientation angle

Static magnetic susceptibility of spin ensemble

Dispersion real term of magnetic susceptibility

Absorption imaginary term of magnetic susceptibility.

Angular resonance frequency of electron transition between a and g
levels

1
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@hop Angular frequency of spin-hopping diffusion
o Angular libration frequency, rad/s
O Angular frequency of Zeeman magnetic modulation, rad/s

Abbreviations and Acronyms

ac
BHJ

CB

CW
(DBTTF);PtBrg
dc

DPPH
ENDOR
EPR
LEPR
MW
NMR
P3AT
P3DDT
P3HT
P30T
PANI
PANI-EB
PC
PC,BM
PCDTBT

PPP

PT
PTFE
PTTF
PVC
QxD

RT
ST-EPR
Trans-PA
TTF

VB
VRH

alternating current

bulk heterojunctions

conducting band

continuous wave
(dibenzotetrathiafulvalene); PtBrg

direct current
2,2-Diphenyl-1-picrylhydrazyl

Electron nuclear double resonance
Electron paramagnetic resonance
Light-induced electron paramagnetic resonance
Microwave (frequency)

Nuclear magnetic resonance
Poly(3-alkylthophene)
Poly(3-dodecylthophene)
Poly(3-hexylthophene)
Poly(3-octylthophene)

Polyaniline

Emeraldine base form of polyaniline
Paramagnetic centers
[6,6]-phenyl-C;-butanoic acid methyl ester
Poly[N-9’-hepta-decanyl-2,7-carbazole-alt-5,5-(4",7'-di-2-
thienyl-2’,1’,3’-benzothiadiazole)]
Poly(p-phenylene)

Polythiophene
Poly(1,1,2,2-tetrafluoroethylene)
Polytetrathiafulvalene

Polyvinyl chloride

Quasi-x-dimensionality

Room temperature

Saturation transfer Electron Paramagnetic Resonance
trans-Polyacetylene

Tetrathiafulvalene

Valence band

Variable range hopping
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